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1.1 ALERT OVERVIEW 

ALERT (Awareness and Localization of Explosives-Related Threats) is a Department of Homeland Securi-
ty-funded Center of Excellence (COE). This report re lects the work performed during the second year (July, 
1 2014—June 30, 2015) of funding under the ive-year Phase 2 award made by DHS in September of 2013.

Vision

A world protected from the catastrophic consequences of explosives-related threats.

Mission

ALERT seeks to conduct transformational research, technology development and educational initiatives for 
effective characterization, detection, mitigation and response to the explosives-related threats facing the 
country and the world.
The report that follows contains information on ALERT research, transition, and education programs. The 
major elements of the ALERT COE are as follows:

Partners

The ALERT academic partnership is led by Northeastern University. Currently, the partnership consists of 
three core partners: University of Rhode Island, Boston University, and Purdue University. In addition, there 
are eight research partners: Hebrew University of Jerusalem, New Mexico State, Rensselaer Polytechnic Insti-
tute, Texas Tech University, Tufts University, University of Notre Dame, University of Puerto Rico at Mayagüez, 
and Washington State University. This list of partners will change as new projects are added, and old ones 
terminated. 

Research Program

The ALERT research program is driven by inspiring challenges such as ultra-reliable screening, explosives 
detection at a distance, and actionable trace sampling. These challenges have de ined the four core funda-
mental science research thrusts: Characterization & Elimination of Illicit Explosives (R1), Trace and Vapor 
Sensors (R2), Bulk Sensors and Sensor Systems (R3), and Video Analytics & Signature Analysis (R4). Ex-
amples of cutting-edge projects within these thrusts include: characterization of signatures and properties 
of potential threat materials, cost-effective sensors and sampling methods, stand-off infrared spectroscopy, 
advanced multi-modality concealed threat imaging, and model-based iterative reconstruction for single and 
dual-energy X-ray CT. With the collaboration of its industrial and national laboratory partners, ALERT is in 
the process of transitioning research into ieldable systems such as a video analytics based threat detection 
system for use in airports and other venues. Researchers from the partnership bring strengths in advanced 
sensor design, standoff weak-target detection, signal processing, sensor integration, explosives characteri-
z ation, chemistry, and material science. Combined with national lab af iliates and other strategic academic, 
industrial, and government partners, the ALERT team is capable of carrying out its daunting mission. The 
research program is discussed in more detail in Section 2.
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Education Program

A key ALERT objective is to build an outstanding educational program that includes pre-college, undergradu-
ate, graduate and career professional components. Examples include distance-learning courses in homeland 
security related technologies, an Engineering Leadership Program available to Department of Homeland Se-
curity personnel, and a “High-Tech Tools and Toys” (HTT&T) lab for college freshmen, community colleges, 
and high schools. Workshops and short courses are being developed to review new threat detection and 
mitigation technologies for irst responders such as the Secret Service, Transportation Safety Administration, 
police, ire ighters, and emergency medical technicians. The education program is discussed in more detail 
in Section 3.

Industrial/Practitioner and Government Partnerships

ALERT Phase 2 has bene ited from the prior collaborative links forged by ALERT Phase 1 and by Northeast-
ern’s NSF funded Engineering Research Center, Gordon-CenSSIS, with industry, practitioners (e.g., hospitals) 
and government organizations. These partners provide ALERT with inancial support and opportunities for 
researchers and students to work at their facilities, as well as access to R&D leaders, real system-level ap-
plications, state-of-the-art hardware and software, willing partners for technology transfer, and team mem-
bers for proposals for additional funding and sustainability. Conversely, ALERT provides its collaborators 
with access to talented professors, post-docs, graduate students, undergraduate students, and innovative 
research. Together, the industrial/practitioner, government and academic collaboration is a powerful vehicle 
for advanced development. The COE’s industrial/practitioner and government partnerships are discussed in 
more detail in Section 4.

Strategic Studies

Part of ALERT’s mandate from DHS is to develop a research strategy to identify the fundamental science key 
objectives, such as IED Detect and Defeat capabilities. To support this effort, ALERT continues to lead its 
strategic study workshop series known as ADSA (Advanced Development for Security Applications). The out-
comes of each workshop are documented in a report that articulates a roadmap recommending prioritized 
areas of long range fundamental research. Two ADSA workshops were held during the past year, supplement-
ing the ten held previously. We anticipate 2-3 workshops per year will be held on a variety of topics relating 
to the ALERT mission. Speci ically, in addition to ADSA, ALERT has launched a new workshop series focused 
on quantifying trace sampling ef iciency. This workshop series is called TESSA (Trace Explosives Sampling 
for Security Applications). The strategic studies activities are discussed in more detail in Section 5.

Safety Program

While striving for the goal of effective characterization, detection and response to the explosives-related 
threats facing the country and the world, safety is of paramount importance. Handling of energetic materials 
requires constant vigilance. The ALERT Safety Program components are: a Safety Review Board, a Safety 
Awareness Education Program, a set of Safety Protocols and Standard Operating Procedures, and a Safety 
Compliance Assurance Program. It is our hope that by taking the time to create and review these safe-oper-
ating procedures, faculty and students will have a heightened awareness of the hazards and take appropriate 
care. The safety program is discussed in more detail in Section 6.

Information Protection Plan

The ALERT Phase 1 Cooperative Agreement was modi ied to include an Information Protection Program and 
similar language was built into the ALERT Phase 2 Cooperative Agreement. There are four components of the 
ALERT Information Protection Program:  1) Sensitive Information Protection Policy, 2) Sensitive Information 
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Review Process, 3) Data Procurement and Dissemination Process, and 4) Information Protection Education 
and Training Procedure.  The Information Protection Plan is discussed in more detail in Section 7. That sec-
tion also describes the Information Protection Program Board which oversees the successful implementation 
of the program components and reviews them on an annual basis.

Infrastructure

The ALERT management team is comprised of faculty and staff from the core partners and augmented by our 
partnership with strategic af iliates, companies and government agencies. Effectively managing this com-
plex enterprise presents a challenge equal to the basic research challenges. To meet this challenge, ALERT 
is managed by experienced personnel with proven records of accomplishment. In doing so, we understand 
that each entity within the Center must maintain its own unique charter and work environment while also 
striving for coherence. The ALERT Center infrastructure is discussed in more detail in Section 8.

Summary

This report provides a broad overview of the strategic plan, goals and deliverables for the ALERT Center of 
Excellence. With these elements in place, the ALERT leadership has a irm base from which it can quickly 
adapt to new research and education priorities related to the daunting mission of DHS to protect our nation 
from terrorist threats. Before turning to the detailed description of the ALERT program, we irst present a 
brief description of several Year 2 highlights. 

1.2 ALERT PHASE 2 YEAR 2 HIGHLIGHTS 

A. ALERT Student Honors and Awards 

Devon Swanson, a Ph.D. candidate working with Professor James 
Smith and Professor Jimmie Oxley at the University of Rhode Is-
land (URI) won one of three student awards at the Annual Work-
shop on Trace Explosive Detection (TED) in April 2015 with his 
work, “Adhesion Forces of Energetic Materials on Polymer Sur-
faces.” 
After completing her Ph.D. in Electrical Engineering at North-
eastern University (NEU) in April 2015, Yolanda Rodriguez-
Vaqueiro received a “Research-Impact Award” at the North-
eastern University (NEU) Electrical & Computer Engineering 
Ph.D. Student Awards ceremony on May 4, 2015. In April 2015, 
Rodriguez-Vaqueiro also received the Burke/Yannas Bioengi-
neering Best Paper Award at the 47th Annual Meeting of the 
American Burn Association, which recognizes original research 
studies in the ield of bioengineering 
Paz Elia, a Ph.D. candidate at Ben-Gurion University, received an Excellence in Teaching Award in July 2015. 
Donald Ramirez, a Ph.D. candidate at Texas Tech University, received an ARCS (Achievement Rewards for 
College Scientist) Scholarship in August 2014. After teaching General Chemistry in spring 2014, Zixu Zhang, a 
Ph.D. candidate at Texas Tech University received the award for Outstanding Teaching Assistant in May 2015. 
Finally, Allison Murray, undergraduate at Purdue University received the Perry Undergraduate Research Fel-
lowship in December 2014 for the pursuit of undergraduate research in the ield of Mechanical Engineering.

Figure 1-1: Ph.D. candidate, Devon Swanson 

discusses his research with William Euler of 

the University of Rhode Island at the ALERT 

Program Review. 
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B. ALERT Faculty and Research Staff Honors and Awards

Professor Bryan Boudoris of Purdue University received the 2015 American Physical Society (APS) Division 
of Polymer Physics—UK Polymer Physics Group (PPG) Lectureship Award. This award is presented every two 
years to two researchers within Polymer Physics, who have each completed Ph.D. programs within 6 years. 
The purpose of this award is a lecture exchange, in which the award recipients will present invited lectures 
at meetings of the other group. Professor Boudoris will present results from his research at the fall 2015 UK 
PPG meeting in Manchester, UK. 
Professor Steven Son of Purdue University received the Purdue Bravo Award in December 2014. Bravo 
Awards are given to Purdue faculty and employees for innovative work beyond standard job requirements. 
Professor Jeff Rhoades of Purdue University was presented with the ASME C.D. Mote Jr., Early Career Award 
by the ASME Technical Committee on Sound and Vibration in August 2014. This award is presented to an 
early career recipient who demonstrates research excellence in the ield of vibration and acoustics. 
Professor Steve Beaudoin of Purdue University received the Purdue College of Engineering Outstanding 
Mentor Award in April 2015, which recognizes outstanding faculty members in the College of Engineering 
based on demonstrated excellence in mentoring students, faculty, and staff. 
Professor Karl Clem of Boston University was chosen as the Inaugural Editor-in-Chief for the new journal, 
IEEE Transactions on Computational Imaging in September 2014. 
Professor Brandon Weeks of Texas Tech University received the Spencer A. Wells Award for Teaching 
Creativity from the Texas Tech Parents Association in March 2015. This is an annual award given to the fac-
ulty member with the most creative teaching, and was presented to Professor Weeks for the process safety 
course he developed. 
Professor Carey Rappaport and Post-Doctoral Associate, Borja Gonzalez-Valdes received the Best Antenna 
Design and Applications award at the 9th European Conference on Antennas and Propagation (EuCAP 2015) 
in April 2015 for their paper entitled, “Multistatic Near ield Imaging Radar for Portal Security Systems Using 
a High Gain Toroidal Re lector Antenna.” 

C. 2015 Bernard M. Gordon Prize for Engineering Education 

The National Academy of Engineering (NAE) awarded the 
2015 Bernard M. Gordon Prize for Engineering Educa-
tion to Director of ALERT, Michael Silevitch and Director 
of the Gordon Engineering Leadership Program (GEL) at 
Northeastern University, Simon Pitts for “developing 
an innovative method to provide graduate engineers 
with the necessary personal skills to become effective 
engineering leaders.” The Bernard M. Gordon Prize for 
Engineering Education is presented annually and includes 
a $500,000 award. 
The GEL Program is a graduate curriculum offered 
through the College of Engineering at Northeastern Uni-
versity, with the mission of creating an “elite cadre of en-
gineering leaders who stand out from their peers through 
their ability to invent, innovate, and implement engineer-

ing projects from concept to market success.” Each year, a select number of candidates pursue the program, 
which is based in “three-way mentorship.” Students are assigned to one mentor from the program, one from 
an industry partner, and another mentor who has expertise in each student’s ield of interest. 

Figure 1-2: Director of ALERT, Michael Silevitch and 

the Director of the Gordon Engineering Leadership 

Program, Simon Pitts. 
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Professor Silevitch founded the GEL Program, served as its initial director, and is now a lead mentor for 
participating students. When asked what receiving the Gordon Prize means for GEL, he explained, “It’s a 
validation of the importance of developing a program for engineering leadership that will help our country 
maintain its international competiveness, in terms of technological innovation.”

D. ALERT Leads Tutorial at IEEE Symposium on Technologies for Homeland Security 

ALERT led one of two tutorials given at the 2015 IEEE Sym-
posium on Technologies for Homeland Security on April 
14th, 2015. The tutorials launched a three day event which 
included a plenary talk by Dr. Reginald Brothers, the Under 
Secretary of Homeland Security for Science and Technolo-
gy, and four research tracks focused on key homeland secu-
rity topics: Cyber Security, Attack and Disaster Preparation, 
Recovery, and Response, Land and Maritime Border Securi-
ty, Biometrics & Forensics.
The tutorial provided an introduction to explosive threat 
sensing technologies to over 25 representatives from ed-
ucational institutions, national labs, DHS, and members of 
the private security industry.
ALERT Director, Professor Michael Silevitch began the 
session by providing an overview of ALERT’s mission, re-
search areas, industrial partnerships, and current technol-
ogy transition efforts.  After a brief Q&A, Professor Jim Smith from the University of Rhode Island discussed 
how chemicals are classi ied as explosives and methods of trace detection. Dr. Smith presented what explo-
sives tend to be found in improvised explosive devices and URI’s work in improving the detection of these 
types of materials. ALERT’s work in vapor detection, explosive residue detection, and canine explosive detec-
tion were all discussed.
To begin the second half of the tutorial, Prof. Octavia Camps presented techniques used within the video an-
alytics domain to detect features, descriptors and invariants ( ixed components) in video. She then discussed 
the process of inference used to classify video data. All of these components are in play in ALERT’s video an-
alytic work. Octavia reviewed the VAST project, a collaboration with Siemens, the TSA and Cleveland Hopkins 
International Airport, by discussing the project’s contra low (in-the-exit) and tracking in a crowded scene 
(tag and track) components. Prof. Camps also discussed ALERT’s partnership with VACCINE and the GCRTA 
to improve detection of known criminals within the rail system through video re-identi ication.
Carl Crawford closed the session with a presentation on X-ray based and millimeter wave detection technolo-
gies. After discussing the history of threats to air travel and current scanning processes, Dr. Crawford covered 
how false alarm rates are a substantial barrier to current technologies and what ALERT and its partners are 
doing to lessen its impact. ALERT technologies including X-ray diffraction systems, real time tomography 
systems, and active millimeter wave systems were presented by Dr. Crawford. ALERT’s work with third par-
ties such as national labs, DHS security vendors and other academic intuitions to improve scanning rates and 
generate non-SSI research datasets were also highlighted.
The diverse audience engaged with center representatives regarding current ALERT partnerships, available 
research datasets, and in the ield research projects. The tutorial included a productive discussion on the bar-
riers of transitioning technology and opportunities for future collaborations in the tutorial’s domain. ALERT 
looks forward to continuing to support the Homeland Security Enterprise through events such as the IEEE 
Symposium.

Figure 1-3: Director of ALERT, Michael Silevitch and 

Professor Octavia Camps of Northeastern University 

present at the IEEE Symposium on Technologies for 

Homeland Security. 
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E. ALERT Hosts Fourth Annual Student Pipeline Industry Roundtable Event (ASPIRE)

Held on April 7, 2015, the fourth Annual Student Pipeline Industry Roundtable Event (ASPIRE) successfully 
brought together two of ALERT’s key components, industrial partners and students of all levels currently 
involved in ALERT research, as a means of continuing to build strong collaborations and provide network-
ing opportunities. From its inception, ASPIRE’s goal was to have industrial partners introduce their com-
panies, their products, and their future needs to one another, to the ALERT research faculty, and the ALERT 
student population. This year’s ASPIRE took place at Northeastern University and included students from six 
academic partner institutions and representatives from nine industrial collaborators. The 2015 ASPIRE was 
also the irst to feature representation from a government agency, the Transportation Security Laboratory 
(TSL).  

Borne out of a more than ifteen-year-long tradition that 
ALERT and its predecessor, the Bernard M. Gordon Center 
for Subsurface Sensing and Imaging Systems, has of close col-
laboration with industry members, ASPIRE’s mission is for 
industrial partners to introduce their companies, products 
and needs to one another, to our faculty and to our diverse 
student population. ASPIRE aligns with the Center’s ongoing 
efforts to create robust partnerships within our industrial 
base, while also giving students the opportunity to network 
as they transition through academia and into the Homeland 
Security Enterprise.
The 2015 ASPIRE was once again curated by the Center In-
dustrial and Government Liaison Of icer, Emel Bulat. Center 
Director, Michael Silevitch was on-hand to launch the event 

and welcome the attendees. Industry members gave 8-minute presentations, followed by 2-minute presenta-
tions made by students.  ASPIRE was able to expand student participation this year through virtual presenta-
tions made by individuals that could not travel to Boston. In the afternoon, students, faculty and industry met 
face-to-face during a three-hour networking session. The session activities included poster presentations by 
students, 10-minute roundtable “get-to-know-you” discussions amongst attendees, and a closing reception. 
The 2015 ASPIRE meeting resulted in ive interviews and one internship. It is ALERT’s hope that connections 
made at events, such as ASPIRE, will continue to foster alliances within the COE between students, faculty, 
government, and industry. We expect that such collaborations will produce responses to market opportuni-
ties, including government solicitations such as Broad Agency Announcements and Request for Proposals, 
and eventually result in effective technology transfer.

F. Successful Transition with Cleveland Hopkins Airport “In-the-Exit” Testbed

ALERT’s Video Analytic Surveillance Transition (VAST) Project is developing video analytics methods at 
Cleveland Hopkins International Airport (CLE) to address two existing airport security concerns, “in-the-ex-
it” security breaches (a person attempts to enter the secure side of the terminal area through the exit lane), 
and “tag-and track” capabilities (monitoring the path of a suspicious person in real-time to interdiction). 
The “in-the-exit” testbed was conducted by three ALERT video analytic research groups (BU, NEU and RPI) in 
collaboration with three industrial/government partners, Siemens Corporate Research, TSA-Cleveland and 
the CLE Airport. The south exit lane testbed has been in operation since September 2013, providing infor-
mation about potential in-the-exit events to the Coordination Center for approximately a year and a half. The 
event information is used by TSA security of icers to make a decision about the events that arise. This year 
DHS OUP has provided ALERT with a consultant to help commercialize the “in-the-exit” tool.

Figure 1-4: Purdue University Ph.D. candidate, 

Ruoqiao Zhang discusses his research with Jing 

Shea of Rapiscan Laboratories at the 2015 ASPIRE.  
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This year, VAST added two new exit lanes (Central and North) to the “in-the-exit” testbed at Cleveland 
Hopkins International Airport. The addition of the Central and North exit lanes delivers a valuable tool to the 
TSA. “In-the-exit” now provides security of icers in the Coordination Center with an automated method of 
detecting potential “in-the-exit” violations for all airport exit lanes. The project has demonstrated success in 
solving the “in-the-exit” problem, resulting in a probability of detection and probability of false alarms suf-
icient for effective deployment.

G. Expansion of High Tech Tools & Toys Laboratory 

One  of  the  signature  educational  programs  of  ALERT  is  
the “High-Tech Tools and Toys” (HTT&T)  laboratories,  which  
engage  freshmen  in  hands-on  learning  activities  using  state-
of-the-art technology products. The ALERT team has created 
modules for the HTT&T laboratory emphasizing homeland se-
curity technologies.  Detection of hidden explosives depends on 
two fundamental techniques:  spectroscopy and imaging.  An 
undergraduate module is being developed to use spectroscopy 
to discriminate between samples of corn oil, motor oil and olive 
oil. While the samples look similar to the naked eye, they will 
have different signatures that can be used to distinguish one 
type of oil from the other or distinguish adulterated from pure 
olive oil. 
ALERT is expanding the High Tech Tools and Toys laboratory 
format to its other institutions. URI is preparing to introduce a 
spectroscopy module into their Chemistry curriculum using a similar “no-moving-parts” Ocean Optics spec-
trometer.  Professors Stephen Beaudoin and Jeff Rhoads from Purdue are considering the use of hands-on, 
HTT&T laboratory modules in honors sections of their freshman engineering curriculum. In that regard, 
course co-creator, Professor Stephen McKnight visited Purdue in the spring of 2015 to present a seminar on 
the HTT&T laboratories’ “hands-on” approach to engineering education. These inter-university outreach con-
nections are a powerful way to introduce DHS-relevant technologies to large numbers of students throughout 
the country. 
ALERT researchers, Prof. Anthony Hoffman, Owen Dominguez and Galen Harden, from the University of 
Notre Dame, also traveled to Purdue University to discuss incorporating Prof. Steve McKnight’s High Tech 
Tools and Toys Laboratory into their undergraduate curriculum and outreach programs.  A new course that 
will serve as an introduction to electrical engineering to sophomore engineering students at UND will be 
taught in spring 2016. As part of the course development process, Prof. Hoffman submitted an optical spec-
troscopy laboratory incorporating some of the tools and elements presented by Prof. McKnight. 
During the summer of 2015, ALERT and the Center for STEM Education hosted a two-week workshop series 
on High Tech Tools and Toys for Community College faculty at NEU. Led by Professor McKnight, the workshop 
introduced 8 participants to the High Tech Tools and Toys course being offered at NEU and provided partic-
ipants with the guidance and support needed to implement the course and/or course components in their 
respective institutions.  One of the participants in the course was Professor Aschlew Kassu from Alabama 
A&M, who received a DHS Scienti ic Leadership Award grant of $600,000 to work with NEU and Purdue to 
develop High Tech Tools &Toys Lab Modules at his university.
For a more detailed overview of the High Tech Tools and Toys laboratory and ALERT’s efforts to expand the 
program to other institutions, please refer to Section 3: Education. 

Figure 1-5: High Tech Tools and Toys students 

at NEU get hands-on experience during a spec-

troscopy lab. 
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The ALERT research and transition program is derived from a top-down understanding of the technical and 
societal issues related to characterizing, detecting and mitigating explosives related threats to our homeland. 
These issues have been crystallized by considering a set of “Grand Challenges.” These challenges in turn in-
form and drive the ALERT programs through an organizing three-level strategy shown in Figure 2-1. In the 
following sections, we will describe how the research and transition program was de ined and provide an 
overview of the speci ic programs. Detailed project reports are provided in Appendix A. 

2.1 RATIONALE

The ALERT strategy is focused on advancing cutting-edge basic and applied research, buttressed by experi-
enced management, enhanced by education and workforce development programs, and linked to stakehold-
ers and stakeholder needs within the Homeland Security Enterprise (HSE). This detailed and lexible strategy 
allows ALERT to nimbly adapt to new DHS priorities and needs. The “Grand Challenges” for the overarching 
ALERT research and transition programs are based on the goals in the Aviation Security Technology Research 
& Development Strategy, issued by DHS in 2011 which are: 
• TSA G1: Improve understanding of homemade explosive threats and address HME threat vulnerabilities.
• TSA G2: Reduce passenger privacy concerns in aviation security through increased integration and auto-

mation of security screening processes.
• TSA G3: Develop enhanced technologies and capabilities to enable risk based screening processes.
• TSA G4: Increase capability to respond to emerging threats through lexible security solutions.
• TSA G5: Apply science and technology breakthroughs to advance security solutions.
Additionally, the 10 recommendations (NTSC GC 1-10) described in the executive summary of the White 
House report Research Challenges in Combating Terrorist Use of Explosives in the United States (http://1.usa.
gov/Tq7V6E) are incorporated into the ALERT goals.  

2.2 THE THREE LEVEL ALERT STRATEGY: GRAND CHALLENGES

The ALERT research and transition program is described by the three-level strategy shown in Figure 2-1, on 
the next page, which ties real-world grand challenges to fundamental research and technology transition, 
keeping them synchronized but able to adapt as societal and DHS needs change. The three-level structure is 
not static; spiral development occurs as the plan evolves.

Section 2: Research and Transition Program - A Strategic Overview
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The Grand Challenge Level (top level-red) contains the challenges (C1-C5) that must be addressed in or-
der to achieve a high level of protection from explosives-related threats. The grand challenges inform and 
drive the ALERT research and transition/E2E program as shown in Figure 2-1. Each grand challenge has spe-
ci ic goals. These are correlated with the TSA and NTSC recommendations described above. The challenges 
and associated goals are:
C1: Characterization & Elimination of Illicit Explosives (TSA G1, 3 and NTSC GC 2, 10) 

• Identify future explosives threats and develop small-scale, “early warning” tests
• Prevent commonly available chemicals from being used to make explosives
• Characterize explosive formulae to facilitate detection, destruction, and protection 
• Safely and gently render an explosive inactive or less sensitive

C2: Actionable Remote Trace and Vapor Chemical Detection (TSA G3-5 and NTSC GC 2, 4) 
• Create versatile speci ic sensors to detect emerging homemade explosives
• Create ieldable sampling processes to enable detection
• Detect threats in large crowds, e.g. sports events, subways, nightclubs
• Non-invasively identify trace explosives on, or within cargo containers in transit
• Develop miniaturized detection sensors suitable for fusion into larger systems

C3: Ultra-Reliable Screening (TSA G2, 3, 5, NTSC GC 2, 3)
• Integrate multi-mode sensors to enhance threat identi ication
• Improve the speed and performance of CT-based luggage screening

Figure 2-1: The ALERT 3-level strategy focuses resources on achieving protection from explosive threats.
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• Improve the speed, accuracy and threat coverage of whole body imaging (AIT) for passenger 
screening

• Integrate new screening concepts and algorithms into vendor systems  
C4: Effective Stand-Off Threat Discovery and Assessment (TSA G2, 3, 5, NTSC GC 2, 3)

• Reliably pinpoint trace explosives on left-behind packages or vehicles
• Recognize potential suicide bombers through anomaly detection
• Identify and track anomalous behavior in mass transit environments
• Develop video analytics tools to be integrated into TSA airport camera systems

C5: Seamless Transition of Research to the Field (TSA G5, NTSC GC 3, 4)
• Actively identify DHS stakeholder emerging needs to ensure research relevance 
• De ine transition plans for mature research results and prototypes

• Transfer and support emerging technologies and tools to DHS stakeholders

2.3 THE THREE LEVEL ALERT STRATEGY: FUNDAMENTAL SCIENCE

The Program at the Fundamental Research Level (bottom level-green) of Figure 2-1, is the result of an 
analysis to determine the barriers that must be overcome order to address the Grand Challenges C1-C4. This 
Program is divided into four interrelated Research Thrusts (R1-4): Characterization and Elimination of 
Illicit Explosives (R1), Trace and Vapor Sensors (R2), Bulk Sensors and Sensor Systems (R3) and Video 
Analytics and Signature Analysis (R4).  A brief overview of each follows; details are provided in Appendix 
A.

R1: Characterization & Elimination of Illicit Explosives, Thrust Lead-Jimmie Oxley (URI)

Key Personnel: Smith, Yang (URI), Kosloff, Zeiri (HUJI), Son (Purdue), Hope-Weeks, Weeks (TTU), Yoo (WSU): 
Detection of explosives requires knowledge of the signature characteristics of various threat materials and 
seeks to answer the following questions: What makes a chemical capable of being an explosive or of detonat-
ing? Can we prevent terrorist acquisition and/or use of precursor chemicals to make explosives? Are there 
characteristics of terrorist-used explosives that exhibit observable signatures by current or envisioned sen-
sor systems? Can we concentrate sample collection to enhance our ability to detect these signatures?  What 
properties of terrorist-used explosives pertain to safe handling and creation of realistic simulants? Activities 
in this thrust include: 1) characterization of signatures and properties of a variety of potential threat materi-
als; 2) design of protocols for safe handling and disposal of these threats, including ways to prevent common 
chemicals from being used to make illicit explosives while still allowing their intended uses; and 3) determi-
nation of surface-explosive particle interaction in order to best locate and collect explosive residue. 

R2: Trace and Vapor Sensors, Thrust Lead-Steve Beaudoin (Purdue)

Key Personnel: Rhoads, Chiu (Purdue), Euler, Gregory (URI), Howard, Hoffman (Notre Dame), Eiceman (NMSU): 
This thrust concentrates on understanding the fundamental problems of trace and vapor detection of ex-
plosives. The goal of this effort is to enable development of sensing and sampling systems capable of de-
tecting ultra-low amounts of explosives which are both selective (i.e., able to reduce the number of false 
positives and false negatives), and adaptable (i.e., can accommodate new explosives as they become threats). 
This effort will require fundamental materials research for next generation sensors, such as development of 
hybrid quantum dot/polymer array structures. The sensor concepts developed here can be integrated into 
multi-sensor systems as discussed in Thrusts R3 and R4.  
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R3: Bulk Sensors and Sensor Systems, Thrust Lead Carey Rappaport (NEU)

Key Personnel: Martinez-Lorenzo (NEU), Hernandez (UPRM): This thrust is focused on designing and imple-
menting novel bulk sensors and multi-sensor detection systems, including the optimization of millimeter 
wave-based sensing of anomalies under clothing to detect explosives on and within the human body. Both 
portal and standoff systems will be considered. A testbed will be used to develop and evaluate multi-modal 
sensors and algorithms for Advanced Imaging Technologies (AIT), enabling experimentation, model-based 
reconstruction, and automatic threat detection of explosives.  We will investigate integration of trace and va-
por detection sensors with bulk sensors into multi-modal AIT and standoff systems for explosives detection.  
Improved algorithms for existing bulk sensor systems and multi-modal fusion systems will be investigated 
in Thrust R4.  

R4: Video Analytics and Signature Analysis, Thrust Lead-David Castañón (BU)

Key Personnel: Camps, Sznaier (NEU), Karl, Saligrama (BU), Bouman (Purdue), Radke (RPI), Miller (Tufts), 
Sauer (Notre Dame): This thrust focuses on multi-camera video anomaly detection in scenarios relevant to 
passenger tracking and area monitoring in public spaces; signature analysis work based on developing fun-
damental processing algorithms for trace; and bulk and multi-sensor systems extracting maximal informa-
tion from available sensed signals to increase the probability of detection and classi ication of explosives 
while reducing the number of false alarms.  The research also includes improved Model-Based Iterative Re-
construction for single and dual-energy X-ray CT, exploitation of new signatures such as multi-spectral CT 
and X-ray diffraction, threat detection in our novel trace sensors in Thrust R2, and algorithms for sensor 
fusion in AIT and standoff threat detection. 

2.4 THE THREE LEVEL ALERT STRATEGY: TECHNOLOGY TRANSITION

The Transition/E2E Level (middle level-blue) of Figure 2-1 is needed to address challenge C5. This con-
tains the testbeds, tools and facilities needed to validate fundamental research results and enable these re-
search breakthroughs to actively address grand challenges C1-C4 through Engage to Excel (E2E) technology 
transition projects which bene it DHS and Homeland Security Enterprise (HSE) stakeholders. Implementa-
tion of this level depends on close collaboration between academic researchers, national laboratories, indus-
try and DHS, with the goal to accelerate transition from bench to ield.  Five testbeds are currently identi ied 
to test basic research results. 
Testbed T1: CT Luggage Datasets to Test Algorithms
Testbed T2: Multimode Standoff Detection
Testbed T3: Advanced Imaging Technologies (Whole Body Imaging)
Testbed T4: Video Analytics-Based Anomaly Detection
Testbed T5: Explosives Database and Performance Testing
Initial versions of these testbeds were developed during the irst ive years of ALERT (Phase 1) and are con-
tinuing to evolve during the current phase of ALERT Phase 2. A brief overview of these testbeds follows. 

Testbed T1: CT Luggage Datasets to Test Algorithms

T1 leverages the ongoing effort of ALERT to develop advanced luggage screening algorithms via calibrated 
X-ray CT datasets. Through Task Order funding, ALERT leveraged the advances made within medical CT and 
contracted with a vendor to obtain representative datasets of packed luggage and reference objects. Approx-
imately 900 objects were used to form 62 luggage datasets which spanned the spectrum of packing, density, 
arrangement, orientation, and size. The data was intended to provide security-like images to academic re-
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searchers, to be used in evaluating, improving, and re ining state-of-the-art techniques while fostering deep-
er communication within the segmentation reconstruction and recognition algorithm community. More de-
tails on this effort are given in Section 2.5.

Testbed T2: Multimode Standoff Detection

There are two indicators for most suicide bombers: the metal for shrapnel and the explosive itself. Using sig-
natures of these indicators, the Multimode Standoff Detection testbed is envisioned as leading to a product in 
which multiple detection technologies are integrated into surveillance platforms for suicide bomber detec-
tion. Possible “bombers” will be identi ied and continuously tracked at distances up to 50 meters, as shown 
in Figure 2-3. More details are given in the reports in the R3B Section of Appendix A.

Testbed T3: Advanced Imaging Technologies (Whole Body Imaging)

The objective of the Advanced Imaging Technologies (AIT) testbed is the creation of an unbiased, academ-
ic-oriented facility for development and evaluation of multi-modal sensors and algorithms for whole body 
imaging. Speci ic objectives include: 1) enabling experimentation with new sensing modalities, via sensor 
con iguration and scanning mode optimization; 2) exploring new algorithm concepts, such as model based 
vs. Fourier inversion, high resolution fused imaging, and automated anomaly detection; and 3) developing 
approaches to information fusion and adaptive multisensor processing. The facility development is led by R3 
Thrust Lead Carey Rappaport. It is being developed with equipment provided by Rapiscan, HXI and AS&E. 

Figure 2-2:  Segmented image (L) of doll (M), extracted from CT image dataset of luggage (R).

      (a)               (b)   

Figure 2-3: General sketch of the inexpensive system being developed for the use of detecting security threats (a) at 

mid-ranges using an “on-the-move” confi guration, and (b) at standoff -ranges using a “van-based” confi guration.
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AS&E, which specializes in advanced X-ray inspection sys-
tems, provided a backscatter X-ray machine which can be 
run using alternative algorithms and complementary sen-
sors. HXI provided compact radar modules that can be in-
tegrated into a cost effective multi-static millimeter wave 
system (Fig. 2-4). Rapiscan provided equipment as part of 
a John Adams Innovation Institute grant to use mm-wave 
sensing to reconstruct an object placed between the trans-
mitters’ and receivers’ wave path. It has been shown theo-
retically that by choosing the right positions for transmit-
ters and receivers in a multi-static  system it is possible to 
reconstruct a 2D image that covers all 360 deg. of the tar-
get. The datasets generated are anticipated to be of great 
value to TSA in the analysis of enhancements to the state 
of the art. More details are given in the reports in the R3A 
Section of Appendix A.

Testbed T4: Video Analytics-Based Anomaly Detection

As shown in Figure 2-5, T4 is a Video Analytics effort that 
addresses the needs of TSA to monitor and mitigate threats 
by individuals to airport security.  This testbed has evolved 
into a major Engage to Excel (E2E) effort. ALERT and the 
TSA Ohio Senior Federal Security Director (FSD) put to-
gether a team of researchers from three universities (NEU, 
BU and RPI) and TSA practitioners to develop and transi-
tion solutions to “breaching the exit lane” (in the exit) and 
“tag and track” issues at Cleveland Hopkins International 
Airport (CLE). These and related issues are also important 
to other airports around the nation.  
To date, the E2E team has completed the irst phase of im-
plementing a solution for the in-the-exit problem, which 
leverages live video from a portion of the CLE video net-
work without interfering with airport operations. The test-
bed implementation resides in the TSA control room and is powered by a 4-core computational platform 
with 384-core GPU support, a Siemens (hardware and software) data system that provides control of 18 si-
multaneous video feeds, and an Event Alerter System that allows for noti ication of a counter- low detection. 
ALERT researchers Octavia Camps, Richard Radke, and Venkatesh Saligrama, with their respective groups 
use the CLE live video feeds to evaluate the performance of their algorithms, so they can develop and improve 
their solutions to “in-the-exit” and “tag-and-track” issues. See the reports in the R4A Section of Appendix A 
for more details.

Testbed T5: Explosives Database and Performance Testing

In 2011, URI set aside several hundred acres for an explosive testing range and a standoff detection range. 
Each range has storage for one hundred pounds of explosive and is licensed to manufacture and store explo-
sive. While funding of this project has not come through the COE, but rather the US Army, these facilities are 
outstanding assets to the Center. Vendors come to test their explosives detection instrumentation and bomb 
squads in both Massachusetts and Rhode Island and have used the testing range to prepare training aids 

Figure 2-5: Counter-fl ow detected in the CLE airport 

terminal. This is an example of a frame where an in-

dividual going against the fl ow is detected.  

Figure 2-4: Prof. Carey Rappaport, left, describes 

the AIT Whole Body Imaging hardware to Britain’s 

Home Secretary, Theresa May, right, during a Sep-

tember, 2014 visit to the ALERT facilities at NEU.
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(Fig. 2-6). This is a premier site for irst responder training, both 
“hands-on” and in the classroom.
URI has also maintained a database of explosive properties for the 
last seven years.  This extensive database contains physical prop-
erties (infrared, Raman, mass and NMR spectra) and was intended 
to serve forensic labs. However, the URI database has been a much 
more extensively-utilized resource. The 600 current users are a 
testament to its usefulness to diverse HSE stakeholders from the 
US and 26 other countries. 

2.5 BASIC ORDERING AGREEMENT TASK ORDERS

In 2009, ALERT was awarded a Basic Ordering Agreement (BOA), HSQDC-10-D-00030, that allowed the DHS 
components to establish speci ic task orders for homeland security-related research, analysis, and services 
aligned with the unique expertise, facilities, and experience and thrust area of focus of the respective univer-
sity-based COE. The BOA and the associated task orders became a means for ALERT to enhance its research 
and transitions programs by: 

1. Creating groups of third party researchers in X-ray computed tomography (CT) explosives detection, 
similar to the community of researchers in medical CT,

2. Improving the performance of future explosives detection systems (EDS) that includes increased 
probability of detection and decreased probability of false alarm for a larger set of objects and with 
reduced minimum masses, and

3. Creating a technical interchange near the end of each task order so researchers could present their 
results to the security industry vendors, DHS and other third-parties to transfer the science and 
technology they created during the task order into the security enterprise.

To date there have been four major task orders awarded under the Basic Ordering Agreement (labeled A-D 
below). Speci ically:

A. Segmentation of Objects from Volumetric CT Data

This was a program to stimulate the development of advanced segmentation algorithms from volumetric 
Computed Tomography (CT) data. The results from this and the next Task Order enabled the development of 
Testbed T1. This program ended during ALERT Phase 1. 

B. Research and Development of Reconstruction Advances in CT-Based Object Detection Systems 

This was a program to improve the image quality of CT-based object detection equipment using advanced 
reconstruction algorithms to reduce artifacts.  As indicated above Testbed T1 was a byproduct of this and the 
previous Task Order. This program ended during ALERT Phase 1.

C.  Advances in Automatic Target Recognition (ATR) for CT-Based Object Detection Systems  

This program was initiated in ALERT Phase 1 and is continuing in Phase 2. It addresses improving Automatic 
Target Recognition (ATR) capabilities and takes advantage of the improvements in segmentation and recon-
struction algorithms that were developed in the core research program and via the results obtained in A and 
B above. In that vein, the program was designed to improve the performance of the complete algorithmic 
system (reconstruction, segmentation and object recognition). The validation of the ATR algorithms will be 
aided by the datasets in Testbed T1.

Figure 2-6: Standoff  detection test at URI 

Field Range.
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D.   Development and Transition of a Video Analytics System for Tracking Tagged Suspects in Airports 

This program is focused on video analytics and was initiated in ALERT Phase 1 and is continuing in Phase 2. 
This research effort is an integral part of the transition and E2E strategy for ALERT. It enabled the develop-
ment of Testbed T4.
Increasingly, ALERT is using the BOA enabled task order funding to transition science and technology devel-
oped in ALERT thrust areas to the security enterprise. One new task order proposal is currently in process. 
This deals with Improved Millimeter Wave Radar AIT Characterization of Concealed Low-Contrast Body-
Borne Threats. This task order will accelerate the development of Testbed T3. Two other task orders are be-
ing developed. These deal with effective sampling methods and sparse reconstruction methods. All of these 
efforts will transfer science and technology speci ically to a commercial partner and disseminate the result-
ing science and technology advances to the entire security enterprise.

2.6 ENSURING PROGRAMMATIC RELEVANCE

The ALERT leadership is acutely aware of the need to demonstrate the relevance of its programs to the HSE 
stakeholders.  Mechanisms that currently exist for ensuring relevance include:
• Alignment with DHS S&T programs (i.e. Of ice of University Programs (OUP) and HSARPA-Explosives 

Division)
• Collaborations with researchers at National Labs (i.e. LLNL, LANL, SNL, PNNL) 
• Collaborations with critical DHS components (i.e. TSA Cleveland and Boston, TSL, FEMA)
• Collaborations with DHS vendors (i.e.  AS&E, Analogic, L3, Morpho, Smiths, Siemens)
• Linkage with a broad national and international R&D community to identify strategic research issues 

(i.e. Advanced Development for Security Applications (ADSA) workshops, Trace Explosives Sampling for 
Security Applications (TESSA) workshops)

• Connection with other DHS COEs (i.e. START, CREATE, VACCINE) 
• Internal review of projects emphasizing relevance and potential transition (i.e. Video Analytics tag and 

track systems, enhancements for CT baggage and cargo systems, next generation whole body passenger 
screening system development, cell phone networked instruments for trace explosives detection)

2.7 CONCLUSION

As indicated by its strategic three level structure ALERT will maintain a balance of high-risk, high-payoff re-
search combined with transition and E2E projects meeting immediate DHS and customer needs. As the Cen-
ter develops new technologies and testbeds, DHS will be able to incorporate these results into requirements 
for future systems to help safeguard our nation.
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It is widely recognized that the US still needs to put more emphasis on providing a workforce pipeline into 
the science, technology, engineering, and mathematics (STEM) disciplines. The development of the ALERT 
education program was guided by the need to provide a meaningful impact on the communities of university 
students, K-14 students and their teachers, irst responders, and career professionals who are important 
contributors to DHS and to the success of its critical mission. In addition to developing the next generation 
of fundamental research advances, the ALERT team of educational institutions addresses the strong and con-
tinuing need for personnel trained in DHS related technologies.   This section describes the elements of the 
ALERT Education Program and the results of the Year Two initiatives. 
As shown in Figure 3-1, the ALERT Education Program initiatives continued to be focused on the following areas: 

1. University Graduate and Undergraduate Programs; 
2. Professional Development Programs and Short Courses for DHS Professionals and First Responders; 

and 
3. K-12, Community College, and MSI Awareness and Involvement.

Section 3: Education Program

Figure 3-1:  The ALERT education program supports students at every stage.
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One of the main goals of the education program is to build awareness of the ALERT and DHS missions with-
in the communities we work with through innovative programs such as the undergraduate “High- Tech 
Tools and Toys” (HTT&TL) laboratories.  The HTT&TL modules have been adapted to be useful outreach 
and instructional vehicles for the community college and K-12 classrooms. We also stress the importance 
of successful strategies, such as involvement in freshmen undergraduate research experiences, to draw un-
der-represented minorities and women into engineering majors related to DHS and ALERT areas of interest.  
Sections 3.1-3.5 provide a description of the major components of the education program. 

3.1 GRADUATE PROGRAMS

A. Graduate Programs Overview

Each of the universities involved in ALERT has doctoral-level and masters-level graduate programs which 
train the students who will be the professors and research leaders of tomorrow.  Within the ALERT pro-
gram, these students complete theses on topics related to Homeland Security problems.  Research areas 
require background coursework and seminars, as well as mentoring from faculty, researchers and industry 
personnel.  In Year Two, ALERT Universities supported 76 PhD and 7 MS students with thesis topics, such as:
• Increasing the Selectivity and Sensitivity of Gas Sensors for the Detection of Explosives
• Solid State Gas Sensors for the Detection of Explosives and Explosive Precursors
• Reconstruction Algorithms for Multispectral Diffraction Imaging
• Thermal Analysis of Explosive Formulations
• Application of Polymer Systems to the Detection and Retention of Explosives
• Pressure-induced Physical and Chemical Changes of Non-conventional Energetic Materials: Nitrate, Per-

chlorate and Peroxide Chemistries at High Pressures and High Temperature
ALERT graduate students are encouraged to become involved in many Center related events to build upon 
their research work and enhance their knowledge of Homeland Security topics.  For example, ALERT gradu-
ate students are invited to attend the ADSA workshops, which in Year Two, were held in November 2014 and 
May 2015. These workshops allowed them to participate in a cross-disciplinary discussion of homeland se-
curity topics, which includes representatives from academia, 
government, and industry.  ALERT also coordinates a profes-
sional development event speci ically aimed at connecting 
its students with ALERT partner industries:  ASPIRE (Annual 
Student Pipeline Industry Roundtable Event) gives students 
the opportunity to present their research and career aspira-
tions to industry members looking to recruit for internships 
and full-time positions. Each ASPIRE event has offered partic-
ipants a unique format to cover a broad range of topics, and 
to provide students and industry members with meaningful 
and effective networking opportunities. In the spring of 2015, 
ASPIRE featured presentations from ALERT industry mem-
bers and students, followed by a poster session and one-on-
one roundtable discussions between students and industry 
representatives (Fig. 3-2).
ASPIRE maintained its mission to provide a dialogue among members of academic, industry and government 
communities, and networking opportunities for ALERT students.  The event was attended by students from 
six of ALERT’s academic partner institutions: BU, UPRM, Purdue, URI, RPI, and NEU; and representatives 

Figure 3-2: Aaron Harrison, from Purdue, meet-

ing with Dave Schafer of Analogic at the roundta-

ble interview session at the 2015 ASPIRE. 
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from nine of ALERT’s industrial collaborators: Analogic Corporation, American Science & Engineering, Eos 
Photonics, HXI, LLC, Lockheed Martin Corporation, Morpho, Passport Systems, Rapiscan Systems, and Ray-
theon.  A representative from the Transportation Security Laboratory (TSL) also attended ASPIRE. They are 
the irst government agency to participate in the event.

B. Highlights and Achievements 

ASPIRE held a panel discussion focused on ways to increase the number of students graduating in STEM 
ields, and how to improve workforce development and educational recruitment. The spring 2014 ASPIRE 

focused on the speci ic workforce needs of ALERT industry partners, and involved students in a productive 
discussion of how academia and industry can work together to strengthen the professional development of 
ALERT graduate students.
Ph.D. candidates at URI participate extensively in outreach activities that include laboratory instruction and 
demonstrations for short courses provided to Transportation Security Administration (TSA), and explosives 
course offerings at URI.  In addition, graduate students continue to interface with major manufacturers of 
explosives detection instruments to improve and re ine their products.
Additional examples of the achievements and impact of our ALERT graduate students include Devon 
Swanson, a doctoral student at URI working with Prof. James Smith and Prof. Jimmie Oxley, who won one of 
three student awards at the annual Trace Explosive Detection meeting 
with his work, “Adhesion Forces of Energetic Materials on Polymer 
Surfaces.” Yolanda Rodriguez-Vaqueiro, (Fig. 3-3) completed her Ph.D. 
in the spring of 2015 at Northeastern University, and received the NEU 
Electrical and Computer Engineering PhD “Research-Impact Award” 
on May 4, 2015.  Paz Elia, a doctoral student at Ben-Gurion University, 
was the recipient of an Excellence in Teaching Award in July, 2015, and 
Donald Ramirez, a doctoral student at Texas Tech University, received 
an ARCS (Achievement Rewards for College Scientist) Scholarship in 
August of 2014.
Over the years, many of our ALERT graduate students have gone on to work in the Homeland Security En-
terprise after completing their degrees, including, Spiros Mantzavinos, who graduated with his M.S. at NEU, 
is now working at American Science and Engineering, and Kate Williams, who received her Ph.D. from NEU, 
is now working at the U.S. Army’s Night Vision and Electronic Sensors Directorate.  Doctoral graduates from 
URI include Joe Brady, who is now working at Brookhaven National Lab, Lucus Steinkamp, who is now work-
ing at Naval Research Lab and Jon Canino, who has accepted a postion at Signature Science and is working 
at the Transportation Security Laboratory (TSL) in New Jersey. From Purdue University, Peter Renslow, who 
graduated with his M.S., is now working for Sandia National Labs (SNL), and Andrew B. Sabater, who received 
his Ph.D., is working for the US Navy’s Space and Naval Warfare Systems Command (SPAWAR).  From BU, 
Ahmet Tuysuzoglu, who graduated with his Ph.D., is now working for Siemens Corporate Research, and Chris 
Chang, who received his MS, is at Lincoln Laboratories.

C. Engineering Leadership in DHS  Technologies

Since the fall of 2007, NEU has offered a graduate program in engineering leadership which allows academ-
ically talented graduate students to pursue a Graduate Certi icate in Engineering Leadership, as well as an 
MS degree in the engineering discipline of their choice.  The Gordon Engineering Leadership (GEL) Program 
was established as a result of a generous gift from the Bernard M. Gordon Foundation.  The program began 
its eighth year in September 2014 with a class of “Gordon Fellows” mainly from industry and government 
who are educated and mentored by faculty and senior industry leaders. A key element of this program is the 
year-long “Challenge Project” that each Gordon Fellow undertakes with the goal of developing and deploying 

Figure 3-3: Yolanda Rodriguez-Vaqueiro 

presenting a poster at the ASPIRE.
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a system or commercializing an innovative product.  Under the tutelage of Gordon Program mentors, the Fel-
lows learn how to achieve technological impact irsthand.
The GEL Program provides a valuable resource, helping sponsors working on DHS technologies to develop 
their engineers into more effective leaders who are experts in homeland security technologies and adept at 
transitioning research and development concepts into deployable systems. In  the  program’s  eight years of 
existence,  Gordon  Fellows  have  been  sponsored  by  more than 70  industrial  irms  and government or-
ganizations and four ALERT related government organizations:  Army Night Vision Electronics and Sensors 
Directorate, Hanscom Air Force Base, US Air Force, and US Coast Guard.  The Challenge Projects of these par-
ticipants have focused on areas that are of strategic importance to the sponsoring organization, such as the 
demonstration of the effectiveness of infrared standoff explosives detection. The eighth year class includes 
candidates sponsored by ALERT members Raytheon, AS&E, Inc., and Lockheed Martin, as well as ALERT it-
self.

D.  ALERT DHS HS-STEM (Homeland Security-Science, Technology, Engineering and Mathematics) Career 
Development Program – now known as the ALERT Science and Engineering Workforce Development Program

In September of 2011, ALERT Deputy Director, Prof. Carey Rappaport received a DHS HS-STEM Career Devel-
opment Grant (CDG) which provides funding for four fellowships to full-time graduate students pursuing MS 
or PhD degrees in Electrical and Computer Engineering. Under the terms of this program, selected students 
receive full tuition and a stipend of $2,300 per month for up to three years. Multi-year continuation is granted 
based upon satisfactory progress.  Award recipients  engage in research work, class work and career develop-
ment activities that provide them with a skill set that is further strengthened by the completion of a 10-week 
summer research experience at a DHS laboratory, industrial venue engaged in relevant DHS-related R&D, or 
other DHS-related federal, state or local facility engaged in R&D.
In January of 2012, the irst ALERT DHS HS-STEM CDG Fellow, Richard (Alex) Showalter-Bucher was select-
ed to participate in the program, engaging in research on security threat detection. Alex’s work speci ically 
focused on radar technologies for tunnel detection and was performed at NEU and at a summer internship at 
Lawrence Livermore National Laboratory (LLNL). After Alex completed the program requirements, and re-
ceived his MS degree in Electrical and Computer Engineering as well as a Graduate Certi icate in Engineering 
Leadership through the Gordon Engineering Leadership Program, he accepted a position at the MIT Lincoln 
Laboratory Federally Funded Research and Development Center in Lexington, MA, and he completed his 1 
year of service in April 2015.
In September of 2012, we selected three additional ALERT DHS HS-STEM CDG Fellows to begin their MS 
studies.  Ted Bednarcik began working with Prof. Carey Rappaport on a continuation of the work that Alex 
Showalter-Bucher began during his 10-week summer research experience at LLNL and he spent his 10-week 
summer research experience there as well.  Ted also completed the GEL Program in the summer of 2013 and 
completed his MS degree in Electrical and Computer Engineering Leadership in January of 2015.  Ted began 
his one year of service at the Portsmouth Naval Shipyard on June 1, 2015. Michael Collins began working with 
Prof. Rappaport on investigating Nuclear Quadrupole Resonance sensing for non-invasive detection of con-
cealed explosives. He spent the summer of 2013 at Los Alamos National Laboratory for his 10-week summer 
research experience, and completed his MS degree in Electrical and Computer Engineering in the summer of 
2014.  Michael is currently on his one-year appointment as a Visiting Researcher with the NATO Science and 
Technology Organization’s Centre for Maritime Research and Experimentation which will satisfy the ALERT 
CDG Program requirement that the participants complete one year of service in a DHS-related venue.  Finally, 
ALERT CDG Fellow Thomas Hebble continued to work with Prof. Octavia Camps on video analytics-based 
detection and tracking of suspicious behavior in airports.  Tom intended to move from the MS degree to the 
PhD degree but did not end up continuing with the program.  
In the fall of 2014, Joseph Robinson began the program working with Prof. Yun (Raymond) Fu at Northeast-
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ern University.  Joe is seeking the PhD in Computer Engineering and plans to do the irst of two 10-week 
internships that complement ALERT-approved research or are operational venues that work in the ALERT 
ields of study during the summer of 2016, 

In the summer of 2015, with support from the DHS Of ice of University Programs we updated and expanded 
the ALERT CDG Program changing the name of the program for all future participants. It will be known as 
the ALERT Science and Engineering Workforce Development Program.  A major change to the program was 
that we are now allowing undergraduates to apply.  Our irst undergraduate participant, Matthew Tivnan, a 
Northeastern University student pursuing the BS in Electrical Engineering and Physics is beginning his par-
ticipation this fall working with Prof. Carey Rappaport.

E. New Graduate Courses

At the University of Notre Dame, a new graduate-level course, titled, “Fundamentals of Photonics,” has been 
developed by Profs. Anthony Hoffman and Scott Howard. The course is aimed at providing improved training 
to ALERT students as well as attracting more graduate students to ALERT research. It was offered for the irst 
time during the spring 2014 semester, and has been reworked to include several lectures on the fundamen-
tals of absorption spectroscopy, re lection based imaging and polarimetric imaging. In Year 2, the enrollment 
was 15 graduate students from several departments including electrical engineering, mechanical and aero-
space engineering, chemical engineering and chemistry. 
Prof. Jeffrey Rhoads at Purdue University has developed new educational modules for his course on the Me-
chanics of MEMS and NEMS, which are related to micro/nanoscale transduction and sensing, and subse-
quently released via the Purdue NExT online portal. Since being released in early 2015, 25 students across 
the globe have taken the course (for credit), deepening their skills in this emergent technical area. 
At the University of Rhode Island, an explosives analysis class, titled, “Advanced Studies in Explosives” was 
offered for the irst time. The course was offered spring 2015, with 15 graduate students in attendance.

3.2 UNDERGRADUATE EDUCATION PROGRAMS

In Year Two of ALERT Phase 2, we have continued to foster our successful and innovative undergraduate 
programs. These curricula and modules help to recruit, motivate, and retain students to build a pipeline into 
the Homeland Security Enterprise.

A. High-Tech Tools and Toys Laboratory

One  of  the  signature  educational  programs  of  ALERT  is  the 
“High-Tech Tools  and Toys” (HTT&T)  laboratories,  which  engage  
freshmen  in  hands-on  learning  activities  using  state-of-the-art 
technology products (Fig. 3-4).  For example, in the HTT&T lab-
oratory at NEU, freshmen learn computer programming by writ-
ing MATLAB and C++ routines for real-world applications, such 
as a GPIB-bus-controlled ultrasound transducer mounted on an 
x-y positioner in an aquarium to image an object concealed by 
opaque gelatin.  This approach has clear advantages over tradi-
tional “chalk and talk” approaches to learning programming.
The ALERT team has created modules for the HTT&T laboratory 
emphasizing homeland security technologies.  Detection of hid-
den explosives depends on two fundamental techniques:  spec-
troscopy and imaging.  An undergraduate module is being devel-

Figure 3-4: Prof. Steve McKnight with NEU 

freshmen in the HTT&T lab.
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oped to use spectroscopy to discriminate between samples of corn oil, motor oil and olive oil (Figs. 3-5a and 
3-5b). While the samples look similar to the naked eye, they will have different signatures that can be used to 
distinguish one type of oil from the other or distinguish adulterated from pure olive oil.

NEU graduate student, Ran Hao, created software so that students can control the spectrometer using MAT-
LAB programs and automate the imaging and differentiation of the oil samples.  A MATLAB spectrometer 
control software was developed for a spectrometer module that was introduced into the High Tech Tools and 
Toys curriculum in the fall of 2014.  Prof. Stephen McKnight taught a section of the NEU freshman engineering 
“Engineering Problem Solving and Computation” course in fall 2014 using the ALERT-developed HTT&T lab-
oratory spectroscopy module.   Two sections of the HTT&TL with the ALERT-sponsored spectroscopy module 
were offered in the 2015 spring semester and one will be offered in fall 2015.
ALERT is expanding the High Tech Tools and Toys laboratory format to its partner institutions. URI is using a 
spectroscopy module in their Chemistry curriculum.  Profs. Stephen Beaudoin and Jeff Rhoads from Purdue 
are considering the use of hands-on HTT&T laboratory modules in the honors sections of their freshman en-
gineering curriculum. In preparation for this expansion, Prof. McKnight visited Purdue in the spring of 2015 
to present a seminar on the HTT&TL “hands-on” approach to engineering education. These inter-university 
outreach connections are a powerful way to introduce DHS-relevant technologies to large numbers of stu-
dents throughout the country. 
ALERT researchers, Prof. Anthony Hoffman, Owen Dominguez and Galen Harden, from the University of No-
tre Dame, also traveled to Purdue University to discuss incorporating Prof. Steve McKnight’s High Tech Tools 
and Toys Laboratory into their undergraduate curriculum and outreach programs.  A new course that will 
serve as an introduction to electrical engineering to sophomore engineering students at UND will be taught 
in spring 2016. As part of the course development process, Prof. Hoffman submitted an optical spectroscopy 
laboratory incorporating some of the tools and elements presented by Prof. McKnight. 
During the summer of 2015, ALERT and the Center for STEM Education hosted a two-week workshop series 
on High Tech Tools and Toys for Community College faculty at NEU. More information on this program is 
described in section 3-4.

Figure 3-5a:  Thorlabs miniature computer-controlled 

“no-moving-parts” spectrometer measuring transmis-

sion of a calibrating green fi lter.

Figure 3-5b:  Transmission spectra obtained by the Thor-

labs spectrometer for four oils: olive oil, corn oil, soy oil and 

motor oil.
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B. Research Experiences for Undergraduates (REU) Program

In the summer of 2015, the ALERT Research Experiences 
for Undergraduates (REU) program provided 6 opportuni-
ties for undergraduate students to engage in exciting ALERT 
projects related to identifying, sensing, and managing ex-
plosives-related threats (Fig. 3-6). These opportunities took 
place at NEU, Notre Dame, and UPRM.   And in the summer 
of 2014, ALERT hosted 7 REU participants, which were 
hosted at NEU, Notre Dame and UPRM.
In addition to their research assignments, the REU program 
also keeps students engaged through other activities. Stu-
dents participate in ield trips and seminars aimed at build-
ing on their experience and enhancing their professional 
development (Fig. 3-7). Topics include: Ethics in Undergrad-
uate Research, Building an Effective Presentation, Engineer-
ing Leadership, Lab Safety, DISC Personality Assessment, 
Scienti ic Storytelling and Preparing for Graduate School 
Applications. At the end of the program, each student gives 
a presentation on their projects and accomplishments.
The 2015 summer REU program participants at NEU 
worked with Prof. Carey Rappaport, Prof. Jose Martinez 
and John Beaty. Chenyang (Eric) Liu, who worked with Prof. 
Martinez on a project titled, “Calibration of Multibistatic 
Standoff Radar System for Security Applications,” focused 
on characterizing millimeter radar over time. His goal was 
to quantify the characteristics of radar for each transmit-
ter and receiver, as well as to ind the phase differential be-
tween transceivers to determine their individual biases.
One of the REUs at the University of Puerto Rico Mayaguez, Julissa Aparicio-
Massanett (Fig. 3-8), a microbiology Major, did research with Prof. Samuel Her-
nandez.  She worked on a project to detect explosives on different types of loor 
tiles using quantum cascade laser (QCL) spectroscopy. Initial sets of her group’s 
experiments measured spectroscopic signatures of ingerprints on different tiles 
without explosives, followed by tiles coated with explosives, closely simulating 
real world scenarios.
During both the summers of 2014 and 2015, Luis Enrique Cortes Herrera, an 
REU at the University of Notre Dame, worked with Prof. Anthony Hoffmann. His 
work was related to projects determining the stability of catacaustics in the opti-
cal cavities and developing ef icient code for calculating the ray trajectories. His 
work will be submitted for publication during the summer of 2015.
The 2014 Summer REU program participants at NEU worked with Profs. 
Rappaport and Martinez, as well as Mr. Richard Moore on ALERT projects related 
to mmWave radar imaging and video analytics. There was also one student at 
UPRM working with Prof. Hernandez on infrared laser spectroscopy, and one 
working at Notre Dame with Prof. Anthony Hoffman on trace explosives detec-
tion. Yeehin Li, who worked with Mr. Moore, is a NEU student who started work-
ing on ALERT Video Analytics research during the spring 2014 semester as an 

Figure 3-6: 2015 NEU REUs.

Figure 3-7: NEU REU students on a fi eld trip to the 

Boston Waterworks Museum.

Figure 3-8: Julissa Apari-

cio-Massanett in the lab at 

UPRM.
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ALERT Scholar.  For the REU program, Yeehin created an algorithm that can re-identify people across a system 
of security cameras as part of the “Tag-and-Track” research project. He used video data from the Cleveland 
Airport to track people as they walk throughout the terminal, and past multiple airport security cameras. For 
her summer research project at UPRM with Prof. Hernandez, Amanda Figueroa-Navedo prepared thin ilms 
of Highly Energetic Materials (HEM) using spin coating technology for sample and standards preparation and 
iber optics coupled-grazing angle probes for use in experiments to measure HEM properties. She is also in-

ishing her irst paper as a lead author on Chemometrics Enhanced Laser Induced Thermal Excitation (LITE) 
of HEM Standoff Detection.

C. MSI Collaborations

One of the main goals of the ALERT Education Program 
is the involvement of a diverse group of students which 
will include minorities who are traditionally underrep-
resented in the STEM ields. In Year Two, ALERT host-
ed Dr. Joaquín Aparicio as part of the DHS Minority 
Serving Institution (MSI) Summer Research Team pro-
gram.  Dr. Aparicio spent the summer of 2015 working 
with Prof. Samuel Hernandez at the University of Puer-
to Rico Mayagüez, developing a new research course in 
Physics at his home institution, the University of Puer-
to Rico Ponce, based on his research work with ALERT.  
This year, Purdue and Northeastern University also 
began collaborating with Prof. Aschalew Kassu from 
Alabama Agricultural and Mechanical University (an 

MSI), who received a DHS Scienti ic Leadership Award grant of $600,000 to develop High Tech Tools &Toys 
Lab Modules at his university.
During the summer of 2014, ALERT hosted two MSI teams; one at URI and one at NEU.  Prof. Thompson 
Sarkodie-Gyan from the University of Texas at El Paso, participated in the DHS MSI program at NEU (Fig. 3-9). 
Dr. Sarkodie-Gyan worked on a research project with Prof. Raymond Fu, to develop an algorithm to identify 
anomalies using video analytics coupled with bio-metrics. For example, the methods could be used to identify 
a suspicious pattern of walking behavior. He explored the possibility of fusing the walking behavior informa-
tion that is captured, with the fractal analysis of facial expressions. He also looked into the possibility of add-
ing a third attributive dimension, such as the frequency of the heartbeat through wi i, which would enable a 
robust identi ication and classi ication of certain suspicious behaviors within a large crowd.

In 2014, URI hosted Prof. Marilyn Tourne and her undergraduate student, Charkyrian Evans, from Tuskegee 
University in the DHS MSI program. URI also continued their collaboration with Dr. Yong Gan, a 2013 par-
ticipant in the DHS MSI Summer Program. Dr. Gan, a Mechanical Engineering Professor at California State 
Polytechnic University, Pomona, and his undergraduate student, Rachel Yazawa, participated in the program 
working on electrochemically synthesized nanocomposites for explosive detection and mitigation. Their 
studies resulted in two publications (i.e. Materials Chemistry and Physics and Int. Res. J. of Pure and Appl. 
Chem.), and upon completion of the Summer Research Team program, Dr. Gan was awarded $50,000 in DHS 
funding to continue his research project at his home institution. 
As a result of the 2013 DHS-MSI program, Profs. Brandon Weeks and Louisa Hope-Weeks at Texas Tech Uni-
versity have continued to collaborate with Dr. Juchao Yan from Eastern New Mexico University. Dr. Juchao 
has continued to be involved in the synthesis of aerogel materials, and has set up facilities in his own lab to 
synthesize aerogels, which has included applying these learned technologies in the classroom. He has access 
to facilities at Texas Tech including the library, imaging and X-ray characterization.  Although the DHS-MSI 

Figure 3-9: Prof. Thompson Sarkodie-Gyan (center) in 

the lab with Prof. Raymond Fu (right) and Dr. Yu Kong.
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program he was funded under is complete, it has allowed him and his students continued access and expo-
sure to equipment and facilities not available at their home institution.

D. ALERT Scholars NEU

Many of the undergraduate students involved in ALERT were introduced to research through their participa-
tion in a program aimed at freshmen called the ALERT Scholars Program.  Students apply to the program in 
the irst semester of their freshman year.  Accepted students are expected to attend lectures and seminars, 
including Research Ethics, Engineering Leadership, Research Presentation Skills, as well as presentations 
on ALERT and other research opportunities. Scholars are also required to enroll in the High Tech Tools and 
Toys section of the freshman engineering class Engineering Problem Solving and Computation, participate 
in ALERT research,  volunteer for Boston-area K-12 outreach programs related to ALERT and other STEM 
research initiatives, and give a inal Research Presentation at the end of the program.  In recognition of par-
ticipation during the 2014-2015 academic year, the ALERT Scholars who completed the program received a 
$1000 book voucher.
Seven freshmen participated in the ALERT Scholars program during the 2014-2015 academic year (Fig. 3-10). 
One of those Scholars, Alastair Abrahan, was one of two who worked with Prof. Carey Rappaport. Alastair, 
now a sophomore at NEU majoring in electrical and computer engineering, worked to develop and improve 
radar for the purpose of detecting concealed explosives or weapons worn on the body for security screening 
at airports and other public places. For the project, he learned skills such as data acquisition and basic pro-
gramming in LabView, as well as data processing in MATLAB. Julianne Kloza, a computer engineering major 
who worked with John Beaty, participated in ALERT research for Tag-and-Track Video Analytics for Airport 
Security.. She worked to correctly re-identify a person multiple times in different conditions, and learned 
how to verify information through MATLab. Anthony Bisulco, a computer engineering major who worked 
with Prof. Martinez-Lorenzo, helped design an adaptive switching system for mm-wave radar systems. He 
worked to solve complications due to the limited resolution using high speed switches to increase radar 
resolution, designed and built a novel system architecture for microcontroller switching. Anthony presented 
a research poster on his project at the Research, Innovation and Scholarship Expo (RISE) at Northeastern 
University in April, 2015 (Fig. 3-11).

In addition to the ALERT REU Program and the ALERT Scholars Program, all of the ALERT university partners 
involve undergraduate students in research efforts and outreach.  In Year Two, 62 undergraduate students 
were involved in ALERT, working on projects including, radar suicide bomber detection, and explosive simu-
lant, segmentation of luggage images, whole body imaging, characterization, synthesis, detection, and iden-
ti ication of energetic materials.

Figure 3-10: 2014-2015 ALERT and Gordon-CenSSIS Scholars 

at NEU.

Figure 3-11: Anthony Bisulco, ALERT Scholar, pre-

senting his poster at the 2015 RISE at NEU.

ALERT 
Phase 2 Year 2 Annual Report Section 3: Education Program 

25



3.3 PROFESSIONAL DEVELOPMENT PROGRAMS AND SHORT COURSES FOR DHS 
PROFESSIONALS AND FIRST RESPONDERS

There is an increasing need for advanced study on special topics related to Homeland Security technologies 
for graduate students, DHS personnel, and other professionals.  To address this need, we have developed a 
series of strategic study workshops and short courses, including the bi-annual ADSA (Advanced Development 
for Security Applications) and annual TESSA (Trace Explosives Sampling for Security Applications), that 
present cutting-edge research with a focus on identifying current “gaps” and providing tutorials on such 
explosives-related areas as CT screening and whole body imaging, video analytics and stand-off detection. 
The strategic study workshops are discussed in greater detail in Section 5. 
In addition to these regular workshops and events, ALERT re-
searchers were also asked to present a tutorial session at the 
IEEE Symposium on Technologies for Homeland Security in 
Boston, MA on April 14, 2015.  The session, “Introduction to 
Explosives Threat Sensing Technologies and the DHS Center 
of Excellence, ALERT,” was presented by ALERT Director, Prof. 
Michael Silevitch of NEU (Fig. 3-12). Other presenters included 
Prof. James Smith of URI, Prof. Octavia Camps of NEU, and Dr. 
Carl Crawford of Csuptwo, LLC. The goal of this tutorial was to 
provide participants with a better understanding of explosives 
properties, including Homemade Explosives (HMEs), millime-
ter wave (mmW), X-Ray Backscatter and Computed Tomogra-
phy (CT), and video analytics, and their application in several 
environments, including mass transit, irst responder, and air-
ports. Participants included IEEE members and non-members, including ALERT students, who were part of a 
discussion on how these technologies are used in detection strategies today, and how they could collaborate 
with ALERT and other DHS COEs to develop the next generation of technologies.
At TTU, Profs. Louisa Hope-Weeks and Brandon Weeks have routinely hosted short courses and workshops 
for local bomb squads and the Bureau of Alcohol, Tobacco, Firearms and Explosives (ATF). These short cours-
es are hosted every two years, with the next anticipated for 2016. In June 2014, TTU held a short course, 
titled, “Training First Responders on TATP,” where they looked at how TATP was synthesized.  This course 
stemmed from the discovery of TATP in multiple drug raids in the State of Texas where TATP was also found 
inside the residence.  The irst responders were shown how the chemicals were synthesized in the lab, shown 
methods on determining if compounds should be considered 
primary explosives (hammer test, lame test, etc.) and used 
milligram quantities for dog training within a complex matrix 
(chemistry building).
First Responder and Professional Training courses contin-
ue to be offered through URI (Fig. 3-13).  This year specialty 
classes have been given at Army, Air Force, and Navy facili-
ties, as well as for the Transportation Security Administra-
tion (TSA) and the TSA Systems Integration Facility (TSIF).  
In 2015, 14 specialty classes served over 250 professional.  A 
new class in explosive analysis was created at the request of 
the Army forensic lab. Accommodations for training law en-
forcement, military, academic, and industry professionals is 
a priority, as URI continues development of the two new ield 
testing facilities.

Figure 3-12: Prof. Michael Silevitch speaking at 

the IEEE Symposium Tutorial in April, 2015.

Figure 3-13: Participants at one of URIs ongoing 

training courses.

ALERT 
Phase 2 Year 2 Annual Report Section 3: Education Program 

26



During Year Two, ALERT also had the opportunity to participate in the Summer Research Team Program for 
Federal Service Academies, a new DHS initiative aimed at increasing research collaboration between DHS 
and the U.S. Department of Defense. Through this program, service academy faculty members, senior cadets, 
and midshipmen from U.S. Military Academies are able to engage in challenging research projects being con-
ducted at COE-af iliated universities.  URI hosted an Air Force Academy cadet in the summer of 2013, a West 
Point cadet in summer 2014, and two Navy Midshipmen during the summer of 2015 (Fig. 3-14).  The latter 
received a visit from United States Paci ic Command (USPACOM) Deputy Commander Rear Admiral Girrier.

3.4 COMMUNITY COLLEGE OUTREACH

An important ALERT goal is to increase the number of community college students retained in STEM majors 
and to enhance their desire to matriculate into a four year program. Strong partnerships have been devel-
oped by the COE to reach that goal.

As previously mentioned, ALERT and the Center for STEM 
Education at Northeastern University hosted a two-week 
workshop series on High Tech Tools and Toys for Secondary 
STEM teachers and Community College faculty (Fig. 3-15) in 
June of 2015. Led by the course’s co-creator, Prof. Stephen 
McKnight, the workshop introduced 8 participants to the 
High-Tech Tools and Toys course being offered at NEU and 
provided participants the guidance and support needed to 
implement the course and/or course components in their 
respective institutions.  One of the participants in the course 
was Prof. Aschalew Kassu from Alabama A&M, who received 
a DHS Scienti ic Leadership Award grant of $600,000 to work 
with NEU and Purdue to develop High Tech Tools &Toys Lab 
Modules at his university.

In the summer of 2014, ALERT hosted Abeco Rwakabuba, an REU student from Middlesex Community 
College, who participated in a research project at NEU. Abeco worked with Prof. Carey Rappaport and Mr. 
Richard Moore on a Whole Body Imaging project, focused on combining Multistatic Millimeter-Wave AIT 
scanning and Real-Time High-Value 3D External Surface Imaging using the Microsoft Kinect sensor.   
Since the summer of 2012, Michael Pelletier, a faculty member at Northern Essex Community College, began 
working with Prof. McKnight through the RET program at NEU, partially funded by ALERT.  His summer work 
involved developing a new HTT&TL experiment to detect hidden objects with 40 kHz ultrasound in air and 

Figure 3-14: Prof. Jimmie Oxley (left) of URI and Rear Admiral Robert P. Girrier (2nd from right) with Navy Midshipmen 

(June 2015).

Figure 3-15: Participants in the 2015 High Tech 

Tools and Toys Workshop at NEU.
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producing written material on the HTT&TL experiments that would be useful to classroom instructors at 
NECC and other community colleges.  On his return to NECC, he taught two sections of a new irst-year course 
“Engineering Essentials and Design” using the HTT&TL ultrasound-in-air, stepper motor,  and spectrometer 
experiments with the assistance of Prof. McKnight who was on sabbatical. NECC has continued to offer two 
or three sections of ST104 “Engineering Essentials and Design,” in both the fall and spring semester.  In the 
fall of 2014 and spring of 2015, 6 sections of the course were taught to a total of 120 students, who have now 
had their irst year in the pre-engineering program enhanced by being exposed to ALERT-developed HTT&TL 
modules.
Chitra Javdekar, a faculty member at MassBay Community College, attended a summer program at NEU in 
2011 where she experienced the HTT&TL teaching style.  On her return to MassBay, she introduced the 
HTT&TL experiments with the stepper motor and video-cam color identi ication and separation of painted 
ping-pong balls in an “Engineering Computation” class in the spring of 2012.  Dr. Javdekar has subsequently 
been appointed as Dean of the Science, Technology, Engineering and Mathematics (STEM) Division at Mass-
Bay, and the HTT&TL modules are continuing to be used in the “Engineering Computation” course.  In the 
spring of 2015, 2 sections were offered to a total of 25 students.

3.5 PRE COLLEGE PROGRAMS

ALERT continues to foster the education pipeline through pre-college programs provided at NEU, URI, Pur-
due, and Notre Dame. Examples of relevant pre-college programs and activities that ALERT has participated 
in over the years include: 
• The Research Experience for Teachers (RET) summer program that immerses high school teachers and 

community college faculty in research laboratories at NEU and URI,
• Presenting Chemistry Magic Shows at K-12 schools by researchers at URI, 
• Participating in the annual “National Robotics Week” at Notre Dame, and
• Hosting the Young Scholars (YS) program for gifted high school students at NEU,
• Offering a STEM Field Trip series for urban students throughout the academic year at NEU,
• Participating in Building Bridges Programs at NEU,
• Hosting Middle School students for two weeks each summer to build and support their STEM interests.

At Northeastern University, ALERT continued its on-
going collaboration with Claire Duggan, Director for 
Programs and Operations for the Center for STEM Ed-
ucation, to host participants of the Young Scholars pro-
gram for Boston-area high school students. Prof. Carey 
Rappaport hosted 2 high school students during Year 
Two.  In 2014, two high school students, Imani George 
and Jenny Dinh, worked on ALERT “Stand-off” and 
“On-the-Move” security detection research, and during 
the summer of 2015, Shiva Nathan and Lingrui Zhong 
worked on his Advanced Imaging Technology (AIT) proj-
ect (Fig. 3-16). As part of the program, Young Scholars 
receive mentor support from graduate students in the 
lab, participate in weekly research seminars and pro-
fessional development meetings, create a research post-
er, and give a inal presentation at the end of the pro-
gram. Each summer all 28 Young Scholars in the cohort 

Figure 3-16: 2015 ALERT Young Scholars, Shiva and Lin-

grui (middle) with 2 of our ALERT REUs at NEU.
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participated in several ALERT sponsored seminars to introduce students to the research of the center and 
potential careers in DHS. Prof. Rappaport has also participated in several Building Bridges Programs, through 
which high school students get the opportunity to visit NEU’s laboratories to have hands-on research experi-
ences engaging them in STEM education.
As part of their continuing outreach programs at URI, ALERT hosts local high school teachers as part of their 
RET program every summer to participate in research projects under the mentorship of a graduate student 
in the lab. In Year 2, the program facilitated 4 high school teachers for the summers of 2014 and 2015 to work 
in chemistry, chemical engineering and mechanical engineering laboratories on applications related to explo-
sives research and technology for 8-10 weeks. As a result of their participation, two teachers have gone back 
to school to seek advanced degrees.  Mr. Anthony Fascia, a high school physics and chemistry teacher from 
Hope High School in Providence, RI spent the summer of 2014 at URI working on an ALERT vapor detection 
system. Mr. Fascia wrote the data acquisition and data compilation code that was developed speci ically for 
a dynamic control protocol, making it possible to detect explosives at trace levels in “real time”.  In addi-
tion to hosting high school teachers, URI also engages in STEM outreach to K-12 students in the community. 
URI graduate students and faculty conduct ‘chemistry magic shows’ at Rhode Island public and private K-12 
schools. 
At Purdue, Prof. Steve Son is working with the Central States Section of the Combustion Institute (CSS/CI) 
outreach program through which he is mentoring a local chemistry high school teacher.  The project they are 
working on is titled, “Rocket Design, Construction and Engine Synthesis.” Also at Purdue, Prof. Steve Beaudo-
in’s lab hosted high school students to participate in their ALERT research projects. One student was able to 
participate for the whole year, and the other during the summer of 2015. 
At the University of Notre Dame, Prof. Anthony Hoffman and one of his graduate students, Galen Harden, are 
strengthening the K-12 outreach component of their project by developing and hosting a 1-day event at Notre 
Dame. This event is targeted at students in grades 8-12 and aims to teach the students about light and optical 
spectroscopy by engaging the students via hands-on activities. Prof. Hoffman’s entire research group will run 
the event, which is planned to be held in the fall 2015 semester.
Texas Tech University researcher, Prof. Brandon Weeks, participated in the Get Excited About Robotics (GEAR) 
program in the spring of 2015.  This year, the theme was Pyromania and the students had to construct robots 
to safely set-up a mock ireworks program.  Dr. Weeks was invited as a keynote speaker for the kick-off event 
where the students are introduced to the competitions theme.  The presentation was focused around how 
ireworks function and the positive impact of explosives on their daily lives.  The program was created to fos-

ter interest among today’s youth in careers in engineer-
ing, science or technology, and is hosted at ive locations 
across the state of Texas with approximately 100 teams 
competing.  The program is aimed at elementary through 
middle school students, where they use Lego robots to 
complete speci ic tasks. 
At the 4th Annual “National Robotics Week” at the Universi-
ty of Norte Dame in April, 2015 ALERT researchers ran an 
infrared remote sensing and spectroscopy for an exhibit 
which was presented to over 500 middle school students 
and their parents (Fig. 3-17). This exhibit demonstrated 
the concepts of infrared lights and sensing by making var-
ious musical instruments out of infrared range inders. Figure 3-17: ALERT students presenting at the Annual 

“National Robotics Week” at Notre Dame.
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3.6 CONCLUSION

In summary, ALERT is providing a pipeline of educational support for students from middle school through 
the university level and beyond. Through residential programs, summer research experiences, courses and 
workshops we are introducing hundreds of students and career professionals to DHS-related material.  
Through our professional development opportunities for Community College and high school faculty, we 
continue to introduce and support many students in STEM to the work of ALERT and ultimately into the 
workforce of DHS and its stakeholders.
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4.1 INTRODUCTION

The ALERT COE has a long history of collaborating with key DHS stakeholders and has broad connections 
within the security community. ALERT’s connections and the desire to transition research bring together 
ALERT researchers, students, industrial partners, practitioners (users) and government agencies to solve 
the security issues of DHS stakeholders. The ALERT industrial partners provide support for the COE through 
membership funds, joint proposals, and opportunities for students at partner facilities. The partners also 
provide access to R&D leaders, real system-level applications, state-of-the-art hardware and software, and 
real applications data. Each year for the last 7 years ALERT demonstrates that our industry members are 
willing partners in technology transfer efforts, as team members on proposals for mutual funding, as poten-
tial employers for students (ASPIRE), and as participants in the dialogue within DHS stakeholders (ADSA 
and TESSA). The ALERT Transition strategy links professors, post-docs, graduate students, undergraduate 
students, innovative researchers and leaders within DHS stakeholder organizations to yield outcomes that 
are relevant and then transitioned through interactions with practitioners to commercialization partners.  
The outcomes are truly greater than the sum of their parts. These collaborations are augmented by ALERT 
developed toolboxes and testbeds for real-time application investigations, as well as inter-partner network-
ing, resulting in opportunities to transfer science and technology that is relevant to the DHS community. Emel 
Bulat, the ALERT Corporate and Government Partnership Liaison, and John Beaty, the ALERT Director of 
Technology Development, work to ind opportunities and provide resources that build the collaboration be-
tween ALERT academics, industry and government partners to provide solutions to the DHS security enter-
prise.

A. Industrial Membership

The ALERT Center’s strategy of a multi-tier industrial membership continues to serve our COE, our gov-
ernment sponsors and our broader community well.  This year we added Kiernan Group Holdings to our 
membership. Implant Sciences has deferred joining our membership to Q4 2015. We are also in dialog with 
General Dynamics, Mission Systems, EVOLV, Triple Ring, Voti Group and Schafer Corp.  These companies ex-
pressed interest in membership in their survey responses after the ADSA 12 Workshop.  In addition, to our 
delight, IDSS is considering rejoining our industrial base by Q1 2016.  The ALERT team is also encouraged 
that AS&E, Eos Photonics, HXI. LLC, Lockheed Martin, Morpho Detection Inc., Passport Systems, Rapiscan Sys-
tems and Raytheon extended their memberships in this second year of ALERT Phase 2.  Regrettably, Analogic 
Corporation dropped their long-standing membership. ALERT’s two-tier industrial membership base now 
consists of ten companies (six large and four small), resulting in a net loss of one member.  For 2015-2016, 
we will refocus our efforts to bolster memberships starting with the six companies (above) that responded 
to the post-ASDA 12 survey indicating a willingness to join our Industrial Partners.  Along with Implant Sci-
ences, we will also continue discussions with Bruker Detection to increase our partnerships with explosive 
trace detection equipment manufacturers. Sections 4.2-4.4 discuss the industrial partnership strategy goals 
and membership status.

B. Collaboration, Funding and Transition

In 2014-2015, ALERT continued to improve its relationships with the DHS security enterprise in the areas of 
computed tomography, millimeter wave imaging and video analytics. In each of these technical areas ALERT 
has formed working relationships with users (government agencies) and commercialization partners (secu-
rity companies). In computed tomography, ALERT worked with Telesecurity Sciences, Massachusetts General 
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Hospital, Morpho, LLNL, DHS S&T, Purdue, University of Notre Dame, University of Chicago, Boston Univer-
sity, and the University of Wisconsin. In millimeter wave technology, Northeastern University researchers 
worked with L3 data and developed two unique technologies that will be transitioned in Year 3 through a 
new task order.  In video analytics technology we expanded on our close working relationship with Federal 
Security Director (FSD), Jim Spriggs in Cleveland and the Chief of Massport Security, Admiral George Naccara 
at Logan Airport. We are in the process of developing a close working relationship with John Joyce, Chief of 
Security for the Greater Cleveland Rapid Transit Authority (GCRTA).  With the support of DHS S&T, ALERT 
maintains an on-going close relationship with Cleveland ex-FSD, Michael Young, as well as the Cleveland 
Hopkins International Airport to continue research on “reverse low within the airport exit lane” and “tag 
and track of a person-of-interest”. A new initiative in video analytics was proposed and funded by DHS/OUP 
to re-identify known thieves as they enter the GCRTA (eBolo project).  In Year 3, ALERT is likely to start three 
additional programs (one focused on swab sampling, another on Adaptive Automatic Threat Recognition 
(AATR) algorithms and the aforementioned work on millimeter wave software development).  All of these 
programs will involve ALERT and 3rd party researchers, focused on solving user proposed issues, and involv-
ing potential commercialization partners. 
The ALERT fostered industrial/practitioner, government, and academic collaborations provide each partic-
ipant with real value to keep the participants engaged. The resultant programs are a win for DHS, for the 
Security Enterprise and for ALERT.  

4.2 PRIMARY PARTNERSHIP GOALS

ALERT Phase 2 goals remain consistent with our original vision. They are:
• Identify ALERT research to transition into the security enterprise, as discussed in section 4.3;
• Seek out transition-oriented opportunities for joint proposals between academic and industrial/practi-

tioner and government partners, as discussed in section 4.4; 
• Provide a workforce pipeline for DHS technologies, as discussed in section 4.5.A; 
• Continuously engage industrial/practitioner and government collaborators through meetings such as 

ADSA and TESSA discussed in sections 4.5.B and C; and
• Develop a strongiIndustrial membership base, as discussed in sections 4.6 and 4.7.

4.3 IDENTIFY ALERT RESEARCH TO TRANSITION

In 2014-2015, it became obvious the millimeter wave research conducted in project R3-B.1 was ready for 
transfer to the security enterprise. Over that year ALERT researchers worked with L3 data to demonstrate 
the feasibility of the obtaining dielectric constant measurements and rapid image reconstruction. Simultane-
ously, ALERT attracted the interest of L3 and DHS/S&T/EXD and worked to obtain resources via a task order. 
This transition vehicle is scheduled to come online in September, 2015.
Also in 2014-2015, video analytics technology developed at ALERT and at VACCINE (another DHS/S&T COE) 
was melded into a potential solution for the Greater Cleveland Rapid Transit Authority security. This eBolo 
effort, described above, was enabled through supplemental funds provided by DHS-OUP.

4.4 JOINT TRANSITION ORIENTED PROPOSALS

ALERT is focused on the DHS/S&T/EXD mission areas (e.g. explosives characterization, trace and bulk de-
tection, passenger, cargo and luggage screening etc.). As a consequence, the joint proposals between ALERT 
and its external collaborators are aligned with this mission. In an initial proposal in 2011-2012, the ALERT 
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COE teamed with Mass General Hospital, Siemens Corporate Research, Cleveland TSA, and Cleveland Hopkins 
International Airport and embarked on a project that addressed a key problem that TSA agents face on a daily 
basis: detecting the “reverse low of a person in the exit lane.”  This problem was brought to ALERT’s atten-
tion through extensive dialog with TSA, Cleveland FSD and through the support of DHS S&T. The ALERT con-
tributions involved three of its academic partners (NEU, BU and RPI). Automating video analytics monitoring 
in real time support of TSA screeners has eliminated potentially costly airport terminal shutdowns caused by 
breach of airport exit lanes.  In addition, having tools to minimize the strain of viewing multiple monitors has 
increased worker productivity. This ALERT E2E project has been in operation in the Hopkins International 
Airport Coordination Center for over two years (2013-2015) and supports the security of ice determination 
of the “reverse low of a person in the exit lane.” The system’s probability of detection and false alarm rate 
are consistent with reliable operation of the system (>50,000 passenger/week pass through the airport exit 
lanes). The success of the “reverse low of a person in the exit lane “resulted in the award of a second Basic 
Ordering Agreement task order for the 2014-2015 time period, focused on the more complex “tag and track” 
problem. This program deals with the need for TSA of icers to maintain surveillance of a person of interest as 
this person moves through the airport in real time. Like the “in the exit” problem, the “tag and track” problem 
was identi ied as a need by our TSA collaborators and Cleveland Airport. A third proposal to DHS/S&T/OUP 
was awarded in 2014-2015 to re-identify known thieves as they enter the GCRTA (e-Bolo). 
In the computed tomography technology area, ALERT proposed and was awarded a task order on Automat-
ic Target Recognition. Working with Telesecurity Sciences, Massachusetts General Hospital, Morpho, LLNL, 
DHS S&T, Purdue, University of Notre Dame, University of Chicago, Boston University, and the University of 
Wisconsin. This research and development effort was transitioned to the security enterprise, during ADSA11. 
A second contract funded by Astrophysics Corporation was initiated in 2013 and is continuing through 2015. 
In it ALERT researchers and Astrophysics Corporation teamed together to provide a limited angle, limited 
number of views X-ray computed tomography reconstruction for a palletized cargo inspection system. The 
Astrophysics system, reported at ADSA 11, will be the irst of its kind available for palletized cargo inspection.
In the millimeter wave technology area, an ALERT researcher, Prof. Jose Martinez-Lorenzo, teamed with HXI, 
LLC, one of our small business industrial members, and was awarded an NSF Small Business-ERC Collabo-
rative Opportunity (SECO) program in 2013 to advance sub-surface millimeter-wave imaging technology. 
In 2015, the same group with L3 Communications and Professor Carey Rappaport helped de ine an ALERT 
Basic Ordering Agreement, task order. The irst phase of this task order will provide materials understanding 
(dielectric constant information) to millimeter wave passenger screening systems. The second phase of the 
task order will accelerate the image reconstruction algorithms, while maintaining the image quality. As stat-
ed above, this two-phase task order is anticipated to begin in September, 2015. In addition to L3, two other 
companies (to be named) will participate in this effort. 
In 2015-2016, ALERT anticipates receiving a Basic Ordering Agreement task order to develop standard refer-
ence materials for explosive sampling and an ASTM like procedure for application of the reference materials. 
When successfully implemented, these references and the procedure will provide a reference system for the 
Ion Mass Spectrometric (IMS) systems around the world. Also, as mentioned above, a Task Order proposal for 
AATR algorithms is being developed.

4.5 COLLABORATION MEETINGS AND WORKSHOPS

In 2014, ALERT, Phase 1, was praised by DHS S&T for having the strongest industrial membership base with 
a long history of close collaboration with industrial partners.  ALERT is working to strengthen this lega-
cy for ALERT Phase 2. To that end, we have restructured its Industrial Advisory Board (IAB) and added a 
“Guest Lecturer” segment to the event. In 2014-2015, ALERT launched the new Trace Explosives Sampling 
for Security Applications (TESSA) workshop series. The irst TESSA Workshop was held and three steering 
committee meetings were also held. In August 2015, the second TESSA Workshop was held. In addition, the 
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long-standing Advanced Development for Security Applications (ADSA) workshop series completed its 11th 
and 12th event in October 2014 and April 2015, respectively. ADSA13 is scheduled for the fall of 2015.

A. Annual Student Pipeline Industry Roundtable Event (ASPIRE)

From its inception, ASPIRE’s goal was to have our 
industrial partners introduce their companies, their 
products, and their future needs to one another, to 
our research faculty, and to our student population. 
On April 7, 2015 ALERT hosted its fourth ASPIRE 
(Fig. 4-1). One of the most exciting developments 
of this meeting was that a representative from TSL 
attended the meeting, expanding this members-only 
event to include our government sponsors. We were 
also encouraged to learn that next year, representa-
tives from TSL, TSA, the Coast Guard and possibly 
the FBI will attend ASPIRE 2016.
As with the irst event, we had 8-minute presenta-
tions by our industrial members, followed by short 
2-minute presentations by students. In an effort for 
constant improvement and to address the feedback 
from our post-event survey, we increased the time 
allotted for the 10 minute “roundtable” discussion slots so the networking/poster session was extended from 
two to three hours. The 2015 ASPIRE meeting resulted in ive interviews and one internship.
To compliment ASPIRE on an on-going basis, the 
Candidate Central Portal is an integral portion of 
the ALERT website (see Fig. 4-2). This supports the 
DHS technologies workforce pipeline by providing 
our partners with biographies and resumes of ex-
ceptional ALERT students and recent graduates who 
are interested in Homeland Security-related jobs or 
internships. Candidate Central, in conjunction with 
ASPIRE, and the restructured Industrial Advisory 
Board meeting (see section 4.7), has allowed our 
partners to ind highly trained students to ill several 
internships and full-time positions.  We are happy to 
report that in 2014-2015, four interviews took place 
and one internship is in progress.

B. Trace Explosives Sampling for Security Applications (TESSA)01

In 2014, ALERT initiated a workshop series workshop focused on trace sampling.  The Trace Explosives De-
tection Systems (TEDS) community has long recognized the need for a systematic classi ication of the state-
of-the-art in contact sampling.  TESSA will enable the development of a protocol against which competing 
contact sampling approaches can be compared and measured, as a repository of knowledge to help identify 
appropriate aspects of trace detection where greatest impact can be realized, and as a guide for development 
of new technology to improve existing capability.  In conjunction with the April 2014 TEDS workshop, a steer-
ing committee organized by ALERT Thrust Leader, Steve Beaudoin, and comprised of representatives from 
industry, academia and government, met to de ine in broad terms the scope and goals of a workshop which 

Figure 4-1: Purdue PhD students, Melissa Sweat and Aaron 

Harrison, discuss their trace detection research objectives 

with Kurt Bistany of Morpho Detection at the 2015 ASPIRE.

Figure 4-2: ALERT Candidate Central Portal.
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would determine the baseline for measuring quantitative sampling ef iciency.  The results from this activity 
were presented to the TEDS community and feedback was received.  Key results included the need to de ine 
two model explosives residues (one highly deformable and ‘sticky’ and one more granular), two model traps, 
and two model substrates. The speci ic materials were determined collectively at the irst TESSA Workshop 
held in Boston on August 13, 2014. 

C. Advanced Development for Security Applications (ADSA)11 and 12

The ADSA workshops were started in ALERT Phase 1 (originally known as Algorithm Development for Secu-
rity Applications) to provide a forum for academic, industrial and government parties interested in enhanc-
ing the effectiveness of X-ray security inspection methods. Over the 5 years of its activity, ADSA has become a 
nucleating vehicle to bring together this diverse community and enabling it to communicate seamlessly with 
one another.  In 2014 - 2015, ALERT conducted two ADSA workshops focused on Explosives Detection in Air 
Cargo and the Checkpoint of the Future (ADSA11 and 12 respectively).  
ADSA11 was held on November 4-5, 2014 at Northeastern University. The topic of explosives detection in air 
cargo was chosen for this workshop in order to support the Department of Homeland Security’s (DHS) objec-
tive of improving the performance of existing technologies. Improved performance is de ined as: increased 
probability of detection (PD); decreased probability of false alarms (PFA); lowered detected threat mass; in-
creased number of types of explosives detected, including more homemade explosives (HME); and increased 
throughput and reduced operating costs. Another goal of the workshop was also to support DHS’s objective 
to increase the participation of third parties, such as researchers from academia, national labs, and industry 
other than the incumbent vendors.
The topics that were addressed at the workshop are as follows:
• Financial considerations, total cost of ownership, impact of an event, buying down risk; 
• Viewpoints of airlines, freight forwarders, insurers, and non-US governments;
• Risk-based screening, game theory and deterrence;
• Trace and vapor inspection, including sampling and canine inspection;
• Neutron sources and detectors, high-energy x-ray sources, and molecular speci ic detectors; and
• Explosive simulants.
The key indings from the workshop, per the editors of this report, are as follows:
• There are advantages and disadvantages to all detection technologies scan cargo.
• There is no clear inancial incentive in the United States to deploy new detection equipment. 
• The research and development communities must continue to develop new scanning technologies. 
• More work is required to quantify the impact of risk-based screening, game theory, and deterrence.
ADSA12 was held on May 12-13, 2015 at Northeastern University. The workshop focus was, “Screening of 
Personnel and Divested Items at the Checkpoint of the Future.” The topic was chosen in order to support the 
Department of Homeland Security’s (DHS) objective of improving the performance of existing technologies 
and to improve the passenger experience at checkpoints. Another goal of the workshop was to support DHS’s 
objective to increase the participation of third parties, such as researchers from academia, national labs, and 
industry other than the incumbent vendors, in algorithm and system development for security applications.
The following topics were addressed at the workshop. The topics were addressed from the perspectives of 
the TSA, airlines, and passengers.
• Emerging hardware;
• Emerging algorithms and processes; and
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• Improving the passenger experience and assessing and using risk. 
The key indings from the workshop on what can be done to solve the checkpoint problems are as follows: 
• The use of risk based screening includes under-screening; 
• Improve concept of operations; 
• Integrate systems and data; 
• Set standards for systems interfacing, data integration and testing in lab and ield; and
• Develop better hardware and reconstruction software and identify orthogonal technologies.
For the irst time, ALERT started charging registration fees to offset the costs of holding the ADSA meetings.  
The fees were $500/person for large companies, $250/person for small companies, $100/person for govern-
ment and non-member academics.  ALERT Partner Universities and ALERT member companies were exempt.  
ALERT is pleased to report that a total of $17,400 was received offsetting the food costs for the event. We feel 
this was a great success and validation to the importance of the ADSA events to our stakeholder community.  
The next workshop, ADSA13, is scheduled for October 28-29, 2015. Its focus will be a continuation of ADSA12.

4.6 ALERT INDUSTRIAL MEMBERSHIP BENEFITS

As discussed throughout this section, becoming an ALERT industrial member gives companies priority access 
to ALERT faculty and students for hiring, joint proposal activity and proprietary research projects.  Events 
such as ASPIRE, the Industrial Advisory Board and Candidate Central are only available to member compa-
nies and are intended to create a close collaborative University-Industry-Government network.

4.7 INDUSTRIAL ADVISORY BOARD AND MEMBERSHIP STRUCTURE

As part of the membership bene its for companies, in 
2014 the ALERT COE formalized and restructured its 
Industrial Advisory Board (IAB). It is a body comprised 
of those companies that have contributed membership 
fees to support ALERT. Industrial members are invited 
to an annual IAB meeting in the fall plus ASPIRE in the 
spring.
On October 21, 2014, ALERT held its second IAB meet-
ing with an invited lecture from Dr, Sydney Ulvick, 
Senior Vice President of In-Q-tel discussing funding 
opportunities for the small companies in our member-
ship.  At this IAB meeting (Fig. 4-3), members voted to 
hold one IAB meeting in the fall with external speak-
ers plus in-depth presentations from faculty in one of 
our research thrusts.  In Q3 2015, we hope to have Dr. 
Alistair Brett give a lecture on his book entitled “Rain-
forest Scorecard” discussing a methodology to create a 
framework for intentionally growing and developing an innovation culture for creating high-wage, knowl-
edge-based jobs and enhancing sustainable economic competitiveness.  The research thrust presentations 
will highlight Prof. Eric Miller’s work on Multi-energy, Limited View Computed Tomography.
To our knowledge, the ALERT COE is the only DHS Center that has a paying industrial membership strategy 
with an active IAB that interfaces regularly with its faculty, students and government sponsors. Through 

Figure 4-3: Dr. Sydney Ulvick, Senior VP of In-Q-Tel, pres-

ents as the guest speaker of the 2014 IAB Meeting.
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ASPIRE and the IAB meetings, ALERT hopes to continue to create closer collaboration amongst a broad in-
dustrial base, while inding the “right” match for our students and partner institutions.  We expect that such 
alliances will respond with agility to future market opportunities, as well as government BAAs and RFPs, 
thereby fostering effective technology transfer.
To become a member and join the Industrial Advisory Board, a company has to make a membership commit-
ment. The four different levels of membership are:
• Strategic Partner: $100K+
• Corporate Partner: $50K
• Associate Industrial Partner: $25K
• Small Business Partner: $10K (reserved for companies whose yearly sales are less than $25M).
The current ALERT IAB members include:
Corporate partners: ($50K)
• AS&E
• Morpho
• Raytheon
Associate industrial partners: ($25K)
• Lockheed Martin ($25K)
• Rapiscan ($25K)
Small business partners: ($10K)
• Eos
• HXI
• Passport Systems
Small business partners: (In-Kind)
• Kiernan Group Holdings
Kiernan Group Holdings provides comprehensive access to insular markets with an insightful understanding 
of existing wants and needs for federal, defense, intelligence and law enforcement communities. Kiernan 
Group Holdings will be working with ALERT and our Industrial Partners to provide comprehensive access 
to insular markets with an insightful understanding of existing wants and needs for federal, defense, intelli-
gence and law enforcement communities.
As indicated in Section 4-3, all industrial members enjoy the following bene its:
• Facilitation of joint proposal opportunities;
• Facilitation of the development of sponsored (proprietary) research contracts; 
• Preferential access to students associated with ALERT, including undergraduate and graduate coop as-

signments, internships and fellowships (Candidate Central on website);
• Invitations to multiple members-only meetings (ASPIRE and our IAB) to facilitate R&D collaborations; 
• Free admission to our ADSA and TESSA Workshops.
Based on the level of engagement, the industrial members have a say in how their membership fees are spent. 
$10,000 goes towards supporting the ALERT Research and Development Infrastructure (Funding the front 
of ice).  For Small Business Industrial Partners this is reduced to $5,000.  After that, members can allocate the 
remainder of their membership fee as follows:
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A. Member Allocations

• $20,000 increments in targeted (non-proprietary) research.
• $40,000 in tuition credit for an employee to participate in the Gordon Engineering Leadership (GEL) Pro-

gram and an associated Master’s Degree.
• $20,000 in tuition credit for an employee to participate in the GEL Program and an associated  Graduate 

Certi icate in Engineering Leadership.
• Stipend support for one K-14 (including Community College) teacher to participate in a summer Re-

search Experiences for Teachers Program hosted by Gordon-CenSSIS and its Af iliates ($10,000).
• Stipend and Housing support for one undergraduate (including Community College) student to partici-

pate in a summer Research Experiences for Undergraduates Program hosted by Gordon-CenSSIS and its 
Af iliates and stipend support for one undergraduate student to participate in one semester of part-time 
research while in school ($10,000).

• Stipend support for one high school student to participate in a summer Research for Young Scholars Pro-
gram hosted by Gordon-CenSSIS and its Af iliates ($5,000).

• One day-long targeted seminar tailored to the industrial member’s request ($5,000).
• $5,000 toward leasing space and/or the use of Kostas Institute secure conference room facilities with 

encrypted video and audio feeds, subject to availability, review by the Kostas Facility Security Of icer and 
validation of security clearances.

• Membership dollars to be allocated at the discretion of the ALERT Director for research, education, and/
or infrastructure development ($5,000).

It is our observation that having “skin in the game” incentivizes our members to work more closely with 
ALERT.  Our experience shows this to be true. In addition to the bene its discussed above, our industrial 
members have formed close ties with our faculty resulting in joint proposal/publications and teaming oppor-
tunities. Two examples of these close ties are:
• The invitation to one of our members to sit on graduate student’s thesis committee.  
• The invitation from one of our members to participate in a portion of their internal strategic planning 

session.
It is our intent to continue forging closer ties and become a more integral part of our member companies’ 
R&D process.
Emel Bulat and John Beaty are responsible for the COE’s collaboration between academics, industry/practi-
tioners and government, including the development of R&D programs that are responsive to the DHS security 
enterprises’ needs.

4.8  JOHN ADAMS INNOVATION INSTITUTE JAII

In concert with the ALERT Phase I proposal to DHS, Northeastern also submitted a proposal for matching 
funds to the Commonwealth of Massachusetts via the John Adams Innovation Institute (JAII).  The goal of JAII 
is to strengthen and grow institutions and industries that comprise the Commonwealth’s knowledge econo-
my.  The proposal was submitted to the JAII research center matching grant program, which was established 
with the purpose of enhancing collaboration between research centers and companies in Massachusetts, 
thereby increasing the economic bene it to the state.  
At the launch of ALERT Phase 1, an award of $1.6 Million in matching funds was made to the COE. This award 
was used throughout Phase 1 and currently extends into the irst two years of the Phase 2 ALERT program. 
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These resources have been and are being targeted toward the involvement of Massachusetts industries in 
the ALERT effort, helping to support the development and implementation of enabling technology testbeds 
and fundamental research. Ultimately, advanced products developed by the JAII recipients will be one of the 
major bene its stemming from ALERT.
The following companies have been funded under the matching grant JAII program:
• Siemens;
• Raytheon;
• Textron;
• Block Engineering;
• Agiltron;
• AS&E;
• Lockheed Martin;
• Renaissance/HXI;
• Emitech;
• Eos Photonics;
• Passport Systems; and 
• Rapiscan.
The JAII support mechanism will come to a successful conclusion in Year 3.  Two awards remain open 1) Pass-
port Systems teamed with Prof. David Castanon of Boston University and Rapiscan Labs teamed with Prof. 
Carey Rappaport.  These research projects are focused on cargo and checkpoint screening, respectively and 
it nicely under one of DHS’ APEX goals of “Screening at the Speed of life.” 

Once these remaining sub-contracts and their inal reports are completed, ALERT will work with all of the 
JAII recipients to compile an overarching report for the Massachusetts Technology Council summarizing the 
impact of the JAII grant.  
It is the intent of the ALERT COE management to work with the JAII to negotiate other vehicles to continue 
the good work that has resulted from this effort.

4.9 CONCLUSION

In summary, collaborations between ALERT researchers, industry/practitioners and government partners 
are essential to achieve effective transition of innovative science and technologies into the security enter-
prise. ALERT has developed a vibrant strategy that identi ies research ready to transfer to industrial part-
ners, builds an appropriate team for the transition, and procures the resources needed to transition the sci-
ence and technology to the industrial sector so it can be commercialized. With this strategy, ALERT has built 
and maintains a strong relationship with security industry/practitioner stakeholders. These relationships 
are essential to facilitating transition with users providing the best de inition of the problem and the actual 
data. Industrial partners are the recipients of the emergent research solutions and therefore are essential 
at the beginning and the end of the ALERT transition program.  This interplay between basic science and its 
transition to DHS Stakeholders is essential if the ALERT COE is to maintain its relevance to DHS.
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Part of ALERT’s mandate from DHS is to develop a strategy to identify gaps in the knowledge for effective 
IED Detect and Defeat capabilities. The prime vehicle for this is a series of strategic studies workshops on 
relevant DHS topical areas. Since 2008, ALERT has held 2-3 workshops per year, which became known as 
the Algorithm Development for Security Applications (ADSA) series. In 2014, due to the evolving nature of 
these workshops, while expanding from an original focus on algorithms, the series was renamed to Advanced 
Development for Security Applications. These workshops are convened by ALERT Director Michael Silevitch 
and Deputy Director Carey Rappaport in concert with Carl Crawford, an expert in security imaging and con-
sultant for ALERT. The audience for the ADSA workshops is comprised of government, academic, industry 
and national lab participants in the Homeland Security enterprise. In ALERT Phase 1, these efforts resulted 
in nine workshops, each with a full report in hard copy and on a CD:
ALERT Phase 1 

Terahertz Imaging and Sensing: October 30, 2008
ADSA01: April 23-24, 2009, focused on development of new algorithms for detecting explosives at an 
integrated checkpoint.
ADSA02: October 7-8, 2009, dealt with segmenting objects of interest from volumetric CT scans of bag-
gage. 
ADSA03: April 27-28, 2010, focused Advanced Imaging Technology (AIT) for whole body screening. 
ADSA04: October 5-6, 2010. The purpose of this workshop was to discuss how third parties could par-
ticipate in the development of reconstruction algorithms for explosive detection equipment based on CT 
scanning. 
ADSA05: May 3-4, 2011, focused on sensor fusion techniques. 
ADSA06: November 8-9, 2011, addressed speci ic topics related to developing and deploying multi-sen-
sor systems.
ADSA07: May 15-16, 2012, focused on advanced reconstruction algorithms for CT-based luggage scan-
ning systems. 
ADSA08: October 24-25, 2012, focused on Automatic Target Recognition (ATR) algorithms for explosives 
detection systems. 

ALERT Phase 2
ADSA09: October 22-23, 2013, focused on new methods for explosive detection and addressed new 
hardware for aviation security. 
ADSA10: May 6-7, 2014, focused on explosives detection in air cargo. Going forward, the title of this se-
ries of workshops will be changed from “Algorithm Development for Security Applications” to “Advanced 
Development for Security Applications.” The change was made to re lect the broad scope of the work-
shops which evolved to include hardware, such as sensors.

5.1 WORKSHOPS DURING THE PAST YEAR

A new Strategic Studies Program was initiated in 2014 as a consequence of the Explosives Division (EXD) 
of DHS Science & Technology Directorate (S&T), the trace explosives detection community identifying con-
tact sampling effectiveness as an area of critical concern that limits the development of improved detection 

Section 5: Strategic Studies Program
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capability for use in air transportation environments. The Trace Ex-
plosives Sampling for Security Applications (TESSA01) workshop fo-
cused on the effects of the properties of explosives residues, traps and 
substrates (surfaces holding trace explosive residues in air transport 
environments) on contact sampling was held at Northeastern Univer-
sity in Boston on August 13-14, 2014. This workshop was the irst in a 
series dealing with the development of a roadmap for organizing the 
community’s understanding of contract sampling during trace explo-
sives detection. 
The topic of contact sampling was chosen for the workshop in order 
to support the Department of Homeland Security’s (DHS) objective of 
improving the performance of existing technologies. Historically, the 
trace detection community has devoted substantial resources to the 
improvement of ion mobility spectrometry (MS) for residue detection 
Each IMS apparatus is compatible with a different type of trap, and as 
such the performance of the spectrometer is coupled with the perfor-
mance of the trap in a way that is dif icult to separate. It is not possible 
to detect a residue unless that residue is delivered to the IMS. For this 
reason, the irst step in developing a comprehensive understanding of 
the limitations of IMS-based trace detection is understanding contact 
sampling.

The topics that were addressed at the workshop were:
• State of the art in understanding the effects of explosives residues on contact sampling.
• Challenges associated with residues in contact sampling.
• State of the art in understanding the effects of traps on contact sampling
• Challenges associated with traps in contact sampling.
• State of the art in understanding the effects of substrates on contact sampling.
• Challenges associated with substrates in contact sampling.
The second TESSA workshop (TESSA02) was convened in August, 2015. A more extensive report on this will 
be documented in the Year 3 Annual Report. 
The ADSA11 workshop focused on explosives detection in air cargo was held at Northeastern University 
(NEU) in Boston on November 4-5, 2014. This workshop was the eleventh in a series dealing with advanced 
development for security applications (ADSA11). The workshop was a continuation of the last workshop, 
ADSA10.
The topic of explosives detection in air cargo was chosen for the workshop in order to support the Depart-
ment of Homeland Security’s (DHS) objective of improving the performance of existing technologies. Im-
proved performance is de ined as: increased probability of detection (PD); decreased probability of false 
alarms (PFA); lowered detected threat mass; increased number of types of explosives detected, including 
more homemade explosives (HME); and increased throughput and reduced operating costs. Another goal 
of the workshop was also to support DHS’s objective to increase the participation of third parties, such as 
researchers from academia, national labs, and industry other than the incumbent vendors.
The topics that were addressed at the workshop are as follows:
• Financial considerations, total cost of ownership, impact of an event, buying down risk and concept of 

operations.

Figure 5-1: TESSA01 report.
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• Viewpoints of airlines, freight forwarders, insurers, and non-US 
governments.

• Risk-based screening, game theory and deterrence.
• Trace and vapor inspection, including sampling and canine inspec-

tion.
• Neutron sources and detectors, high-energy x-ray sources, x-ray 

backscatter and molecular speci ic detectors.
• Explosive simulants.
The key indings from the workshop, per the editors of this report, are 
as follows:
• There are advantages and disadvantages to all detection technolo-

gies presently available to scan cargo.
• There is no inancial incentive in the United States to deploy de-

tection equipment that overcomes the disadvantages of available 
scanning technologies.

• The research and development communities must continue to de-
velop new scanning technologies that will be available when the 
TSA has the need to deploy new technologies.

• More work is required to quantify the impact of risk-based screening, game theory, and deterrence.
• The workshop continues to foster interaction between third parties, vendors, and the government, and 

reduces barriers to these parties working together.
The ADSA12 workshop focusing on screening of personnel and divested items at the checkpoint was held 
at Northeastern University in Boston on May 12-13, 2015. This workshop was the twelfth in a series dealing 
with advanced development for security applications (ADSA12).  The workshop was a continuation of the 
irst workshop, ADSA01. Screening of personnel and divested items at the checkpoint was chosen as the 

workshop topic in order to support the Department of Homeland Security’s (DHS) objective of improving 
the performance of existing technologies and to improve the passenger experience at checkpoints. Another 
goal of the workshop was to support DHS’s objective to increase the participation of third parties, such as 
researchers from academia, national labs, and industry other than the incumbent vendors, in algorithm and 
system development for security applications.
The following topics were addressed at the workshop. The topics were addressed from the perspectives of 
the TSA, airlines, and passengers.
• Emerging hardware;
• Emerging algorithms and processes; and
• Improving the passenger experience and assessing and using risk. 
The key indings from the workshop on what can be done to solve the checkpoint problems are as follows: 
• The use of risk based screening including under-screening; 
• Improved concept of operations; 
• Integrating systems and data; 
• Setting standards for systems interfacing, data integration and testing in lab and ield; and
• Developing better hardware and reconstruction software and identifying orthogonal technologies.

Figure 5-2: ADSA11 report.
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The ADSA13 workshop will be held in October, 2015. This will be a continuation of ADSA12 due to the level 
of interest sparked by the theme. 

5.2 SUMMARY

In summary, the ADSA and TESSA strategic studies workshops are valuable in creating collaborative op-
portunities by engaging participants from industry, national labs, vendors, government and academia in an 
integrated setting where the Center acts as a “neutral broker.” This is vital in the further development of a 
dynamic network that can foster the innovative basic research, education and technology that is needed to 
help DHS in its mission to safeguard our nation.
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CTION 6: SAFETY PROGRAM

6.1  INTRODUCTION

On January 7, 2010, an accident occurred in the Chemistry Department at Texas Tech University (TTU) in 
the laboratory of Associate Professor Louisa Hope-Weeks, an ALERT researcher. A senior graduate student, 
Preston Brown, injured himself while synthesizing Nickel Hydrazine Perchlorate (NHP). Northeastern 
University was noti ied on January 8 of the accident by e-mail and by phone. In light of this incident, ALERT 
undertook a comprehensive reassessment of the “safety culture” within the ALERT COE and instituted a 
center-wide safety program as outlined below in Figure 6-1.
The following year, the ALERT Cooperative Agreement (and those of other DHS COEs) was modi ied to 
require the establishment of a Center-wide Safety Program.
In terms of the safety program, the ALERT team recognized that handling energetic materials, screening 
instruments, etc., requires constant vigilance; any lapses in safety can have severe consequences. The pro- 
blem with any safety program is that it can become stale and lose the attention of its audience.  As shown in 
Figure 6-1, the ALERT Safety Program components are: a Safety Review Board, a Safety Awareness Education 
Program, Safety Protocols and Standard Operating Procedures, and a Safety Compliance Assurance Program. 
It is the ALERT Center’s hope that by taking the time to create and review safety elements, practitioners 
will have a heightened awareness of the hazards and take appropriate care. To keep the program vital, 
ALERT works to change the focus and implementation of the safety program’s educational and compliance 
components. The rest of this section describes, in detail, the components shown in Figure 6.1.

6.2  SAFETY REVIEW BOARD

A team of outside experts was assembled to aid in creating, adding and updating appropriate overarching 
safety protocols. The members of this Safety Review Board (SRB) are drawn from people with a wide variety 
of explosive research, explosive handling, radiation safety, and chemical process safety backgrounds (see Ta-
ble 6-1 on the next page) . The SRB and safety protocols are not intended to supersede the existing safety pro-
tocols at each ALERT institution; rather, these protocols and the SRB are put in place to offer basic guidance. 

Section 6: Safety Program

Figure 6-1: Safety Review Program components.

ALERT  
Phase 2 Year 2 Annual Report Section 6: Safety Program 

45



ALERT is responsible for making the SRB available for ongoing consultation and periodic oversight of each 
academic partner’s safety awareness and compliance processes. Each institution and each individual is re-
sponsible for safety, and each must create and maintain safety protocols and standard operating procedures 
(SOP), which meet the minimum level established by the “ALERT Safety Protocols and Standard Operating 
Procedures.”
The functions of the Safety Review Board are to review and provide input for: 

1. The baseline ALERT Safety Protocol and Standard Operating Procedures;
2. The Safety Awareness Education Program;
3. The Safety Compliance Assurance Program (SCAP);
4. Any corrective actions resulting from the SCAP audits; and
5. Other issues as needed.

Name Title Organization Phone Number Email
Ronald Willey
(Chair)

Professor of Chem-
ical Engineering, 
Editor of Process 
Safety Progress, an 
AIChE publication

Northeastern University 617-373-3962
781-492-4956

r.willey@neu.edu

John (Jack) Price Director Environ-
mental Health and 
Safety

Northeastern University 617-373-2769 j.price@neu.edu

Bill Koppes Synthetic Chemist Navy, Indian Head 
(retired)

301-659-3701 bilsukopp@verizon.
net

Mike Coburn Synthetic Chemist Los Alamos National 
Lab (retired)

505-709-9158 mdcoburn@cyberme-
sa.com 

 6.3 SAFETY AWARENESS EDUCATION PROGRAM 

The most important features needed to create a “culture of safety” are safety education in the laboratory and 
best practices for use in the laboratory and the ield. Most of the ALERT institutions already provide these 
features. However, researchers should be periodically re-indoctrinated about lab safety practices, protocols 
and hazards. The center has developed a program on laboratory safety with a focus speci ically on explosives 
safety. To keep the education program vital, while remaining focused on safety, the topics will shift to differ-
ent explosives, practices, protocols and hazards.
Drawing on the resources of ALERT researchers and those of the Department of Defense (DoD) and National 
Laboratories, a Safety Awareness Education Program has been created to supplement the safety education at 
participating institutions. 
The SRB will have input into the Safety Awareness Education Program. It is intended that the “Explosive Safe-
ty Protocols and Procedures” course be offered every six months, and that each individual who participates 
in the ALERT program attends within six months of joining the program and at least once every other year 
thereafter. The course will be offered online and in person, with instructors visiting each institution so that 
researchers will have the opportunity to meet the instructors face to face. Principal Investigators at each in-
stitution will have an opportunity to supplement the instruction as appropriate for their institution.

Table 6-1: Composition of the 2014-2015 Safety Review Board (SRB).
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The Safety Awareness Education Program (SAEP) is designed to promote a culture of safety in ALERT labora-
tories working with energetic materials and ancillary equipment. The ALERT Safety Review Board is respon-
sible for creating, implementing and maintaining the ALERT Leadership and the Chairperson of the SAEP will 
select the instructor who will lead the training sessions associated with the SAEP.  The Safety Review Board 
(SRB) will review the SAEP on an annual basis and as necessary for emergent issues.
The SAEP will meet the highest standards of safety achievable for explosives-based research work, and will 
become the reference protocol for the ALERT partnership. Additional Safety Awareness Education efforts by 
the partners are encouraged. The content of the training sessions will be created by the selected instructor 
and edited and approved by the SRB.  Any changes or additions to the training sessions will be edited and ap-
proved by the SRB. The training sessions associated with the SAEP will be offered on an annual basis through 
real-time webinars that will also be recorded for future viewing online. Each individual who uses energetic 
materials in their research must attend the training session.

 6.4 SAFETY COMPLIANCE ASSURANCE PROGRAM 

How can safety be ensured? Education is the irst step, but education must be coupled with the knowledge 
that unsafe practices will not be tolerated. As with written protocols, compliance must start with the practi-
tioners. Co-workers must be vigilant when it concerns the safety of their colleagues. 
The Safety Compliance Assurance Program will require the SRB to periodically review each of the compo-
nents of the Safety Program:
• The ALERT Safety Protocols and Standard Operating Procedures; 
• The ALERT Safety Awareness Education Program; and
• The on-site safety practices of each ALERT partner institution using energetic materials.
Annually, the SRB will review and edit the overarching Safety Protocols and Standard Operating Procedures. 
Recommendations will be made to the ALERT administration at Northeastern when appropriate. 
Periodically, the SRB will visit each NU-led ALERT partner institution using energetic materials to audit each 
institution’s safety program as practiced, which includes safety protocols and standard operating procedures, 
additional safety awareness education efforts, and on-site safety practices. The SRB will decide how best to 
audit these safety programs. For example, the SRB may make use of reviews performed by an institution’s 
Safety and Risk Management department. If the safety program is found to be de icient, recommendations 
and a plan for remediation will be provided by the SRB, and a schedule for compliance will be created and 
followed. Northeastern will monitor compliance. Failure to comply in a timely fashion will result in a stop 
work order. 

 6.5 SAFETY PROTOCOLS AND STANDARD OPERATING PROCEDURES

To create a common culture of safety, a Safety Protocol and Standard Operating Procedure (SOP) document 
has been created and reviewed by the participants/researchers as well as by the Safety Review Board (SRB). 
ALERT researchers are responsible for creating, implementing and maintaining this overarching document. 
From time to time it may be necessary to augment or alter this document; such changes or additions will 
require a fresh review. Each institution and researcher is responsible for creating and maintaining safety 
protocols and SOPs appropriate for the research area. The overarching Safety Protocols and Standard Oper-
ating Procedures serve as a guideline, a minimum standard. The next level of action is written protocols for 
operations written by the researcher, reviewed and modi ied by colleagues and supervisors, and signed by 
an institutional safety committee and the researcher. Signing the protocol is the researcher’s agreement to 
operate in a safe manner. It is up to each institution to demonstrate that they have created a culture of safety. 
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Safety Philosophy

In working with chemicals, certain “best practices” are overarching. These are outlined in a number of texts, 
most notably the National Research Council’s Prudent Practices in the Laboratory: Handling and Disposal 
of Chemicals (1995, ISBN-10: 0-309-05229-7). The book provides general guidance on good housekeeping, 
personnel protective equipment, pre-planning and documentation of operations, storage and disposal. Com-
mon sense demands that SDS (safety data sheets) be available and reviewed for all materials handled and 
that personnel in the laboratory wear appropriate protective gear, e.g. safety glasses, face shields, or full-
face masks. Established laboratory safety protocols should be followed or adapted as necessary with review. 
However, safety ultimately rests on the individual’s attitude and knowledge. As new protocols become neces-
sary, they should be added. Every researcher must be part of this process; it is essential for their safety and 
for the safety of everyone around them.
The safety document is not intended to replace or supersede protocols already in place; all the normal safety 
precautions applicable to chemicals apply. The additional hazard is uncontrolled release of energy. In han-
dling a known energetic material, e.g. TNT, suf icient literature exists that the researcher should know the 
speci ic hazards faced. For unknown species or mixtures, some general guidelines can be followed until more 
speci ic information is obtained. A useful source for general hazard warnings is Bretherick’s Handbook of 
Reactive Chemical Hazards, 7th ed, P Urben; 2006.
In general, the concern in the laboratory is synthesis and handling of bulk energetic materials. The issues are 
sensitivity and stability. Sensitivity is the ease with which a material can be caused to react by relatively mild 
insult (something a human might inadvertently impart—impact, friction, electrostatic discharge) as opposed 
to the input of a shock wave (i.e. from a detonator). Sensitivity is generally determined experimentally at 
a small-scale. It is essential to get this information as soon as possible. Furthermore, although a scaled-up 
formulation is more hazardous, it is usually not more sensitive. (A possible exception is a change to more 
sensitive impurities with increase in batch size.) Stability refers to the capacity of an energetic material to 
maintain its chemical composition for long periods at ambient temperature (such as during storage). A ma-
terial that lacks stability may undergo catastrophic reaction on its own with no apparent additional input of 
energy. The temperature at which an energetic material maintains stability is a function of its chemistry, its 
quantity, and its degree of contamination. Generally, contaminated materials degrade more readily than pure 
ones; their degradation may be quiescent or violent. Large quantities of material undergo self-heating more 
readily than small quantities because their decomposition generates heat that raises the temperature that 
accelerates decomposition.
Therefore, during scale-up of a synthetic process, stability tests are run at various stages. In handling ener-
getic material the rule is to minimize:
• Quantity of material;
• Time of exposure;
• Number of people exposed; and
• To maximize distance or introduce an adequate barrier commensurate with the amount of material.

6.6  SAFETY ACTIVITIES

Since the initial implementation of the Safety Program, ALERT has gone through multiple iterations of each 
component.

ALERT Phase 2 Activities  

In Year 1, ALERT SRB members, Ronald J. Willey, William Koppes, Michael Coburn, and Jack Price visited the 
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University of Rhode Island in May 2014.  The report is available upon request.
In Year 2, telephone interviews occurred in early August 2014 with UPRM, Texas Tech, and Washington State.  
The SRB also visited the newest ALERT member, Purdue University, in late August 2014.
In Year 3, ALERT SRB members, Ronald J. Willey, William Koppes, Michael Coburn, and Jack Price will visit 
Texas Technology University in October 2015. A report of their visit and their indings will be available on 
request. 

Safety Review Courses 

The ALERT SRB has led seven Safety Review Courses beginning with the irst on April 23, 2010 followed by 
courses on October 25, 2010, April 7, 2011, November 2011, July 31, 2012 and included presentations by 
William Koppes, Ronald J. Willey and Dr. Geneva Peterson, a Post-doctoral research associate working with 
Profs. Hope-Weeks and Weeks at Texas Tech University.  The sixth safety review course and the irst course of 
ALERT Phase 2 was, held in September 19, 2014 so that all new professors, graduate and under graduate stu-
dents joining the various groups were included. The seventh course will be held in September of 2015. These 
mandatory short courses were broadcasted to the lead professors and students working with energetic ma-
terials at each ALERT partner institution working with such materials. Our short course agendas contain ma-
terial common throughout the center and institution-speci ic items based on the work being conducted at the 
location. The topics of the short courses included: basic lab best practices, DoD contractors’ safety manuals 
and storage regulations, required testing, lessons learned, handling requirements speci ic to each explosive, 
and a discussion of local safety speci ics. These short courses have typically been offered every six months, 
adhering to the time frame laid out earlier in this section. Short course topics have included:
• Basic laboratory best practices;
• DoD contractor safety manuals and storage regulations;
• Required testing and the meaning of test results;
• Handling requirements speci ic to each explosive; and
• Historic explosive accidents for a “lessons learned”. 
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CTION 6: SAFETY PROGRM

7.1 INTRODUCTION

The ALERT Phase 1 Cooperative Agreement was modi ied to include an Information Protection Program and 
similar language was built into the ALERT Phase 2 Cooperative Agreement. This section of the annual report 
contains a description of the four components of the ALERT Information Protection Program:  1) Sensitive 
Information Protection Policy, 2) Sensitive Information Review Process, 3) Data Procurement and Dissemi-
nation Process, and 4) Information Protection Education and Training Procedure.  This section also describes 
the Information Protection Program Board which oversees the successful implementation of the four pro-
gram components and reviews them on an annual basis.
The ALERT Information Protection Program has been in operation for a number of years and this section will 
describe the components of the current state of the Program.  

A. IPP Mission 

The Information Protection Program (IPP) was established to create and enforce policies and procedures 
that will ensure that  ALERT research does not involve, use, or generate sensitive or classi ied information, 
intentionally or accidentally. The IPP also provides guidance on the proper handling, maintenance, and dis-
semination of research information and data. Figure 7-1 shows the organization of the IPP. 

7.2 INFORMATION PROTECTION PROGRAM REVIEW BOARD

The Information Protection Program Review Board is an operational board, composed of an IT expert for the 
development and maintenance of the secure data repositories and web-based components, a data handling 
expert, charged with tracking and distributing requested datasets, three SSI experts for reviewing ALERT 
produced materials, a lawyer, and the co-chairs, the ALERT Director of Technology Programs and the ALERT 
Director of Operations (see Table 7-1 on the next page).  
All members of the Board are familiar with the ALERT Center of Excellence management and research ac-
tivities and have knowledge of the history of the Information Protection Program policies and procedures 
created and implemented under the Phase 1 ALERT award.  The Board reports directly to the ALERT Director 
and meets on an annual basis to review and update the Information Protection Program policies and proce-

Section 7: Information Protection Program (IPP)

Figure 7-1: Information Protection Plan organization.
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dures.  If necessary, the Board will convene additional meetings to address emergent issues or situations that 
require resolution prior to the next annual meeting review date.  The co-chairs are responsible for the man-
agement of the Information Protection Program and report directly to the ALERT Director for this purpose.
The board is currently composed of the following members:

Last Name First Name Role Institution Title Phone Number Email

Beaty John SSI Expert 
and Co-
Chair

Northeastern University Director of 
Technology 
Programs, ALERT

617-373-5111 j.beaty@neu.edu

Beirne Deanna IT Expert Northeastern University Director of 
Computer Services, 
ALERT

617-373-3473 d.beirne@neu.edu

Counts John Lawyer Northeastern University Associate 
Director, Research 
Administration and 
Finciance, NEU

617-373-7221 j.counts@neu.edu

Hicks Kristin Co-Chair Northeastern University Director of 
Operations, ALERT

617-373-5934 k.hicks@neu.edu

White Alyssa Data Expert Northeastern University Research Project 
Coordinator

617-373-8952 ar.white@neu.edu

Wittman Horst SSI Expert Northeastern University Senior Research 
Development 
Offi  cer, NEU

617-373-3836 h.wittmann@neu.edu

7.3 INFORMATION PROTECTION PLAN EDUCATION PROGRAM 

An Education and Training Procedure was developed to inform the ALERT community of its obligation not to 
generate SSI data or information, and to clarify how to handle and protect SSI in the event that it is generated 
or obtained, intentionally or accidentally. The Education and Training Procedure also describes the Sensitive 
Information Protection Policy, the Sensitive Information Review Process and the Data Procurement and Dis-
semination Process.
The ALERT Leadership and the Information Protection Program Review Board have developed an SSI train-
ing webinar that is provided to the ALERT Principal Investigators on an annual basis.  These webinars include 
a presentation that is derived from the TSA SSI Training Module that can be found at http://www.tsa.gov/
stakeholders/guidance-training. ALERT chooses to use the TSA guidance and training module, because Sen-
sitive Secure Information (SSI) is a TSA de ined designation. TSA is the authority on which ALERT has built 
the IPP. These webinars review the speci ic Sensitive Information Review Process and Data Procurement and 
Dissemination Process that must be followed by all ALERT Principal Investigators and their teams.  These 
webinars are recorded and posted on the ALERT website so that they can be referred to and also reviewed by 
those who are unable to attend the annual presentation.

7.4 SENSITIVE INFORMATION REVIEW PROCESS 

As de ined in ALERT’s Sensitive Information Protection Policy (SIPP) all material containing information 
on work funded by ALERT must be reviewed for SSI in advance of any public disclosure or submission for 
publication.  This review process has been established to ensure that sensitive information is not distributed, 
either intentionally or accidentally. 
ALERT has established a Sensitive Information Research Evaluation and Assessment Process (REAP) for the 
purpose of reviewing ALERT generated material for potential SSI. Members of a REAP panel are approved by 

Table 7-1: Composition of the 2014-2015 Information Protection Program Review Board.
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the ALERT Center Director as being capable of identifying potential SSI and Classi ied information. Materials 
are reviewed by panel members on a rolling basis.   Typically materials are reviewed once per week. 
ALERT Project Investigators (PIs) are asked to submit any materials containing ALERT funded work for REAP 
review at least two (2) weeks prior to any publication submission, distribution or presentation. Exceptions 
may be accommodated on a case-by-case basis by the Review Panel if the material needs to be distributed 
externally prior to the next scheduled review date. Due to the possibility of materials containing SSI, PIs are 
asked not to submit iles via email. PIs are asked to upload iles for review via ALERT’s secure online repos-
itory.  
The REAP panel members review submitted materials for potential SSI. If the material contains no potential 
SSI based on the REAP review, communication is sent to the PI that the material has been approved and is 
cleared for distribution. If the material contains content that has been identi ied as containing possible SSI 
based on the REAP review, depending on the content, the reviewer either provides suggested edits to the 
author, and the author implements the change(s) or inds another of removing the SSI. In either case the re-
vision must be REAPed again. This process is illustrated in Figure 7-2. 

If the REAP reviewer identi ies content which is possible SSI and provides recommendations or appropriate 
changes to the author, and the author then implements the change(s), the document must be resubmitted, 
and the modi ied document reviewed. If the material is approved as written, communication is sent and the 
material is then approved for distribution. The process continues until the REAP the materials do not contain 
SSI.
The original material containing SSI and a brief description of the process is archived, as institutional mem-
ory. The SSI materials is maintained in accord with the TSA approved methods. 

Figure 7-2: The REAP review fl owchart.
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7.5 DATA PROCUREMENT AND DISSEMINATION PROCESS

ALERT may acquire SSI data to support its DHS research efforts.  In that case, the data acquired is document-
ed, stored and maintained to be ready for distribution in accordance with the TSA SSI approved process.
The Data Procurement and Dissemination Process, illustrated in Figure 7-3, is designed to de ine the key 
steps that should be taken when ALERT Thrust Leaders, Principal Investigators, or Staff receive or distribute 
data that has the potential to be or secure Sensitive Information.  Data recipients must always be vigilant to:

1. Obtain, maintain, protect, and distribute data sets consistent with the required SSI REAP Process. 
2. Maintain the integrity of  data sets by prohibiting distribution to 3rd parties unless properly autho-

rized and documented; and 
3. Require that any public disclosure of ALERT-managed data or its derivatives must be submitted in 

accordance with the REAP Process.

Any researcher can request available non-SSI ALERT datasets using the online dataset request form. When a 
request is received, the requestor will be contacted via email and asked to review and sign the DHS Non-Dis-
closure Agreement (NDA). 
When a signed NDA is received, ALERT personnel will provide access to the data requested. If the data is 
online, the requestor will receive instructions to access the online data repository. If it is not online, the in-
dividual will receive an encrypted external hard drive containing the data via Federal Express for tracking 
purposes and an email with instructions on how to decrypt the iles. 
ALERT treats non-SSI data with the same precautions as if it were potential SSI, so the data should be down-
loaded, kept, and transferred only to encrypted devices or systems with password protection.

7.6 INFORMATION PROTECTION PROGRAM ACTIVITIES

The Information Protection Program developed from an expanding need to protect data being dispersed to 
the research community. ALERT has developed and re ined a process to procure, store, protect and dissemi-
nate data. In summary, this is a vitally important element of the COE’s mission.

Figure 7-3: Steps involved in the data procurement and dissemination process.
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ALERT received data from the security research community, including AIT whole body imaging data (x-ray 
and millimeter wave), and video data. These data were recognized as being valuable to other parties, and, as 
a result, ALERT created a process to release the data, under NDA, for research purposes. This data is available 
by request on the ALERT website. Many other data sets were the result of Task Orders received by ALERT 
from DHS. Examples include:

1. “CT  Segmentation of Luggage data.” 
2. “Video Data from Cleveland Airport” 
3. “Imatron CT Image Volumes and Associated Information for Reconstruction”
4. “Automatic Target Recognition Dataset”
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The technical challenges outlined in the ALERT program are signi icant and overcoming the underlying re-
search barriers will require fundamentally new approaches. Effectively managing and evaluating the out-
comes of this complex enterprise presents a challenge equal to the basic research challenges themselves. To 
support this effort, the ALERT management team is comprised of faculty and staff from the core partners 
and augmented by our partnership with national labs, companies and government agencies. We understand 
that each entity within the Center must maintain its own unique charter and work environment while also 
striving for coherence. In this section we irst discuss the ALERT organizational structure followed by the 
processes for evaluating the ALERT research and transition projects and outcome. Both are needed to ensure 
continued relevance of the COE to the DHS mission.

8.1 MANAGEMENT APPROACH

ALERT is led by Northeastern University (NEU) and is managed by experienced personnel with proven re-
cords of accomplishment. Dr. Michael Silevitch is the Director of the COE. As Director, he has full management 
responsibility, including budgeting funds, resource allocation, risk identi ication and mitigation, and man-
agement progress tracking and reporting. He holds the Robert D. Black Chair in the College of Engineering 
at Northeastern and brings over 25 years of experience leading and managing large, multi-institution, mul-
titask, high-stakes initiatives. He has an outstanding track record for creating effective university-industry 
teams oriented to address important DHS problems. In addition to his role at ALERT, Professor Silevitch is the 
Director of the Bernard M. Gordon Center for Subsurface Sensing and Imaging Systems (Gordon-CenSSIS), a 
graduated National Science Foundation Engineering Research Center. The Gordon-CenSSIS focus is on detect-
ing, locating, and identifying objects hidden beneath surfaces such as under the ground or inside the human 
body. Clearly, this focus is strongly linked to the mission of ALERT. Dr. Silevitch’s dual leadership positions at 
ALERT and Gordon-CenSSIS enable the two centers to maximize their synergy and sharing of infrastructure.
Dr. Carey Rappaport, Northeastern Distinguished Professor of Electrical and Computer Engineering, serves 
as the ALERT Deputy Director (as well as the R3 Thrust Leader). Prof. Rappaport is internationally recog-
nized for his research contributions in the areas of electromagnetics and antenna theory – key disciplines of 
ALERT. Previously Dr. Rappaport has led multiple grants, including a $5 million Army demining MURI. The 
other ALERT research and education thrust leaders have the necessary credentials to oversee the progress of 
their individual programmatic responsibilities. They also have experience that will enable them to act coher-
ently together as a team to implement the COE’s long range strategy. 
The ALERT Organization Chart is shown in Figure 8-1 on the next page. There it is seen that in addition to 
NEU, ALERT has three key academic partners, Boston University (BU), Purdue and the University of Rhode Is-
land (URI). Each of these four institutions is represented within the ALERT management structure by a facul-
ty member who directs one of the fundamental science research thrusts – these are Professors Jimmie Oxley 
(URI) R1 Thrust Lead, Stephen Beaudoin (Purdue) R2 Thrust Lead, Carey Rappaport (NEU) R3 Thrust Lead 
and David Castañón (BU) R4 Thrust Lead. Profs. Stephen McKnight (NEU) and James Smith (URI) are the 
Education Program Co-Leads. In the area of technology transition, John Beaty brings 30 years of experience 
in instrument development and is responsible for the development of R&D programs that are responsive to 
near-term DHS needs. In the domain of industry and government liaison, Emel Bulat has had over 25 years 
of experience in industry with a focus on identifying strategic technologies for corporate development. She is 
responsible for fostering industrial linkages with both large and small companies.

Section 8: Infrastructure and Evaluation
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The administrative team is comprised of Ms. Kristin Hicks, Director of Operations; Ms. Anne Magrath, Direc-
tor of Finance; Ms. Deanna Beirne, Director of Computer Services; Ms. Melanie Smith, Partnership, Events 
and Education Specialist; Ms. Teri Incampo, Production and Reporting Specialist; and Ms. Sara Baier, Admin-
istrative Assistant. It is this team that enables ALERT to seamlessly organize and implement the multitude of 
events and deliverables that are inherent in the portfolio of the complex ALERT Center.
As part of the Industrial/Government Liaison efforts, ALERT has created an Industrial Advisory Board (IAB). 
This body is comprised of all companies supporting the COE with membership funds that augment the fund-
ing from DHS. The IAB provides strategic guidance to the COE in areas such as new sensor developments, 
educational needs, and system applications. In addition, the ALERT Safety Review Board (SRB) is a team of 
outside experts employed to aid in creating appropriate overarching safety protocols. The SRB is drawn from 
a variety of backgrounds: academia, industry, Department of Defense, Department of Homeland Security, and 
Department of Energy. The ALERT SRB is described in detail in Section 6. Finally, the Information Protection 
Review Board is a team of NEU personnel who are tasked with reviewing and administering the Information 
Protection Program as described in detail in Section 7.

8.2 RESEARCH EVALUATION PROCESS

The ALERT management team is actively engaged in the ongoing assessment of research relevance both for 
existing as well as for potential new partnerships. Existing research efforts are evaluated as part of a cyclical 
review process. Input is solicited for this review from both DHS and thrust leaders, while ultimate responsi-
bility for funding decisions lies with the Director. Figure 8-2 on the next page illustrates the project evalua-
tion process.

Figure 8-1: The ALERT Organization Chart enables integration of its research, transition and education elements.
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8.3 METRICS OF SUCCESS

A successful program is one that achieves its strategic goals and produces meaningful deliverables. We must 
keep the grand challenges detailed earlier as the ultimate measure of success while we also note our related 
steps to success along the way. To that end, we attempt to track not just frequently-cited measures such as 
publications or numbers of students, but other measures as well. Just a few of the examples of metrics that 
paint a broader picture of the COE success follow.
External Accomplishments:

• What funding has been received as a consequence of ALERT?
• Which faculty and students have received awards recognizing their efforts?

Knowledge transfer – In addition to publications:
• Which groups from the HSE are we interacting with?
• How are we interacting with them and positively affecting their environment?
• Is our work being reported in the broader media for public consumption?

Technology transfer:
• How many invention disclosures and patents do we have?
• Has our work been incorporated into commercial prototypes or products?

Impact on DHS:
• What recommendations have been made to DHS? Has DHS acted as a result?
• How has ALERT’s near-term knowledge and technology transfer in luenced long-term DHS invest-

ments?

Figure 8-2: The ALERT Project Evaluation Process is aligned with COE Goals and Mission.
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Student Impact – In addition to the number of K-12, undergraduate and graduate students:
• Where do students go after graduation?
• Are they serving the HSE?

Diversity:
• Is the center representative of the overall US population in regards to participation by females and 

underrepresented minorities?
• Are we engaging minority-serving institutions and their faculty/students?

8.4 EVALUATION OF RESEARCH AND TRANSITION/E2E OUTCOMES

The Thrust Leaders from the Research and Results Transition/E2E domains have the primary interaction 
with the individual project leaders and staff.  As such they will provide the irst level of evaluation. Research 
Thrust Leaders in particular have crafted research programs after carefully reviewing research pertinent to 
the HSE. The Thrust Leader has immediate oversight of his/her research program; requests for reports com-
ing from management or requests for publication coming from PIs will go through the Thrust Leader. This 
allows the Thrust Leader to continually monitor the technical quality of the projects while maintaining active 
communication between the project investigators. Throughout the year there are various opportunities to 
showcase the Center.  It is expected that the Thrust Leaders will present their programs in a cohesive fashion, 
and in doing so, will evaluate the success or failure of each project and, in addition link successful programs 
or disseminate research data to the interested government or industry partners. Not only does this ensure 
integration of projects, but it also pinpoints areas of weakness or lack of relevance.
DHS schedules annual program reviews, requires annual reports and many intermittent calls for data or 
outcomes over a given year. Meeting these reporting deadlines gives not only the Thrust Leaders but also the 
Director insight into weak or lagging program areas. It is dif icult to use a single metric to evaluate all pro-
grams. Some research efforts involve short-term projects or ielding of off-the-shelf technology.  Their suc-
cess is easy to see and appreciate.  Others focus on fundamental research which lays the groundwork for the 
next generation of sensor systems or other protection. It is our intention to maintain a healthy mix of projects 
ready to go to the ield (see the Transition Section 4) and projects supporting the long-term goals of DHS.  
These long-term projects are also essential; otherwise, a decade from now there will be no new technologies 
in the pipeline nor, for that matter, will there be new scientists and engineers. 
More important than the success or failure of individual projects is the health of the entire program. Tied to 
the evaluation of each project is not only its success in meeting its stated goals, but the relative importance of 
those goals to DHS.  For example, ive years ago a great deal of emphasis and funding was placed on terahertz 
spectroscopy.  Research in that area has been excellent, but the technology itself has proven limited which 
dictated that Center funding should be directed elsewhere. Those decisions are informed by DHS strategic 
analyses.  However, the addition of new projects will be made with caution and consultation, since one ap-
pealing idea should not distort the entire research program. Sometimes a mid-course correction is necessary 
and projects need to be pruned, either for non-performance or low relevance.  That decision will be made 
by the Director in consultation with the Thrust Leaders and DHS Program Managers, along with the bene it 
of outside expertise. For example, during the upcoming Year 3 of the ALERT program, DHS will conduct an 
extensive Biennial Review of the COE. The results will be used to ensure the ongoing coherence and relevance 
of the Center. 
In summary, the ALERT Center of Excellence has developed a strong strategic base, fundamentally supported 
by both a meaningful vision and a mission which integrates research and education. As described in this Sec-
tion, this base is complemented by a strong organizational infrastructure coupled with a quantitative evalu-
ation process. As a result, the COE programs will continue to evolve in response to the future technological 
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advances needed by DHS to thwart terrorism. Going forward we will strive to identify potential customers 
and align research to their needs at an earlier stage. This will keep research relevant to DHS requirements 
and provide partners, collaborators, and mentors for the COE.
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In the second year of Phase 2, the ALERT Center of Excellence has established a strong strategic base, sup-
ported by both a meaningful vision and a mission which integrates research and education.  The ALERT pro-
gram has evolved to incorporate the needs of DHS into its Three-Level Strategy.  This approach has proven 
successful as evidenced by the research and education deliverables and outcomes achieved to date.  The re-
search programs and testbeds have led to a continued emphasis and development on ways to transition basic 
research results to end users.  ALERT educational modules are engaging students at all levels; ALERT has 
been able to leverage successful educational programs at Northeastern University and af iliated universities 
and adapt them for instruction in homeland-security related technologies. 
Associated programs have also been established and broadened as a result of the Center’s efforts.  ALERT has 
continued the implementation of its Safety Program, led by a Safety Review Board, a team comprised of out-
side experts, to a id in creating appropriate overarching safety protocols.  ALERT has also continued its Stra-
tegic Study Workshop series, creating collaborative opportunities by engaging participants from industry, 
national labs, vendors, government and academia in an integrated setting where the Center acts as a “neutral 
broker.” This is vital in the further development of a dynamic network that can foster the innovative basic re-
search, education and technology transition that is needed to help DHS in its mission to safeguard our nation.
In summary, the ALERT leadership has developed and reinforced a irm base from which it can quickly adapt 
to encompass new research and education priorities to address DHS needs.  ALERT will move forward with 
its dynamically evolving three-level strategy to advance the state-of-the-art in homeland security technolo-
gies throughout the life of the Center. The ALERT team is proud to be able to help DHS meet the demands of 
its daunting mission.

Section 9: Conclusion
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APPENDIX A: 

Project Reports

Detailed fundamental science progress reports on each fundamental science project fol-
low.  These projects are part of “Awareness and Localization of Explosives-Related Threats”, a 
Center of Excellence for Explosives Detection, Mitigation, and Response, and are supported 
by the U.S. Department of Homeland Security under Award Number 2013-ST-061-ED0001.
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THRUST R1 
CHARACTERIZATION & ELIMINATION OF 
ILLICIT EXPLOSIVES 

Project 

Number
Project Title Lead Investigator(s)

Other Faculty 

Investigator(s) 

R1-A.1 Characterization of Explosives & Precursors Jimmie Oxley
Jim Smith

Gerald Kagan

R1-A.2 Characterization of Energetic Materials 
Under Extreme Conditions

Choong-Shik Yoo Minseob Kim

R1-B.1 Metrics for Explosivity, Inerting 
& Compatibility

Jimmie Oxley
Jim Smith

R1-B.2 Small-scale Characterization of Homemade 
Explosives (HMEs)

Steven F. Son Lori J. Groven

R1-C.1 Understanding Heterogeneity of Energetic 
Materials

Louisa Hope-Weeks
Brandon Weeks

R1-C.2 Compatibilities & Simulants: Explosive 
Polymer Interactions

Jimmie Oxley
Jim Smith
Sze Yang

Gerald Kagan

R1-D.1 Theoretical Modeling Considerations Ronnie Kosloff 
Yehuda Zeiri

Faina Dubnikova
Naomi Rom
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 R1-A.1: Characterization of Explosives 

& Precursors

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Jimmie Oxley Co-PI URI joxley@uri.edu

Jim Smith Co-PI URI jsmith@chm.uri.edu

Gerald Kagan Post-Doc URI gkagan@chm.uri.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Maria Donnelly PhD URI 5/2015

Matt Porter PhD URI 5/2016

Austin Brown PhD URI 5/2016

Kevin Colizza PhD URI 5/2018

Lindsay McLennan PhD URI 5/2017

Stephanie Rayome MS URI 12/2015

Jon Canino PhD URI 5/2014

Devon Swanson PhD URI 5/2017

II. PROJECT DESCRIPTION 

A. Overview and Signi icance

All new materials require characterization; but in the case of explosives, complete characterization is espe-
cially important in terms of safety concerns--safety for those who handle the materials and safety for those 
with expectations that the materials perform. In the case of homemade explosives (HMEs), the materials may 
not be exactly new (many were reported in the late 1800’s), but their “routine” handling by those involved in 
counterterrorism has resulted in accidents and raises questions about detectability.  
To detect, destroy, handle safely or prevent the synthesis of HMEs, complete understanding of the following 
information is essential:
• How the HME is formed and what accelerates or retards its formation; 
• How the HME decomposes and what accelerates or retards that decomposition;
• How the HME crystallizes;
• What is its vapor pressure and what is its headspace signature;
• What is its density;
• What is its sensitivity to accidental ignition as well as purposeful ignition;
• What is its performance under shock and ire conditions?
Admittedly this mission is too large and R1-A.1 has approached it material by material. In previous years, 
we have examined triacetone triperoxide (TATP) and erythritol tetranitrate (ETN) [1-11].  The detailed ex-
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amination of TATP resulted in 10 publications and led to a method of preparing safe, long-lasting canine and 
instrument training aids.  ETN, a compound chemically similar to the often used explosive PETN (pentaeryth-
ritol tetranitrate), is still being examined.  Our present focus has been on hexamethylene triperoxide diamine 
(HMTD) [12, 13] and fuel/oxidizer (FOX) mixtures, in general [14]. 
Many laboratories which work directly or indirectly on homeland security issues are not able to purchase 
or store explosives, especially HMEs. Our database provides a valuable service to those laboratories.  Stan-
dard chemical properties are measured and uploaded to a database for assessment by registered users. In 
addition, advice is available in terms of how to perform analyses in their own laboratory; and, in a few cases, 
personnel have been sent to train in the URI laboratory. Disposal of small quantities of HMEs can also be a 
concern. URI is a leader in the ield of chemical digestion of unwanted HMEs. Research on FOX mixtures is a 
ield where little de initive information is available but there is much speculation in terms of what “works” 

and what “ought to work”. Our research in this area has two goals: (1) To allow the homeland security enter-
prise (HSE) to narrow or widen the list of threat oxidizers; and (2) To collect and match suf icient small-scale 
data to large-scale performance so that small-scale data has greater predictive value. 
R1-A.1 is currently focused on HMTD formation and decomposition and on bounding the range of FOX mix-
tures which can be used as explosives.  Publications regarding our indings can be found in section V.A.   One 
of our irst approaches to the study of HMTD was examining analysis methods.  HMTD exhibits an unusual 
gas phase phenomenon in the presence of alcohols, and we used positive ion atmospheric pressure chemical 
ionization (APCI) mass spectrometry to examine this behavior. HMTD was infused with various solvents, 
including 18O and 2H labeled methanol, and based on the labeled experiments, it was determined that under 
APCI conditions, the alcohol oxygen attacks a methylene carbon of HMTD and releases H2O2 [12].  Our work 
continued to study synthesis and decomposition of HMTD in condensed phase. Mechanisms are proposed 
based on isotopic labeling and mass spectral interpretation of both condensed phase products and head-
space products.  Formation of HMTD from hexamine appeared to proceed from dissociated hexamine, as evi-
dent from the scrambling of the 15N label when synthesis was carried out with equal molar labeled/unlabeled 
hexamine.  The decomposition of HMTD was considered with additives and in the presence and absence of 
moisture.  In addition to mass spectral interpretation, density functional theory (DFT) was used to calculate 
energy differences of transition states and the entropies of intermediates along the decomposition pathway.  
HMTD is destabilized by water and citric acid, making puri ication following initial synthesis essential in or-
der to avoid an unanticipated violent reaction [13].       
A survey of the stability and performance of FOX mixtures examined 11 solid oxidizers with 13 fuels by 
differential scanning calorimetry (DSC), simultaneous differential thermolysis (SDT) and hot-wire ignition. 
Sugars, alcohols, hydrocarbons, benzoic acid, sulfur, charcoal and aluminum were used as fuels; all fuels ex-
cept charcoal and aluminum melted at or below 200oC. It was found that the reaction between the oxidizer 
and the fuel was usually triggered by a thermal event, i.e. melt, phase change or decomposition. Although 
the fuel usually underwent such a transition at a lower temperature than the oxidizer, the phase change of 
the fuel was not always the triggering event. When sugars or sulfur were the fuels, their phase change usu-
ally triggered their oxidation. However, 3 oxidizers, KNO3, KClO4, NH4ClO4, tended to react only after they 
underwent a phase change or began to decompose, which meant that their oxidization reactions, regardless 
of the fuel, was usually above 400oC. KClO4/fuel mixtures decomposed at the highest temperatures, often 
over 500oC, with the ammonium salt decomposing almost 100oC lower. Mixtures with ammonium nitrate 
(AN) also decomposed at much lower temperatures than those with the corresponding potassium salt. With 
the exception of the oxidizers triggered to react by the phase changes of the polyols and sulfur, FOX mix-
tures generally decomposed between 230oC and 300oC, with AN formulations generally decomposing at the 
lowest temperature. In terms of heat release, potassium dichromate/fuel mixtures were the least energetic, 
generally releasing less than 200 Jg-1. Most of the mixtures released 1000 to 1500 Jg-1, with potassium chlo-
rate, ammonium perchlorate and AN releasing signi icantly more heat, around 2000 Jg-1.  When the fuel was 
aluminum, most of the oxidizers decomposed below 500oC, leaving the aluminum to oxidize at over 800oC. 
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Only two oxidizers reduced the temperature of the aluminium exotherm: chlorate and potassium nitrite. To 
go to temperatures above 500oC, unsealed crucibles were necessary, but with these containers, the endother-
mic volatilization of reactants and products effectively competed against the exothermic decomposition so 
that heat release values were arti icially low.

B. State-of-the-Art and Technical Approach

Physical properties include infrared (IR), Raman, 1H and 13C NMR and mass spectroscopy. These properties 
are measured and made available to the HSE and forensic labs through an online database.  Also available to 
the users are analytical methods. Other essential properties include thermal stability under a variety of con-
ditions, heat of decomposition and detonation and destructive techniques.  As discussed below our database 
has over 900 subscribers and is much appreciated. In the last year, we have been asked to review more than 
40 papers dealing with explosives; this serves to keep us busy and updated with the latest research.  In terms 
of studies of FOX materials, it is of interest that most papers in the last decade originated from India or Iran.

B.1.  HMTD studies

B.1.a.  Rationale and approach for HMTD studies

HMTD was irst synthesized in 1881 [15, 16]; it forms from the oxidation of hexamine by hydrogen peroxide 
with an acid catalyst followed some decades later [17]. X-ray diffraction showed planar 3-fold coordination 
about the two bridgehead nitrogen atoms rather than a pyramidal structure (see Fig. 1) [18, 19]. This ring 
strain in HMTD may account for its low thermal stability and high sensitivity to impact, shock, and elec-
trostatic discharge [20, 21]. Because there have been several accidents with counterterrorism personnel 
handling HMTD, we launched a study to better understand its chemistry and to identify its signature under 
a variety of conditions for the purposes of detection. The chemistry and decomposition of HMTD in the pres-
ence of a number of chemicals was probed.  In addition, isotopically labeled HMTD was prepared and used to 
elucidate its mechanism of formation and decomposition 

B.1.b.  HMTD headspace studies

HMTD has only limited solubility even in the most polar solvent so that large volumes of ethyl acetate and 
acetonitrile must be used for recrystallization, and these proved almost impossible to remove completely 
from HMTD. For that reason, many of the studies were conducted with both crude and recrystallized HMTD 
to ensure the presence of trace solvent had not biased results.  Because HMTD decomposition can be readily 
observed at 60 °C, signi icant decomposition at ambient temperature is probable. In fact, when HMTD was 
removed from storage at -15 °C (freezer temperature), it developed a noticeable odor after a couple of hours. 
Headspace samples of both crude and recrystallized HMTD, fresh and aged, were analyzed by GC/MS. Gases 
were analyzed from the headspace using gas-tight syringe or Solid Phase Microextraction (SPME) iber. The 
former was used for permanent gases; the latter for volatile amines. When HMTD was heated under a vari-
ety of conditions the predominant decomposition products observed in the headspace were trimethylamine 

Figure 1: HMTD structure.
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(TMA) and dimethylformamide (DMF) with trace quantities of ethylenimine (EN), methyl formamide (MFM), 
formamide (FM), hexamine, with moisture, 1-methyl-1H-1,2,4-triazole and pyrazine. No oxygen nor nitrogen 
was found, but carbon monoxide and carbon dioxide were evolved in signi icant amounts. Surprisingly, no 
HMTD was observed under dry, moist, acidic, or basic conditions. This raised concerns about whether mo-
lecular HMTD could be found in its headspace or whether it had decomposed under our analytical protocols.  
Therefore, we used the same GC/MS conditions to inject a solution of HMTD; the molecular ion was observed, 
leading us to conclude that if it had been in the vapor headspace, we should have observed it.  However, at the 
Trace Explosive Detection conference (April 2015), MIT Lincoln Labs reported with a specialized set up they 
were able to detect the molecular ion at the parts-per-trillion level. [21]

B.1.c.  Reactivity of HMTD

The effect of additives on HMTD stability was screened by differential scanning calorimetry (DSC) (see Ta-
ble 1) and by isothermal heating at 60°C or 80°C (see Table 2 on the next page). A general trend is readi-
ly observed: acids lower the temperature at which the exothermic maximum appeared. We had previously 
demonstrated that concentrated mineral acid could be used to destroy HMTD [22-26].  We and others also 
observed that aqueous basic solutions rapidly decompose HMTD [27]. To determine the effect of select addi-
tives, HMTD was held at 60 °C for a week at 30%RH; of the additives tested, only citric acid markedly acceler-
ated HMTD decomposition. The fact that water and citric acid, both used in the synthesis of HMTD, lowered 
its thermal stability emphasizes the need to thoroughly rinse and dry HMTD.  Headspace monitoring revealed 
that water, citric acid, or any acidity sped up the production of TMA and DMF in gas phase.  

Material
pKa of 

Additive
pKb of 

Additive

Onset 
Temp. of 
Exotherm 

(°C)

Exotherm 
Temp. 

Maximum 
(°C)

Heat 
Released 

(J/g)
18.2MΩ H2O 14.0 0.0
HMTD Crude N/A N/A 159 161 2300
HMTD Rec 70/30 EA/ACN N/A N/A 168 171 3100

HMTD + Aqueous Solution
HMTD Crude + 2ul H2O N/A N/A 136 140 3100
HMTD Rec 70/30 EA/ACN + 2ul H2O N/A N/A 140 143 3200
HMTD Crude +2ul pH4 Buffer N/A N/A 126 129 3700
HMTD Crude + 2ul pH7 Buffer N/A N/A 134 137 3300
HMTD Crude + 2ul pH10 Buffer N/A N/A 137 139 3100

HMTD + Solvents
HMTD Crude + 2ul ACN N/A N/A 152 178 3000
HMTD Crude + 2ul Benzene N/A N/A 166 172 3200
HMTD Crude + 2ul EtOH N/A N/A 153 164 2800
HMTD Crude + 2ul EtAc N/A N/A 156 169 2800

HMTD + Solid Acids
HMTD Crude + KH2PO4 15% 7.2 6.8 163 165 2100
HMTD Crude + KH Phthalate 15% 5.4 8.6 156 157 1900
HMTD Crude + Benzoic Acid 15% 4.2 9.8 155 160 2600
HMTD Crude + Ascorbic Acid 15% 4.0 10.0 146 148 2000
HMTD Crude + Citric Acid 15% 3.1 10.9 134 137 2800
HMTD Crude + Sulfanilic Acid 15% 3.0 11.0 122 125 2400
HMTD Crude + O Phthalic Acid 15% 2.9 11.1 143 145 2000

HMTD + Solid Bases
HMTD Crude + Melamine 15% 5.0 9.0 158 159 2000
HMTD Crude + NaHCO3 15% 6.4 7.7 163 164 1300
HMTD Crude + KH2PO4 15% 7.2 6.8 163 165 2100
HMTD Crude + NaOH 15% 14.0 0.0 160 161 2300
HMTD Crude + NaOH 30% 14.0 0.0 162 164 2100
HMTD Crude + K Tertbutoxide 15% 17.0 -3.0 159 160 2200

*NaHCO3 has and endotherm which lowers the total heat released
Table 1:  DSC of HMTD with additives (20 °C/min).
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B.1.d.  Effect of humidity on HMTD decomposition

In 1924, it was reported:
“That H.M.T.D. is stable at temperatures up to at least 60 °C; it is not affected by storage under water; but it is 
slowly affected when subjected to high humidity at maximum summer temperature….It is practically non-hy-
groscopic.”[27]
Because this statement does not support our DSC results (see Table 1 with added water), samples of crude 
HMTD were held at 60°C at ixed humidities of 0, 30, 75, or 100%RH and monitored each week for four weeks 
(see Fig. 2) [28]. After 2 weeks, the samples of HMTD at high humidities were completely degraded; no HMTD 
was observed by GC/MS.

B.1.e.  Mass spectral analysis of condensed-phase decomposition products

HMTD was heated at 60°C under various conditions. Products were examined by GC/MS and LC/MS; and 
assignments are shown in Table 3 and Table 4, respectively, on the next page. Assignments are based on 
comparison with the authentic samples [4.2, 4.3, 4.5, 4.11, HMTD and hexamine] and on the high resolution 
mass spectrometric results where compositions could be determined within 5 ppm of their calculated mass 
(see Table 4 on the next page). Upon examining the HMTD decomposition products, it is tempting to suggest 
HMTD thermolysis produces a number of small molecular fragments, e.g. CH2O, NH3, CH2NH, or CH(O)NH2, 
which undergo further reaction, such as an aldehyde-amine condensation. The observed substituted triazine 

Table 2: Solid additives with HMTD.

30%RH 60C 1 week

HMTD Solid 
Additive (15%)

Average % 
Remaining

None 87
NaHCO3 87
KH2PO4 96
NaOH 75
KTButoxide 80
Citric Acid 13

0.0

10.0

20.0

30.0

40.0

50.0

60.0

70.0

80.0

90.0

100.0

1 Week 2 Weeks 4 Weeks

H
M

T
D

 %
 R

em
ai

ni
ng

Time

HMTD % Remaining at 60°C Vs. Relative Humidity

0% RH
30% RH
75% RH
100% RH

Figure 2: Eff ect of humidity on HMTD.

ALERT 
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R1: Characterization & Elimination of Illicit Explosives 

Project R1-A.1

73



species (3.10, 3.11, 3.12) and those containing four nitrogen have been reported to form from hexameth-
ylenetetramine (hexamine) [29-31]. Indeed, hexamine was found when HMTD was decomposed at 60 °C 
at 75% or 100% RH or with added water or acidic buffer. Only tetramethylene diperoxide diamine dialde-
hyde (TMDDD) (4.22) (matched to an authentic sample), and the mono aldehyde (3.7) suggested the original 
HMTD structure and that HMTD was degraded stepwise.
In examining how HMTD decomposed, we asked how that degradation formed hexamine.  Hexamine is made 
from ammonia and formaldehyde, and the route is via hexahydro-1,3,5-triazine[21, 32]. The conversion of 
hexamine to 2,4,6-cyclotrimethylene-1,3,5-trinitramine (RDX) has been the subject of several studies [33-35]. 
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Table 3:  Decomposition Products GC/MS.

Table 4: Decomposition Products LC/MS.
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Bachman found that performing the nitration of hexamine in acetic anhydride with ammonium nitrate al-
lowed two moles of RDX to be produced rather than one via direct nitration [21].  Using that example we 
questioned the stoichiometry in the synthesis of HMTD from hexamine. Under the normal synthetic route as 
it is describe in equation 1; our yield, based on hexamine, was not more than 60%.  However, if excess form-
aldehyde was added to the reaction mixture, yields of greater than 100% (based on 1 HMTD to 1 hexamine) 
were observed (eq 2).  If no extra formaldehyde is added, the reaction must wait for the degradation of part 
of the hexamine to form formaldehyde (see Fig. 3). Indeed, hexamine is frequently used as a source of form-
aldehyde [31, 36]. 
    C6N4H12  + 3 H2O2     C6N2H12O6  + 2 NH3 (1)

   C6N4H12  + 6 H2O2  + 6 OCH2    2 C6N2H12O6  + 6 H2O (2)

Without acid catalysis, formation of HMTD takes days.  Furthermore, the reaction is sensitive to the type and 
amount of acid (see Table 5 on the next page).  Diprotic and triprotic acids (e.g. sulfuric, phosphoric, and oxal-
ic acids) could be used as direct replacements for citric acid. Monoprotic acids (e.g. acetic acid, tri luoroacetic 
acid, formic acid, and nitric acid) gave yields comparable to citric acid only if these acids were added in 2.2 
mol acid to 1 mol hexamine ratio.  This aspect of the acid effect warrants further examination.
To probe the importance of citric acid in catalyzing the reaction of hexamine with hydrogen peroxide, the 
reaction was run without acid. It took 7 days at room temperature, instead of a few hours with citric acid, for 
the irst HMTD to precipitate. After 9 days, the yield of HMTD (assuming 1:1 molar ratio hexamine: HMTD) 
was only ~7%. Other diprotic and triprotic acids (vide supra) were added in 1.1 to 1 molar ratios hexam-
ine: acid. Monoprotic acids gave poor yields (see Table 5 on the next page) if added in 1.1 to 1 molar ratios.  
If these (acetic acid, tri luoroacetic acid, formic acid, and nitric acid) were added in a 2.2 to 1 molar ratio 
hexamine:acid yields were comparable to those achieved with citric acid.  The ratio of hexamine to HMTD 
became a point of interest.

Figure 3: Proposed hexamine decomposition mechanism.
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HMTD 
Reaction # Additive

Mol Ratio 
of HP 

(48.4wt%): 
Hexamine

Mol Ratio  
Acid 

(Citric): 
Hexamine

% Yield MP (°C)
Purity by 

GC/MS

5 citric acid 8 1.1:1 44.5 149-150 87.4
6 citric acid 8 1.1:1 40.7 144-145 87.1

17 citric acid 8 1.1:1 52.7 153-157 95.8
14 anhydrous oxalic acid 8 1.1:1 45.0 151-153 94.4
15 85% o-phosphoric acid 8 1.1:1 26.9 149-150 91.3
32 50% sulfuric Acid 8 1.1:1 50.5 152-158 98.2
13 glacial acetic acid 8 1.1:1 7.4 152-153 94.3
30 glacial acetic acid 8 2.2:1 33.1 151-156 100.0
21 88% formic Acid 8 1.1:1 6.3 154-158 94.5
25 88% formic Acid 8 2.2:1 43.5 153-154 100.0
22 99% TFA 8 1.1:1 3.3 155-159 93.3
26 99% TFA 8 2.2:1 53.5 153-156 99.6
31 70% nitric Acid 8 2.2:1 51.1 155-157 100.0

Kin. #2 no acid 8 0:1 9.5 148-149 89.5
Kin. #3 no acid 8 0:1 7.2 152-160 92.4

If HMTD was formed when hexamine breaks into small fragments, then it ought to incorporate carbon and 
nitrogen from outside sources.  When HMTD was created in a 13C formaldehyde solution, the label was ob-
served in both the HMTD (m/z 209, 210, 211, 212, 213) formed and the hexamine (m/z 140, 141, 142, 143, 
144) remaining early in the reaction (42min when precipitation was observed in 2 hr) (see Fig. 4 on the next 
page).  This could be explained by the formation of bis(hydroxymethyl) peroxide (BHMP) and its incorpo-
ration into HMTD. Incorporation of formaldehyde into the hexamine can be explained by looking at the irst 
step of decomposition of hexamine (see Fig. 5 on the next page).  Excess formaldehyde may push this reac-
tion in the reverse direction.  However, when HMTD synthesis was performed in the presence of 15N labeled 
ammonium sulfate, the resulting HMTD, when analyzed by LC-MS, showed little incorporation of the label.

Table 5:  HMTD reactions with additives with scaled yield of 0.5g.
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Hex_13CH2O_HP_CA_T7_17mar2015_PFPcolAPCI_1 #2161 RT: 12.31 AV: 1 NL: 3.29E4
T: FTMS {1,1}  + p APCI corona Full ms [100.00-600.00]
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In contrast to the lack of 15N incorporation during HMTD synthesis, it was found that under humid decompo-
sition conditions, the 15N label was observed in the decomposition products (4.2, 4.13, 4.14, 4.15) as well as 
in hexamine (single, double, triple and quadruple label). Yet, when the same decomposition studies were per-
formed dry, no hexamine was formed and the decomposition products 4.2 and 4.14 showed no label incor-
poration.  In the presence of deuterium oxide, the HMTD decomposition products trimethylamine, dimeth-
ylformamide, hexamine, and triazines showed little incorporation of deuterium (m/z 157, 171 etc.).  This 
suggested that the hydrogen transferred during the decomposition was part of the original HMTD molecule.  
In the water surrounding an open vial of HMTD, formic acid was observed.  It has previously been suggested 
that formaldehyde and hydrogen peroxide form formic acid [38].  
A mechanism for HMTD formation was proposed based on data from isotopic ratio mass spectrometry [37]. 
Because it required the formation of a triperoxy tertiary amine and protonated methylene imine, we looked 
for alternative pathways. Tentative proposals are illustrated in Figure 5 and Figure 6 on the next page. In 
Figure 5 hexamine is broken into small molecules, and from the formaldehyde/hydrogen peroxide reaction 
bis(hydroxymethyl) peroxide (BHMP) is formed, while from the imine/ hydrogen peroxide reaction bis(me-
thylamine) peroxide is formed. The latter reacts with two molecules of BHMP to create HMTD. The mecha-
nism in Figure 6 on the next page also postulates the formation of BHMP but allows HMTD to remain intact 
until fairly late in the reaction.  Both mechanisms are in line with the fact that the reaction proceeds to HMTD 
faster in the presence of excess formaldehyde. The key to both mechanisms is the formation of BHMP, irst 
synthesized in 1914 by Fenton from hydrogen peroxide and formaldehyde and later studied by Satter ield 
[38]. It is likely this species was generated in situ in the reported syntheses of several caged peroxides having 
planar bridgehead nitrogen atoms [39].  Once a methylene is lost from hexamine to form formaldehyde the 

Figure 4: Mass spectrum of HMTD formed in the presence of 13C-Formaldehyde.

Figure 5: Formation of HMTD from completely dissociated hexamine.
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resulting octahydro-1,3,5,7-tetrazocine would be subject to rapid ring inversion and isomerization, which 
BHMP can bridge across two nitrogen atoms. 

To distinguish between the mechanisms proposed in Figures 5 and 6, synthesis of HMTD was performed with 
a 1:1 mixture of 14N hexamine and 15N hexamine. If formation of HMTD proceeds through the route shown in 
Figure 5, then total scrambling of the label would be expected, i.e. the HMTD product should show the unla-
beled, single-labeled and double-labeled species [M+H], 209 to 210 to 211, in a 1:2:1 ratio. This was observed 
(see Fig 7).
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Figure 6: Formation of HMTD from intact of hexamine.
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Figure 7: Mass spectrum of HMTD formed from a mixture of N-14 and N-15 labeled hexamine.
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To shed light on how HMTD decomposes, density functional theory (DFT) calculations were performed by 
R1-C1 team (see their report or reference 4 in the overview).  

B.1.f.  Summary/conclusions

Because HMTD is destabilized by water and citric acid, it is important to purify it after initial synthesis. Ig-
noring the degrading effects of acid and humidity can lead to an unexpected violent reaction. Precautions 
should be taken to see that HMTD remains dry. The headspace (signature) of HMTD is mainly trimethylamine 
(TMA) and dimethylformamide (DMF), and these might be used for canine and other vapor detection training 
instead of the more hazardous HMTD. Further work is underway to clarify mechanisms of HMTD decompo-
sition. Studies to date indicate hexamine must break down to form formaldehyde, but the reverse reaction is 
only effective in the presence of moisture. Preventing the assembly of formaldehyde into the molecule HMTD 
will continue as the ultimate research goal.

B.2.  Studies on FOX mixtures

B.2.a.  Rationale for study of FOX mixtures 

The scienti ic literature lacks information about fuel-oxidizer mixures; nevertheless, it is an essential irst 
step to establishing limitations or potentials of individual oxidizers in Fuel Oxidizer Explosives (FOX). This 
study is part of an attempt to identify principles related to potential explosivity.  This report provides an ex-
tensive survey of the stability and performance of 11 solid oxidizers with 13 fuels from differential scanning 
calorimetry (DSC), simultaneous differential thermolysis (SDT) and hot-wire ignition.  

B.2.b.  Neat Species

Oxidizing power can be assessed in various ways.  Intrinsic oxidizing ability, given by standard reduction 
potentials in Volts (1M aq solution against standard hydrogen electrode), is one approach to quantifying ox-
idizing power.  Standard reduction potentials are listed in Table 6 starting from the left with species having 
most positive potential [40]:

H2O2 >  IO4
-  >  MnO4

-  >   BrO3
- > MnO4

-  >ClO3
-  > Cr2O7- > ClO4

- > IO3
-    >NO3

- >NO2
-

1.8 > 1.7-1.6  > 1.7-1.5  > 1.5-1.4  >     1.5     >  1.5  > 1.4-1.3 >1.4-1.2 >1.2-1.1 >1.0-0.8 >-0.46

Actual potentials depend on the pH of the solution and the inal products:
NO3

-   NO,  HNO2, NH4
+, NO2   0.96, 0.94, 0.87, 0.80 V, respectively

An alternative approach to rating oxidizing power is a burn test.  The U.N. Manual of Tests and Criteria rates 
an oxidizer by comparing its burn rate in admixture with cellulose (2:3 and 3:7 ratios) to mixtures of potas-
sium bromate/cellulose [41].  Our  burn tests used 250mg instead of 30g oxidizer, and sucrose or aluminum 
powder instead of cellulose.  Fuel-Oxidizer burn rates are shown in Table 7 on the next page.
Thermal stability was assessed via the temperature at peak maximum of the DSC exotherm. The higher the 
exotherm temperature, the more thermally stable the species. Some salts decomposed with exclusive endo-
thermic responses (see Table 8 on the following page). Among salts releasing heat (exothermic response), 
the amount of heat varied from more than 1000 J/g for ammonium salts, which can undergo self-oxidation, 
to a few hundred joules per gram for other oxidizers.  Thermal traces of the oxidizers alone were not simple; 
they included phase change(s), decompositions, and heats of fusion of the decomposition product. In systems 
where oxygen was not allowed to escape, the pairs perchlorate/ chlorate [42] and nitrate/nitrite [43] can 
establish a psuedo-equilibria (eq 1-2). [44]

Table 6:  Standard reduction potentials.
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                                                          O2

    KClO4      KClO3  KCl + 1.5 O2 (1)
    KNO3  KNO2 +  0.5O2   (2)

Table II.  Burn time (seconds) of a 4:1 Oxidizer: Sucrose Mix
Oxidizer KIO4 KMnO4 KBrO3 KClO3 K2Cr2O7 NH4ClO4 KClO4 KIO3 KNO3 NH4NO3 KNO2

anion potential 1M aq. H2 0V 1.7-1.6 1.7-1.5 1.5-1.4 1.5 1.4-1.3 1.4-1.2 1.2-1.1 1.0-0.8 -0.46

wt % oxygen in oxidizer 28% 25% 29% 39% 16% 34% 46% 22% 40% 20% 28%
Decomp oC 8/2 oxidizer/sucrose 187 236 186 180 231 484 540 182 396 176 212
J/g heat released 1681 1741 1511 3195 157 1342 735 939 1108 2084 1777
Burn Test 8:2 Oxidizer:Al KIO4 KMnO4 KBrO3 KClO3 K2Cr2O7 NH4ClO4 KClO4 KIO3 KNO3 NH4NO3 KNO2

Ave Burn Time by Eye (s) too fast too fast too fast too fast too fast 4.3 too fast 7.5 3.8 18.2 2.5
Std. Dev too fast too fast too fast too fast too fast 1.0 too fast 2.1 0.7 1.6 0.6

Ave Peak Light Signal Thor Lab (mV) 2564 2360 1113 1129 140 144 2736 -- -- -- --
Std. Dev 232 297 437 286 54 73 11 -- -- -- --

Notes bright flash bright flash
bright 
flash

bright 
flash bright flash

bright flash, 
strobes bright flash bubbled bubbled bubbled bubbled

Burn Test 8:2 Oxidizer:Sucrose KIO4 KMnO4 KBrO3 KClO3 K2Cr2O7 NH4ClO4 KClO4 KIO3 KNO3 NH4NO3 KNO2

Ave Burn Time by Eye (s) too fast 1.9 too fast 1.0 4.9 4.6 2.5 1.6 2.5 18.1 1.3
Std. Dev 0.2 0.4 1.7 0.8 0.4 0.4 0.7 2.7 0.3

Ave Peak Light Signal Thor Lab (mV) 56 25 346 104 -- 3 11 -- -- -- 32
Std. Dev 23 6 98 43 -- 1 4 -- -- -- 12

Notes
purple 

flickering
orange 
flame

purple 
flame

purple 
flame

charring, 
no flame yellow flame

purple 
flame

charring, 
no flame

charring, 
no flame

dim yellow 
flame yellow flame

Burn Test 5:5 Oxidizer:Sucrose KIO4 KMnO4 KBrO3 KClO3 K2Cr2O7 NH4ClO4 KClO4 KIO3 KNO3 NH4NO3 KNO2

Ave Burn Time by Eye (s) 3.1 10.4 too fast 2.6 15.9 9.2 8.1 9.0 0.9 21.4 2.6
Std. Dev 0.5 2.1 too fast 0.8 1.7 1.2 1.1 4.2 0.1 4.8 1.1

Ave Peak Light Signal Thor Lab (mV) -- 8 430 128 -- 10 58 -- 43 -- 43
Std. Dev -- 7 164 41 -- 2 13 -- 13 -- 13

Notes
no light, 

black snake
dim yellow 

flame
purple 
flame

purple 
flame

dim yellow 
flame

dim yellow 
flame

dim yellow 
flame

dim yellow 
flame

dim yellow 
flame

no light, 
black snake

dim yellow 
flame

Burn Test 8:2 Oxidizer:Benzoic Acid KIO4 KMnO4 KBrO3 KClO3 K2Cr2O7 NH4ClO4 KClO4 KIO3 KNO3 NH4NO3 KNO2

Ave Burn Time by Eye (s) 1.6 3.0 too fast 4.4 16.0 6.3 4.5 4.9 4.5 28.7 2.1
Std. Dev 0.5 0.8 too fast 1.7 1.6 1.0 0.6 1.2 1.8 6.2 0.5

Ave Peak Light Signal Thor Lab (mV) 1413 147 2228 762 26 226 737 221 91 14 160
Std. Dev 331 22 228 104 8 45 304 35 33 4 88

Notes bright flash
orange 
flame

bright 
flash

bright 
yellow 
flame

yellow 
flame

bright yellow 
flame white flame

white 
flickering

orange 
flame

yellow 
flickering orange flame

Ammonium perchlorate (AP, NH4ClO4) did not melt but exhibited an endotherm around 245oC (~70 J/g) as a 
result of an  orthorhombic to cubic phase change. [Ammonium chlorate is thermally unstable and has been 
reported to spontaneously ignite at temperatures as low as 100oC [45]; for this reason it was not used in this 
study.] Early in the study it was noted that thermal traces obtained from sealed DSC ampules did not neces-
sarily match those obtained from the open SDT samples (see Fig. 8 on the next page). (An advantage of SDT 
was that it allowed scanning to higher temperatures.  However, since the ampules were not sealed, thermal 
traces differed markedly from sealed DSC thermal analyses when decomposition products or moisture vola-
tilized.) 
All the fuels, except charcoal and aluminum, melted below 208oC; some showed exothermic decomposition 
especially when heated under air. Endothermic and exothermc temperature miniuma or maxima, onset tem-
peratures for exotherm, and heat release as found by DSC (scan 20o/min) are shown in Table 8 on the follow-
ing page. 

Table 7: FOX burn rates.
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Figure 8: Ammonium Perchlorate DSC (left) vs SDT (right).
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B.2.c.  Oxidizer/fuel mixtures

Several kinetic and mechanistic studies exist that have examined the oxidization of alcohols by iodate and pe-
riodate [46-49], bromate [50, 51], chlorate and perchlorate [52, 53], permanganate [54-56], and dichromate 
[57] (see Table 9).  Most of the oxidizers (KIO4, KMnO4, KBrO3, KClO3, K2Cr2O7, KIO3, AN, KNO2) reacted with 
the sugars immediately after the sugar melt, and a large exotherm was observed, as can be seen in Figure 9 
(DSC thermogram of KIO4 mixed with 50wt% sucrose). This behavior was observed regardless whether the 
sugar was a disaccharide, i.e. sucrose and lactose, or a monosaccharride, i.e. glucose and fructose (see Figs. 
10 and 11 on the next page).

Oxidizer Alcohol Products Reference

KBrO
3

propan-2-ol acetone 19

KClO
3

Sucrose KCl, CO
2
, H

2
O 21

KClO
3

Lactose KCl, CO
2
, H

2
O, CO, H

2
, C, CH

4
20

KClO
4

Sucrose KCl, CO
2
, H

2
O 21

KIO
4

pea cannery waste cleaved sugars, KIO
3

25

KIO
4

diacetyl, diisobutyryl, benzil, camphorqui-

none iodate, carboxylic acid 26

KMnO
4

fructose, glucose, galactose, maltose, sucrose formic acid & lower sugars 23

NaIO
4

dextran (an anhydroglucose polymer) formic acid 27

NaIO
4

salicyl alcohol dimer of intermediate via Diels-Alder 28

NaIO
4

Glucose HCO
3
H, HCHO, IO

3

- 16

NaIO
4

crystalline cellulose dialdehyde 29

NaIO
4

glucose, ethylene glycol formaldehyde 30

NaIO
4

Cellulose dialdehyde 31

NaIO
4

Catechol o-benzoquinone 32

  

Table 9: Oxidation products of some alcohols.

Figure 9:  KIO4 with 50wt% Sucrose (left) and with 20wt% Sucrose (right).

ALERT 
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R1: Characterization & Elimination of Illicit Explosives 

Project R1-A.1

84



The majority of oxidizers reacted immediately after the melt of the sugar suggesting that molten sugars can 
solublize, mobilizing the oxidizer and promoting reactions.  We labeled these oxidizers “sugar-controlled.”  A 
detailed examination of the reaction between  KClO3 and lactose noted the importance of liquid lactose and 
its solubilization of the chlorate; it also noted no disporportionation into perchlorate [52, 53].    For three 
oxidizers, this general trend with sugars was not observed. These oxidizers may have exhibited a small exo-
therm immediately after the sugar melt, but the majority of the exothermic reaction only occurred after the 
oxidizer underwent a melt, phase change, or decomposition; we labeled them “oxidizer-controlled.”  The two 
resistant anions were perchlorate and nitrate, but for the latter, nitrate, only the potassium salt failed to react 
immediately after the sugar melt.  Ammonium nitrate melted in the same range as the sugars; thus, it was 
dif icult to determine which melt had triggered the reaction.  Figures 12 and 13 on the next page suggest this 
counter-trend exhibited by potassium nitrate was true regardless of the type of sugar.

Figure 10: KClO3 + 50wt% disaccharide: sucrose (left) & lactose (right).

Figure 11: KClO3 + 50wt% monosaccharride:  glucose (left) & fructose (right).
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Generally, the thermograms did not change drastically in appearance when 20wt% rather than 50wt% su-
crose was used (see Fig. 10 on the previous page). 
With AN and the sugars, it was dif icult to assign the decomposition trigger since both the sugars and AN 
both melted in the 150 to 170oC range.  With the higher level of sucrose (50wt%), the main exotherm was ob-
served around 180oC, while with sucrose closer to stoichiometric (20%), large exotherms were observed at 
170 and 340oC, with the latter at the normal decomposition temperature of AN (see Fig. 14 on the next page).

Figure 12:  KNO3 + 50wt% disaccharide: sucrose (left) & lactose (right).

Figure 13:  KNO3 + 50wt% monosaccharride:  glucose (left) & fructose (right).
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The heat released from the oxidizers with 20wt% sucrose was comparable (~1400 J/g) to the heat released 
with 50wt% sucrose (see Table 10).  There was a large deviation in observed heat released (+25%) run to run 
which we have attributed to the slow response of the DSC thermocouples. K2Cr2O7 fuel mixtures were notably 
low in energy release, averaging less than a tenth of the other fuel/oxidizer mixtures.

Since there was not much differentiation among the sugars, we chose to examine a more diverse group of 
alcohols: erythritol (mp 122oC), pentaerythritol (mp 190oC), and cyclododecanol (mp 78oC). Only two oxidiz-

Figure 14: AN + 50wt% sucrose (left) & 20wt% sucrose (right).

Table 10: Heat released (J/g) below 500oC  from oxidizer/fuel mixes.

KIO4 KMnO4 KBrO3 KClO3 K2Cr2O7 AP KClO4 KIO3 KNO3 AN KNO2

exotherm J/g 94 142 217 465 1233 293 1407 SDT

Sucrose 2054 1064 1110 2037 127 2253 1125 1243 1016 2092 1281

Sucrose  20% 1805 1798 1718 2091 102 1357 869 838 681 1793 1689

Fructose 1620 1222 1317 2296 115 1638 993 1442 596 2652 987

Lactose 1597 696 1480

Glucose 2688 697 2277

Pentaerythritol 1427 2058 1638 2118

Erythritol 1140 1702  2272 129 3822 573 871 2438 1758 1009

Cyclododecanol 790 768 876 1129 256 1877
not 

seen 354
not 

seen

surfur 2353 2360 815 723 1747 1612 2299 1054 2328 2094

naphthalene 1205 931 1779
ended 

past 500 68 1527
not 

seen ? 829

benzoic acid 20% 1500 1339 835 3648 138 2400
not 

seen 476 ? 1879 ?

charcoal 600 792 1585 156 1718 1172 300 1361 1607 625

Aluminum 20% all SDT 170 726 454
38,    

1499 DSC 1600 800 490 1300 640 2400
Average  all fuel - Al 1452 1331 1235 2011 136 2038 1057 978 1131 1892 1281
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ers with erythritol (KMnO4 and KIO4) showed immediate decomposition after the melt of erythritol, although 
all the “sugar-controlled “oxidizers except K2Cr2O7 decomposed at lower temperatures than their own phase 
changes or decomposition point (see Figs. 15 and 16). Dichromate reactions were notable for their lack of 
heat produced (see Table 10), and because the reaction with erythritol occurred after the melt of dichromate.  

Four oxidizers were heated with pentaerythritol. KClO3 and KBrO3, which had been labeled “sugar-controlled”, 
remained triggered by the fuel, while KNO3 remained oxidizer controlled. AN, which with the four sugars ex-
hibited an exotherm around 170oC, did not react with the melt of pentaerythritol (PE) at 190oC. Instead it 
began to release heat around 260oC, a phase change for PE. In some thermograms that exotherm was the only 
peak; in others a second peak was observed at the normal decomposition temperature of AN (see Fig. 17). 

Cyclododecanol had a melting point lower than the other alcohols, but as a mono-alcohol it appeared to have 
little ability to solvate the oxidizers. A few oxidizers, KClO4 and KNO3, showed no reaction with cyclododeca-
nol when monitored up to 500oC. 
In an attempt to examine samples which did not exhibit heat releases below the 500oC cut off for DSC, many 
samples were also examined on the SDT. Because the SDT was designed to allow monitoring of weight loss 
and heat low simultaneously, samples are scanned unsealed. This proved to be a dilemma. In some cases exo-
thermic events appeared as endothermic events; the classic example is a scan of an unsealed sample of AN.  
When not contained in a sealed ampoule, AN will show an endotherm around its 300oC decomposition rather 

Figure 15: KMnO4 + erythritol.     Figure 16: K2Cr2O7 + erythritol.

Figure 17: Two examples of AN + 50wt% pentaerythritol.
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than the actual exotherm (see Fig. 18). Occassionally the exothermic event was only partially countered by 
the endothermic evaporation of the reactant or products; in such cases  the exotherm was observed, but heat 
release was signi icantly lower than it would have been in a sealed sample. Therefore, whenever possible, 
sealed samples were examined by DSC. To date we have found no satisfactory method for sealing DSC sam-
ples that remains gas tight over 550oC. 

To examine fuels other than alcohols, naphthalene, benzoic acid, charcoal, sulfur and aluminum were added 
to the study.  Sulfur has long been used in energetic formulations [58, 59]. It exists as a number of allotropes 
[60].  With neat sulfur we observed two, sometimes three endotherms between 107 and 120oC, assigned to 
phase change and melting; there was also a small endotherm around 180oC.  The oxidizers that were initiated 
by the sugar melt also showed exothermic decomposition with sulfur beginning around 180oC. A common 
characteristic of this exothermic decomposition was slow heat release rising to a recognizable exotherm (see 
Fig. 19).  The same three oxidizers classi ied as oxidizer-controlled did not show an exotherm with sulfur 
until higher temperatures (see Fig. 20).

Table 11 on the next page records the temperature at which the exotherms were irst observed to rise above 
the baseline (ramp rate of 20o/min).  These temperatures were different than those recorded in Table 8, 
which tabulates the onset temperatures of the exothermic peaks as calculated by the TA Universal Analysis 

Figure 18: Ammonium nitrate in sealed DSC cell (left)  vs. in open SDT cell (right).

Figure 19: KMnO4 + 50wt% Sulfur.       Figure 20: KClO4 + 50wt% Sulfur.
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software.  As can be seen from the traces in Figures 21 and 22, when DSC exotherms are very broad, onset 
temperatures are often misleading.  For example, when KBrO3 is mixed with naphthalene (see Fig. 21), the 
difference between the onset and irst deviation from baseline is not large (~30o), but for KIO3 and sulfur (see 
Fig. 22) the difference between onset and deviation is huge (~160o). (Note that trace shown in Figure 22 is 
typical for sulfur mixtures.) 

KIO4 KMnO4 KBrO3 KClO3 K2Cr2O7 AP KClO4 KIO3 KNO3 AN KNO2
Oxidizer phase change 543 [240] 415 358 402 248 307, 613  132,331 128,167 45, 419

Oxidizer decompos i tion 330 277 428 474 359 630 555 703 254 510
endo

Sucrose 185, 238 148 194 179 167 224 263 443 159 372 142 204
Pentaerythritol 359 211 209 420 242  

Erythritol 122, 297 119 112 192 383 258 313, 593 141 350 260 261

Surfur 107, 119, 1 182 189 193 149 391 428 169 294 172 189

Cyclododecanol 78 185, 251 196 379 397 321 323 414 NR<500   

Cyclododecanol 334 264

Naphthalene 80 255 265 391 397 420 356 600 600 279  

Benzoic acid 20% 121 259 123 355 189 381 393 395 403 NR<500 270 NR<500

Charcoal 344 277 300 397 353 470 436 409 203 346

Al (20%) 660 830? 750 850? 364 902 563 830? 747 846 679
Al 339 280 419 280 581 291

Obviously, the temperature at which an oxidizer/fuel mixture begins to react depends on both the suscep-
tibility of the fuel to oxidation and the oxidizer’s tendency to reduce.  In comparing the carbonaous fuels, 
cyclododecanol, naphthalene, benzoic acid and charcoal, we had hoped to see a reactivity trend across all 
oxidizers, and, indeed, the following trend in the initiation temperature of the decomposition exotherm was 
observed with over half the oxidizers:  

benzoic acid < cyclododecanol < charcoal < napththalene
It was also observed that with fuels other than aluminum, ammonium perchlorate mixtures decomposed at 
lower temperatures than those with potasssium perchlorate.
Aluminum, which has been used as a fuel in mixtures with ammonium nitrate and perchlorate, was used as 

Table 11: Temperature at which principle exotherm is fi rst observed (oC).

Figure 21: KBrO3 + 50wt% naphthalene.          Figure 22: KIO3 + 50wt% Sulfur.
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the highest melting fuel. With two exceptions, the oxidizers decomposed long before the aluminum reacted, 
and aluminum did not react until over 800oC (see Figs. 23 and 24 on the next page). In two cases (KClO3, KNO2) 
the exotherm appeared at signi icantly lower temperatures indicating they react readily with the aluminum 
(see Figs. 25 and 26).  All the oxidizer/Al samples were examined by SDT, and a few were also examined by 
DSC.  The low temperature exotherm observed for KIO4 was its conversion into KIO3.  The low temperature 
(i.e. under 800oC) exotherms recorded for other oxidzers re lect the decomposition of the oxidizer. 

                

B.2.d.  Summary of FOX studies

Neat oxidizers appeared to undergo decomposition roughly in line with standard reduction potentials (Table 
1 and 2) [40].  Most oxidizers produced some heat when decomposed without fuel, but it was a few hundreds 
of joules per gram compared to 1500 to 3000 J/g when decomposed with fuel.  The exceptions, of course, 
were the ammonium salts which produce 1000 to 1500 J/g without fuel and double that with fuel.  The oxides 
of chlorine released the most heat, which is in line with the general trend that the larger the electronegative 
difference between oxygen and the central element, the more stable the oxy-halide. When anions containing 
the same central atom are compared, the order of stability is attributed to the degree of pi-bonding in each 

Figure 23: KMnO4 + 20wt% Aluminum.        Figure 24: KNO3 + 20wt% Aluminum.

Figure 25: KNO2 + 20wt% Aluminum.        Figure 26: KClO3 + 20wt% Aluminum.  
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species: ClO4
- > ClO3

- and NO3
- / NO2

- [42, 61].  Between the oxo-chlorine or oxo-nitrogen species, perchlorate 
and nitrate are more stable and less sensitive than the less highly oxidized chlorate and nitrite. 
A survey of the stability and performance of eleven solid oxidizers and thirteen fuels was performed by dif-
ferential scanning calorimetry (DSC), simultaneous differential thermolysis (SDT) and hot-wire ignition. Su-
gars, alcohols, hydrocarbons, benzoic acid, sulfur, charcoal, and aluminum were used as fuels; all fuels except 
charcoal and aluminum melted at or below 200oC. When fuels were added to the oxidizer, the phase changes 
of the individual oxidizers and fuels were often still observed. Most of the fuels were added at the 50wt% 
level, but thermograms of 20wt% sucrose were examined and shown to be very similar to 50wt% sucrose 
in terms of appearance and heat release. Variations in terms of appearance and heat release were observed 
among runs of a sample; this was attributed to inhomogeneity in the tiny samples and variation in particle 
size [62-65].  DSC heat release values had standard deviations of over 25%; some variability may have been 
due to poor mixing; however, in the past we have found that even neat ammonium nitrate exhibited 15% 
variation in heat release. We suspect that with energetic materials it is dif icult for the DSC thermocouples 
to accurately track fast release of heat.  Experimentally, it was found that differences in DSC and SDT traces 
appeared to be related to the ability of reactants/products to vaporize in the open or lightly capped SDT 
containers. 
We found that a phase change in the fuel or a phase change or decomposition of the oxidizer was typically the 
trigger that caused a reaction between the oxidizer and the fuel, and have therefore classi ied the reactions 
as fuel-controlled or oxidizer-controlled. With the exception of charcoal and aluminum, all fuels used in the 
study melted below 200oC. The melt or phase change of the sugars or sulfur triggered the reaction to pro-
ceed with most of the oxidizers. Three oxidizers, KNO3, KClO4, and NH4ClO4, most often triggered their own 
reaction, and typically exhibited the highest reaction temperatures, i.e. above 400oC, regardless of the fuel.  
With the exception of the oxidizers triggered to react by the phase changes of the polyols (i.e. sugars) and 
sulfur and all oxidizer/aluminum mixes, the oxidizer/fuel mixtures generally decomposed between 230oC 
and 300oC. 
In terms of heat release, potassium dichromate/fuel mixtures were the least energetic, generally releasing 
less than 200 J/g.  Most of the mixtures released 1000 to 1500 J/g, with potassium chlorate, ammonium per-
chlorate, and ammonium nitrate releasing signi icantly more heat, around 2000 J/g.  When the fuel was alu-
minum most of the oxidizers decomposed below 500oC leaving the aluminum to oxidize at over 800oC. Only 
two oxidizers reduced the temperature of the aluminium exotherm—chlorate and potassium nitrite.  No fuel 
stood out as clearly the ‘best,” in terms of releasing the most heat; they averaged 1500 J/g by DSC analysis.  
Response to hot-wire ignition was assessed by the length of the burn and the light output. Table 2 orders the 
oxidizers left to right as highest oxidizing power to lowest in terms of electromotive potential. This trend is 
roughly followed by thermal stability.  Light output, when the fuel was sucrose, did not show a clear trend.  
However, when the fuel was aluminium, the trend was roughly followed.  Work continues on these correla-
tions.

C. Major Contributions

In April 2015, we were thanked by a National Institute of Standards & Technology (NIST) senior scientist for 
allowing them to use our database of explosive properties. They stated: “It was all we had, in many cases.” 
This is high praise from an organization which maintains the “Chemistry Webbook.”  In the past, we have also 
received similar acclaim from military labs, both in CONUS and OCONUS. Other outreach of our information 
occurs by publication. 
Contributions include: 

• Baseline information about chemical properties and reactivity.
• Identifying the hazards of humidity to HMTD.
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• Formation mechanism of HMTD; the limitations of certain oxidizers in terms of terrorist use.
• Gentle destruction methods for HMTD.
We have characterized the headspace over HMTD; the amount of HMTD in the vapor is less than parts-per-
trillion. The odor associated with HMTD is due to amine decomposition products. Thus, the amine decompo-
sition products can be used to generate the odor, making canine training aids from non-explosive components 
feasible. In contrast to historic reports [27], HMTD should not be stored under water. It rapidly decomposes 
in the presence of moisture.
HMTD is so thermally unstable that it can decompose in weeks if held at 60oC; in one week, if the humidity is 
high. This is in strong contrast to all military explosives and most HMEs. A number of decomposition and for-
mation experiments have been performed with HMTD (see section V.A). Most notable were the studies using 
isotopically labeled species. Among those, the examination of the formation of HMTD using hexamine labeled 
with 15N as well as unlabeled 14N hexamine suggested that the formation of HMTD might be accomplished 
from any source of formaldehyde. While this is not necessarily good news for the forces of counterterrorism, 
at least it helps de ine the range of the problem.
A dozen FOX mixtures have been examined via both DSC and SDT and, for a few, burn characteristics were 
determined. This is the start of an initiative to determine the range of the threat in terms of oxidizers for use 
in FOX explosives.  Materials, such as dichromate, appear to have little energy to contribute to an explosion, 
but other properties are being explored.  

D. Milestones

Studies suggest that thwarting the synthesis of HMTD will be challenging. Further mechanistic studies are 
underway in order to devise the best approach to this problem.  
We believe that, ultimately, detonation testing, albeit on the small-scale (see project R1-B.1), will be nec-
essary to prove whether or not a formulation is detonable, but we also believe that aspects of laboratory 
characterization can suggest the inal outcome. It would be a useful contribution to the counterterrorism 
community to determine these characteristics.  

E. Future Plans

Greater understanding of HMTD formation and destruction remains the primary goal. Secondary milestones 
are to prevent its formation and to gently destroy it. Field work continues in an attempt to determine hazards 
associated with proposed methods of destruction. Work on safe, long-lived canine training aids for HMTD is 
making progress.
Thermal properties of FOX mixtures have been characterized. Yet, energy release alone does not appear to 
separate potential explosive precursors from other oxidizers; thus, the characterizations of gas release and 
rate of reaction (see project R1-B.1) are planned.  A new method of assessing oxidizing power is being ex-
plored as well as the link between behaviors that can be observed in the lab and ield performance.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Course, Seminar or Workshop Development

An explosive analysis class entitled “Advanced Studies in Explosives” was offered for the irst time in spring 
of 2015 with 15 graduate students in attendance.
In May 2015, a hands-on course entitled “Explosives Analysis” was offered for the irst time; six members of 
the HSE came to URI to attend.
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Graduate student Devon Swanson was selected to give an award talk at the Trace Explosive Detection confer-
ence for his work on AFM of explosives (April 2015, Pittsburgh).
Dr. Smith presented “An Introduction to the Properties of Explosive and Trace Detection” at the IEEE HST ‘15 
ALERT Tutorial Session: Introduction to Explosives/Threat Screening Tools and Technologies in April 2015. 
Courses were presented for the Army, Navy, Air Force, and the Transportation Security Administration (TSA-
TSIF, 10 classes and 200 people) and TSA explosive specialists (TSA-TSS-E, 5 classes and 110 people) (see 
Table 12). 

New or 

Existing

Course/Module/

Degree/Cert.
Title Description

Student 

Enrollment

New Certifi cate Explosive Analysis Lab Analysis of Explosives 6*

New Graduate credit Explosive Analysis Mass Spectroscopy; Thermal; Shock 15

Existing Certifi cate Pyrotechnics Raytheon K-Tech ABQ 12

Existing Certifi cate Fundamentals Fundamentals - Alcoa 12

Existing Certifi cate Air Blast Air Blast - Huntsville 14

Existing Certifi cate Materials Characterization Picatinny 14

Existing Certifi cate Fundamentals TSIF Fundamentals 50

Existing Certifi cate Fundamentals Fundamentals Eglin 28

Existing Certifi cate Fundamentals URI Fundamentals 32

Existing Certifi cate Air Blast Air Blast - LANL 15

Existing Certifi cate Materials Characterization Materials Characterizations - Navy 18

Existing Certifi cate Stability, Compatibility Stability, Compatibility - Navy 18

*   Included DHS personnel

A.1.  Invited lectures

• Thermal Stability and Chemistry of Dif icult Energetic Materials”, New Trends in Research Energetic Ma-
terials; Pardubice, CZ, April 11, 2015.

• JANNAF, December 10, 2014, Academic Research to Real Life Application, ABQ.
• 7th Annual CBRNe Convergence, Oct 28-30, 2014, New York, NY, tutorial to irst responders.
• Recognizing Improvised Drug vs Explosive Labs, 23rd Annual Haz-Mat Training Conf. September 18, 2014, 

Plymouth, MA, tutorial to irst responders.

B. Student Internship, Job or Research Opportunities

Each URI project supports one or more graduate students. This is their best learning experience. Under-
graduates are also supported on the projects as their class schedules permit. A newly minted PhD from our 
group, Dr. Jon Canino, accepted a position at Signature Science and is working at the Transportation Security 
Laboratory (TSL) in New Jersey.

C. Interactions and Outreach to K-12, Community College, Minority Serving Institution Students or Faculty

We have continued our K-12 outreach by hosting high school teachers in the summer and providing chemical 
magic shows at K-12 schools. High school teachers conduct research in URI labs for 8 to 10 weeks under the 
mentorship of a graduate student.  As a result, 2 teachers have gone back to seek advanced degrees. 

Table 12: Courses off ered in Year 2.
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In addition, in the summer of 2014, we hosted 2 forensic scientists from Qatar and a West Point cadet for 
several weeks. For the summer of 2014, we also hosted a professor from Tuskegee University and one of her 
students. In summer of 2015, we hosted two Navy midshipmen and a Penn State engineer. An air force em-
ployee will be placed at URI to begin work on a master’s degree, which involves conducting ALERT research, 
in fall 2015. 

D. Training to Professionals or Others

We trained 110 TSS-Es in ive classes and approximately 230 other people involved in the HSE in 12 classes, 
one of which was created to meet the needs of the U.S. Army forensic laboratory.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

• R1-A.1 addresses the characterization of HMEs. Metrics include:
o Downloads of our papers; 
o Users of the explosive database; and
o Requests to license the database.
o Requests for classes

• R1-A.1 addresses safe samples of explosives. Metrics include:
o Requests from explosive trace detection (ETD) instrument vendors for the scent product. Product is 

currently provided for free and we are under licensing negotiations; 
o Requests to license the product; and 
o A $10,000 award for this technology in student innovation contest April 2014.

• R1-A.1 addresses the safe disposal of explosives. 
• R1-A.1 addresses the sampling of explosives and a new DHS award in this area is in the process of being 

awarded.

B. Potential for Transition

• R1-A.1 addresses the characterization of HMEs. We receive requests to license the database.
• R1-A.1 addresses safe samples of explosive. We receive requests to license our safe source of explosive 

vapor.
• R1-A.1 addresses the sampling of explosives. We received a DHS BAA award with transition partners, 

FLIR and DSA.

C. Data and/or IP Acquisition Strategy 

This is ongoing and will continue. 

D. Transition Pathway 

• R1-A.1 addresses the characterization of HMEs. There are requests to license the database; however, we 
are considering whether this would remove the present control we have on who can access the database.

• R1-A.1 addresses safe samples of explosive. We have received requests to license the product and are 
working with potential vendor, although the product is presently available for free to those requesting it.
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• R1-A.1 has aligned with potential vendors, FLIR and DSA, for transitioning new sampling techniques.

E. Transition Partner Connections  

There is a substantial interest associated with the Explosives Database. U.S. subscribers to the Explosives 
Database include Coast Guard, ATF, DHS, TSA, DOT, NIST, NASA, most national labs (LANL, SNL, PNNL, BNL 
Savannah River, Oak Ridge) and various army, navy and air force laboratories in the CONUS and OCONUS.

V. PROJECT DOCUMENTATION 

A. Peer Reviewed Journal Articles 

1. Colizza, Kevin M Porter, J. Smith, J. Oxley “Gas Phase Reactions of Alcohols with Hexamethylene 
triperoxide diamine (HMTD) under Atmospheric Pressure Chemical Ionization Conditions” Rapid 
Communications in Mass Spectrometry, December 2014, 29(1), 74 10.1002/rcm.7084

2. Oxley, “Explosive Detection: How We Got Here and Where Are We Going?” International Journal of    
Energetic Materials and Chemical Propulsion; 2014, 13(4): 373-381. 10.1615/IntJEnergeticMateri-
alsChemProp.2014011493

3. Oxley, J.; Smith, J.; Donnel ly, M.; Porter, M. “Fuel-Oxidizer Mixtures: Their Stabilities and Burn Cha-
racteristics; International Journal of Energetic Materials and Chemical Propulsion 2014, 13(6): 517-
558. 10.1007/s10973-015-4589-x (J Therm Anal Calorim)

4. Oxley, J.C.; Smith, J.L.; Canino, J.N. “Insensitive TATP Training Aid by Microencapsulation” J. Energetic 
Materials; 2015, 33(3), 215-228. 10.1080/07370652.2014.985857

Pending- 
1. Oxley, J.C.; Smith, J.L.; Porter, M.; Colizza, K.; McLennan, L. ; Zeire, Y.; Kosloff, R.; Dubikova, F. “Syn-

thesis and Degradation of Hexamethylene triperoxide diamine (HMTD)” submitted to Propellants, 
Explosives, Pyrotechnics.

2. Oxley, J.C.; Smith, J.C.; Swanson, D.; Kagan, G. “Adhesion Forces of Energetic Materials on Polymer 
Surfaces, submitted to Propellants, Explosives, Pyrotechnics.

B. Other Conference Proceedings

1. Donnelly (presenter) with J Oxley; J Smith; M. Porter, Fuel-Oxidizers Mixtures: Their Stabilities and 
Burn Characteristics, North American Thermal Analysis Society; 2014.

2. Smith, J. “An Introduction to the Properties of Explosive and Trace Detection.” IEEE HST ‘15 Tutorial 
Session: Introduction to Explosives/Threat Screening Tools and Technologies, April 2015. 

C. Other Presentations 

1. Seminars 
a. Devon Swanson (presenter) with J Oxley; J. Smith; G. Kagan “Adhesion Forces of Energetic Mate-

rials on Polymer Surfaces”  Trace Explosive Detection April 2015; Pittsburgh
b. Maria Donnelly, “Fuel-Oxidizer Mixtures: Evaluating the Hazard Potential,” North American 

Thermal Analysis Society, Oct 2014. 
2. Poster Sessions—for ALERT events
3. Short Courses-listed under education
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D. Student Theses or Dissertations 

1. PhD Chemistry:  Jon Canino Dec. 2014 Polymer Systems and Explosives
2. PhD Chemistry: Maria Donnelly May 2015 Thermal Stability & Sensitivity of Energetic Formulations 

E. New and Existing Courses Developed and Student Enrollment

See table in section III.A.

F. Requests for Assistance/Advice

1. From DHS
a. On call for a variety of TSA TSS-ES personnel
b. Oxley is part of the DHS-formed Inter-Agency Explosive Terrorism Risk Assessment Working 

Group (IExTRAWG) 
2. From Federal/State/Local Government

a. Singapore, India, Turkey Defense groups ask questions, request classes; class request from India 
in review at Dept of State.

b. We have been asked to support Brookhaven National Lab is some of their international outreach.
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 R1-A.2: Characterization of Energetic Materials 

Under Extreme Conditions

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Choong-Shik Yoo PI WSU csyoo@wsu.edu

Minseob Kim Research Scientist WSU M_kim@wsu.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Mihindra Dunuwille PhD WSU 5/2015

Young Jay Ryu PhD WSU 6/2016

Junghun Nam PhD WSU 6/2019

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

Commonly available nonconventional energetic materials such as peroxides, ammonium nitrates (AN) and 
reactive materials (e.g., mixtures of metals and metal oxides), as well as conventional plastic explosives pri-
marily made of PETN, RDX, HMX and TATB, are often the materials of terrorist acts and become threats to 
homeland security. Thus, characterizing thermochemical properties of these materials at the blast-relevant 
conditions of pressure, temperature and composition is critical for developing chemical methods to mitigate 
the associated threats. Our approach is to investigate phase and chemical stabilities of selected energetic 
materials at high pressures, temperatures and chemical environments, help characterize critical aspects of 
the energetic processes such as de lagration and detonation, and develop novel chemical mitigation methods 
that make it dif icult to formulate detonable quantities of explosives. 
We have completed the investigation of chemical sensitivity of ammonium perchlorate (AP) and the main 
group I peroxides, including  Li2O2 and Na2O2 adding to our previously studied H2O2.  The experiments employ 
diamond anvil cells (DAC), confocal micro-Raman spectroscopy and third-generation synchrotron X-ray dif-
fraction. The results on both AP and peroxides are signi icant not only to understanding fundamental proper-
ties of these high-value energetic materials, but also to gaining insights into what causes chemical sensitivity 
in energetic materials and inding the conditions limiting blast or detonation of AP and peroxides.
The project has resulted in one new PhD graduate, Mihindra Dunuwille, in Chemistry, WSU (May, 2015),whose 
thesis subject was “Pressure-induced Physical and Chemical Changes of Non-conventional Energetic Materi-
als: Nitrate, Perchlorate and Peroxide Chemistries at High Pressures and High Temperatures”, as well as two 
major technical manuscripts reporting the major indings: (1) “Phase Diagram of Ammonium Perchlorate”; 
and (2) “Structural Phase Transitions in Li2O2 under High Pressures”, both are being prepared for publication 
in J. Chem. Phys. (2015).   
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B. State-of-the-Art and Technical Approach

Static high-pressure properties such as melting, phase transitions and crystal structures are important to 
gaining insights into chemical stabilities and reaction mechanisms of energetic materials in general. Melting, 
for example, most strongly affects the chemical sensitivity and decomposition kinetics of energetic materi-
als, ranging from simple burn to de lagration and detonation. Unusual melt anomalies are often observed, 
yet theoretical predictions of melt curves are dif icult even for simple inert solids. Thus, the melt curves 
of energetic materials provide the most critical constraints for developing and validating reliable thermo-
chemical models describing energetic reactions. High-pressure polymorphism and phase transitions, on the 
other hand, have wide ranging consequences on basic properties of energetic materials such as intermo-
lecular interaction, chemical bonding, crystal structure, thermoelastic properties and chemical sensitivity. 
Two different polymorphs of the same energetic material often display substantially different properties 
and energetic behaviors in shock sensitivity and detonation chemistry. Importantly, the phase transition in 
energetic materials often triggers the chemical reaction leading to de lagration and detonation and, thus, is 
related to shock (or chemical) sensitivity in very fundamental ways. The phase diagram provides the most 
concise and fundamental information to understand the static and dynamic response of energetic solids and 
to develop chemical methods to mitigate the associated threats. Hence, our approach is to investigate phase 
and chemical stabilities of selected energetic materials at high pressures, help characterize critical aspects of 
the energetic processes and develop novel chemical mitigation methods. This year, we have made signi icant 
accomplishments on two types of energetic materials: AP (described in B.1 below) and the main Group I Per-
oxides (described in B.2 on the following page).

B.1. Phase diagram of ammonium perchlorate

AP (or NH4ClO4) is the salt product of perchloric acid (HClO4) and ammonia (NH3). It is a powerful oxidizer 
and has long been of interest to the propellant community because of its wide-spread use in solid rocket 
motors [1]. Even though it is a widely used energetic material, AP is one of the least understood [2]. The pres-
ence of chlorine in AP makes it completely different from other propellant and explosive ingredients, leading 
to further complications in its decomposition. Mixing AP with a fuel generates a self-sustained combustion. 
Thus, when AP is mixed with a polymeric binder and aluminum powder, it forms a powerful propellant that is 
utilized in rocket launching [3]. Explosions involving 
AP have caused signi icant damage, demonstrating 
its disastrous effects [4].
In order to gain insight into AP’s reactivity and its 
sensitivity to external stimuli, it is imperative to de-
velop a single, concise and complete account of AP 
such as the phase diagram.  Therefore, the present 
study has focused on investigating the phase di-
agram of AP in an extended region of pressures to 
50 Gegapascal (GPa) and temperatures to 420 °C, as 
presented in Figure 1.
The present phase diagram of AP underscores the 
stability of six solid polymorphs including two pre-
viously known phases (I and V) [5, 6] and four new 
phases (II, III, IV, and VI) found in this study, and 
presents the solid-solid phase boundaries and the 
decomposition line, replacing the melting curve of 
AP. The Raman spectral evidence was used to infer 
the presence and stability region of each phase. Ex-
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cept for phase V, all the other solid phases are ordered by orientation.  With the limited data, it is interesting 
to note that the ordering transition from phase V to VI occurs in the pressure range of around 20-30 GPa 
above ~250 °C, which makes the melt/decomposition line turn over.
The pressure-dependent Raman shifts indicate that the strength of hydrogen bonding increases across the 
phase I → II, III → IV, and III → V transitions, whereas it weakens across the phase II → III transition. Even 
though the hydrogen bonding weakens with pressure within the same phase as the pressure is increased, the 
high-temperature high-pressure phase VI shows evidence of maintaining similar hydrogen bonding strength 
with increasing pressure. It is very interesting that this high-pressure high-temperature phase exhibits 
such consistent strong hydrogen bonding. In contrast, the 
high-temperature phase V shows weakening of hydrogen 
bonding with increasing temperature. The presence of 
different initial phases at increasing pressures and at low 
temperatures could also have an effect on the transition dy-
namics.
Combining the present observations together with those 
in literature at low pressures [7], we propose the reaction 
scheme for the decomposition of AP. As the intermolecular 
interactions between  and  units are signi icantly 
weaker in phase V, it is possible to have relatively mobile  

units diffusing through a matrix of slowly rotating  
ions [8]. Thus, there is a transfer of protons to the latter, 
forming NH3 and HClO4, initiating the AP decomposition [9]. 
Further oxidation of both NH3 and HClO4, similar to AN [7, 
10], leads to the decomposition products, as illustrated in 
Figure 2.

B.2. Structural phase transitions in the main group I peroxides

Like nitrates and perchlorates, peroxides are strong oxidizers also often used as improvised explosive devic-
es (IED). Their chemical sensitivities are greatly altered in various thermochemical conditions; ammonium 
nitrate (AN), for example, when mixed with a small amount of fuel oils (ANFO), becomes an explosive, arising 
from an enhanced chemical reactivity in the nitro group. The absence of such nitro or perchlorate groups in 
the main group I peroxides (X2O2 where X=H, Li, Na), on the other hand, makes them unique in understanding 
the chemistry related to explosive behaviors of energetic materials in general.  
The main group I peroxides are simple molecules, yet their properties are rather complicated arising from 
strong hydrogen bonding and high ionization potential. The latter makes hydrogen peroxide a strong oxidizer 
and dif icult to obtain at high purity. In fact, pure (or highly concentrated) hydrogen peroxide is stable but 
highly reactive with many materials it comes in contact with at the ambient condition and it will detonate 
under the right conditions (and is therefore a high explosive) [11]. The in inite-diameter detonation velocity 
of highly concentrated (>97.5wt%) H2O2 is estimated to be ~ 6.7 km/s [12] and is even higher than that of 
  neat nitromethane, 6.26 km/s [13]. H2O2 has also been shown to be detonable in mixtures with simple alco-
hols [11, 13] with detonation velocities in the range of 5.5-6 km/s.  Due to the highly reactive nature of highly 
concentration H2O2 solutions, most studies have been on diluted H2O2 water solutions [14] or at low tempera-
tures [15] – not on pure H2O2 at high pressures.  This is unfortunate considering the fact that the structure 
and stability of H2O2 are not known at high pressures, static and dynamic alike.
During the phase I of this project, we studied the pressure-induced phase transition and chemical decom-
position of hydrogen peroxide and its mixtures with water to 50 GPa, using confocal micro-Raman and syn-
chrotron X-ray diffraction [16]. We found that pure hydrogen peroxide crystallizes into a tetragonal structure 

Figure 2: Reaction Scheme: The proposed decom-
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(P41212), the same structure previously found in 82.7% H2O2 at high pressures and in pure H2O2 at low tem-
peratures. The tetragonal phase (H2O2-I) is stable to 15 GPa, above which transforms into an orthorhombic 
structure (H2O2-II) over a relatively large pressure range between 13 and 18 GPa. Inferring from the splitting 
of the s(O-O) stretching mode, the phase I-to-II transition pressure decreases in diluted H2O2 to around 7 
GPa for the 41.7% H2O2 and 3 GPa for the 9.5%. Above 18 GPa H2O2-II gradually decomposes to a mixture of 
H2O and O2, which completes at around 40 GPa for pure and 45 GPa for the 9.5% H2O2.  Upon pressure un-
loading, H2O2 also decomposes to H2O and O2 mixtures across the melts, occurring at 2.5 GPa for pure and 1.5 
GPa for the 9.5% mixture. At H2O2 concentrations below 20%, decomposed mixtures form oxygen hydrate 
catharses at around 0.8 GPa – just after H2O melts. The compression data of pure H2O2 and the stability data 
of the mixtures seem to indicate that the high-pressure decomposition is likely due to the pressure-induced 
densi ication, whereas the low-pressure decomposition is related to the heterogeneous nucleation process 
associated with H2O2 melting.
This year, we have extended our previous studies on H2O2 to two other main group IA peroxides, Na2O2 and 
Li2O2, to obtain a more systematic understanding of the pressure-induced chemical decomposition in these 
main group I peroxides and the effect of hydrogen bonding. The results show similar pressure-induced phase 
transitions and the associated chemical decom-
position to O2 and X2O (where X=H, Li, Na).  How-
ever, the transition pressures are quite different 
as summarized in Table 1, presumably resulting 
from a delicate balance between hydrogen bond-
ing and covalent bond strengths.   The absence 
of hydrogen bonding in the alkali metal peroxy 
compounds dictate higher transition pressures 
compared to H2O2.
Our synchrotron X-ray diffraction data indicates that 
the phase I → II structural transition follows the rear-
rangement of the peroxy oxygen to form a dimer, which 
is denser. This dimer formation further assists in the 
subsequent chemical decomposition to O2 and Li2O or 
Li metals, which we also attribute to being driven by 
densi ication as suggested previously for H2O2. This 
conjecture is primarily based on the fact that the mix-
ture of the decomposition products, 2Li + O2 is denser 
than the unreacted Li2O2, in a wide pressure region as 
illustrated in Figure 3. It is believed that the kinetics 
associated with the chemical decomposition of Li2O2 
→ Li2O + O2 at high pressure retards its occurrence 
to the point where phase transition occurs in Li2O2 at 
around 30 GPa. The large volume change associated 
with the phase I → II transition is likely responsible 
for providing the mechanical energy to overcome the 
kinetic barrier. Our results show that the activation 
energy barrier for decomposition reactions, inferred 
from that driven by the phase transition energy is 47 
kilo-joules (kJ)/mol for Li2O2, in comparison to 20.6 
kJ/mol for H2O2 estimated based on our previous 
work [16].

Table 1: Pressure-induced phase transition for H
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C. Major Contributions

The fundamental research outlined here will also result in scienti ic discoveries and technological innova-
tions of great value to defense research needs and, thus, enable DHS to respond to both short- and long-term 
national needs in the areas of explosive characterization and evaluation. Major contributions of this project 
to the overall ALERT research program are as follows:
Year 1:
• Completion of the investigation of chemical sensitivity of ammonium nitrate mixtures at high pressures 

and temperatures, including ANFO and Ammonal. 
• Work in progress on the systematic studies of main group I peroxides – Li2O2 and Na2O2, in comparison 

with H2O2.
Year 2:
• Completed the phase diagram of ammonium perchlorate (AP) over the extended region of pressures and 

temperatures. 
• Accomplished the systematic understanding of high pressure-temperature behaviors of the main group 

I peroxides.
One of the major research accomplishments during Year 2 was the quantitative evaluation of the activation 
barrier energy associated with chemical decomposition, based on the compression energy associated with 
the pressure-induced phase change in peroxides (see Fig. 3) which are,
• P∆V (Li2O2) = 47 kJ/mol (or 0.49 eV)
• P∆V (H2O2) = 20.6 kJ/mol (or 0.21 eV)
Note that this value of Li2O2 is in excellent agreement with the 
activation barrier energy for Li+ ion migration in Li2O2 0.4 eV [20] 
– the primary chemical process to induce the chemical decompo-
sition. 
This is a signi icant development as the activation barrier of the 
decomposition reaction in energetic materials is related to chem-
ical sensitivity at extreme conditions and, to an extended degree, 
the detonability of energetic solids, as illustrated in Figure 4. 
This is because the rate-determining step associated with the de-
composition process is independent from the state of stress. The 
rate-determining step, for example, is the step to dissociate weak 
chemical bonds and diffuse ions in a compressed state regardless 
the shock or static condition.  This is despite the fact that static 
and shock compressions lead to different end states, respective-
ly, of high-density polymeric and low-density gaseous states [2]. 
Therefore, the activational barrier of the decomposition can be 
estimated by measuring the PV in static conditions.

D. Milestones

• Continue to determine static properties of other energetic materials of high value to DHS – including re-
active metals, composites and thermite mixtures.

• Investigate dynamic properties of reactive and energetic materials that are emerging threats to home-
land security.

Figure 4: A main chemical concept devel-

oped in this study is to exploit the deton-

ability of small quantity energetic materials 

under static high pressures in DAC, through 

the determination of the activational barrier 

associated with the decomposition.  Note 

that the rate-determining step of the decom-

position (i.e., the bond scission) occurs in a 

compressed state, which can be measured 

statically by the PΔV.
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E. Future Plans

Continue to characterize the static properties of non-conventional energetic materials as we have done in 
the past two years. We plan to investigate the dynamic properties of energetic and reactive materials in the 
coming year, utilizing a dynamic-diamond anvil cell and time-resolved X-ray and spectroscopic methods.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

We are training three PhD students with hands-on experience in the state-of-the-art high-pressure and spec-
troscopic and structural diagnostics. The expertise being developed in the present project will help enhance 
the future workforce needed for fundamental defense research within DHS, DoD and DOE.
This project has also yielded a new PhD graduate this year: Dr. Mihindra Dunuwille, PhD in Chemistry, WSU, 
2015, whose thesis topic was “Pressure-induced Physical and Chemical Changes of Non-conventional Ener-
getic Materials: Nitrate, Perchlorate and Peroxide Chemistries at High Pressures and High Temperatures”. She 
is now at the University of Utah, continuing her high-pressure research on energetic and simple solids as a 
postdoctoral research fellow.

IV. RELEVANCE AND TRANSITION

The present project is signi icant in understanding the fundamental properties of energetic materials of high 
value to DHS interests: melting, phase transition, chemical stabilities, Equations of State (EOS), etc.  These 
data are critical to developments in: 
• Predictive capabilities for explosive initiation
• Improved EOS models for better assessment of blast effects
• Blast-/shock-mitigating materials and methodologies
• Related basic science needs for materials in extreme conditions

A. Relevance of Research to the DHS Enterprise

• Providing fundamental data for energetic materials libraries and thermochemical models over a wide 
range of phase space – critical to developing a predictive capability.

• Providing high-pressure data of energetic materials in relation to shock sensitivities and detonabilities 
for other efforts within ALERT and other defense programs in DoD and DOE.

• Timely and “small-scale (<1 μg)” evaluation of detonability and sensitivity of newly developed and/or 
emerging energetic materials, prior to more elaborate shock-wave experiments, without incurring safety 
concerns associated with large-scale synthesis.

B. Potential for Transition 

• Fundamental data to chemical data libraries to improve/validate thermochemical models such as 
CHEETHA and Reactive Models developed by our collaborators (Drs. Fried and Tarver) at LLNL.  These 
codes are used in integrated hydro-codes such as AL3D, SHAMRC, etc. used by DHS.

• Laser spectroscopic and X-ray diffraction methodologies to detect and characterize reactive materials in 
extreme conditions.

• Forensic (<1 μg) evaluation of energetic materials under dynamic conditions.
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C. Transition Pathway

The major transition pathway of the present research is through scienti ic publications, student training for 
future homeland security and defense workforce and the data incorporation into the energetic materials data 
library and the data base of various thermomechanical codes.

D. Customer Connections

The relevant technologies such as fast time-resolved x-ray diffraction and dynamic-DAC are of great interest 
to the scientists at DOE and DoD laboratories, including our collaborators at LANL (Dr. Dattelbaum) and 
LLNL (Drs. Evans and Zaug).

V. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

Pending-
1. Dunuwille, M. and Yoo, C. S. “Phase diagram of ammonium perchlorate.” J. Chem. Phys. to be submit-

ted (2015).
2. Dunuwille, M. and Yoo, C. S., “Structural phase transition in Li2O2 under high pressures.” J. Chem. 

Phys. to be submitted (2015).

B. Other Presentations

1. C.S. Yoo, Transformations in Dense Carbon Dioxide: Chemistry (Kinetics) vs. Physics (Thermody-
namics), a seminar at Earth and Planetary Science, UCLA, May 27th, 2015.

2. C.S. Yoo, Barochemistry, an invited talk to the user meeting at the NSLS-II, May 18-19, 2015.
3. C.S. Yoo, Superconductivity in Dense Carbon Disul ide, an invited talk to Deep Carbon Observatory, 

Extreme Physics and Chemistry, UCLA, CA, Oct. 3-5, 2014
4. C.S. Yoo, High Energy Density Solids: Novel Materials Design and Discovery at Extreme Conditions, a 

Material Research Lecture, Caltech, CA, Oct. 1st, 2014
5. C.S. Yoo, Novel Material Design and Discovery at Extreme Conditions, a Colloquium at Department of 

Chemistry, Eastern Washington University, Cheny, WA, Nov. 6th, 2014.
6. C.S. Yoo, Predictive Solid State Chemistry at Extreme Conditions, an invited talk to HPSTAR (High 

Pressure Science and Technology Advanced Research), Shanghai, China, Nov. 14th. 2014.

C. Student Theses or Dissertations

1. Dr. Mihindra Dunuwille, PhD in Chemistry, WSU, 2015, “Pressure-induced Physical and Chemical 
Changes of Non-conventional Energetic Materials: Nitrate, Perchlorate and Peroxide Chemistries at 
High Pressures and High Temperatures”.
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 R1-B.1: Metrics for Explosivity, Inerting 

& Compatibility

I. PARTICIPANTS 

Faculty/Staff  

Name Title Institution Email

Jimmie Oxley Co-PI URI joxley@uri.edu

Jim Smith Co-PI URI jsmith@chm.uri.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution  Month/Year of Graduation

Ryan Rettinger PhD URI 5/2016

Matt Porter PhD URI 5/2017

Tailor Busbee PhD URI 5/2020

Devon Swanson PhD URI 5/2017

Maria Donnelly PhD URI 5/2015

Jon Canino PhD URI 12/2014

II. PROJECT DESCRIPTION 

A. Overview and Signi icance

Determining if a material or formulation is detonable and determining if an adulterant has inerted a deton-
able material are extremely dif icult problems that cannot be properly addressed unless better metrics are 
developed. That development is the goal of this project.  Because the potential matrix of threatening com-
binations of fuels and oxidizers is large, we seek to determine the characteristics required for detonability; 
bounding the problem in terms of oxidizer and its ratio with each fuel. In the laboratory, we probe character-
istics such as heat and gas release, and a full suite of chemical, thermal and sensitivity analyses to correlate 
to larger scale detonation performance tests.  A method which can successfully determine what formulations 
are potentially detonable would also reveal if “inerting” of an explosive had successfully made it non-deton-
able or just “safer”. Either question, what is potentially detonable and if adulteration has achieved non-deton-
ability, currently requires very large-scale testing or a reliable small-scale test. The goal of the R1-B projects 
is development of the latter-a reliable small-scale test which screens large scale threat combinations quickly 
and inexpensively. We have taken here a number of approaches to this problem. They are discussed below. 
Approach 1:  How well an explosive functions is highly dependent on bulk properties, e.g. density, lattice 
structure, but whether a chemical can detonate at all, requires that the molecule have certain molecular fea-
tures. To be an explosive, the molecule must be able to react with chemistry that produces heat and gas; and 
this must happen rapidly enough that the detonation front is supported by the energy release. Examination of 
the atoms making up the molecule allows prediction of whether heat and gas can be produced.  This aspect of 
the molecule is being investigated under Approach 1 with full details as referenced in paper [1] and in R1-A.1.  
The thermal and burn behaviors of 11 solid oxidizers and combinations of 13 fuels were determined; burn 
rate was found to roughly correlate with standard reduction potentials. The thermal studies highlighted the 
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importance of a melt or phase change of one component of the formulation in triggering the reaction. These 
studies also indicated that the choice in oxidizer, outweighed the choice in fuel, in determining the total en-
ergy released. These exciting observations are the irst steps in inding behaviors observed on the milligram 
scale that may correlate with detonability measured on the kilogram scale.  Figure 1 is a plot of temperature 
of decomposition vs heat of decomposition [2, 3].  The fact that explosives clearly group in a different region 
than non-explosives suggests we can use thermal analysis of small samples as one metric to rate detonability.

The critical question of whether the reaction can happen fast enough to support detonation is usually found 
experimentally.  Other approaches in this project are examining the reaction that may or may not support 
steady detonation. 
Approach 2 is looking at one of the fundamental molecular properties--dissociation energies during gas 
phase ion impact with an inert gas.  By examining a variety of explosive and non-explosive compounds in an 
ion-trap or a triple-quadrupole mass spectrometer, a correlation may be observed between ease of fragmen-
tation from the energy input required and the rank order of detonability. 
In the past researchers developed a method for mass spectrometeric (MS) applications which was termed 
survival yield.  The basic idea behind it was to supply enough energy to the molecule to see when only 50% of 
it was left over and the rest was gone due to fragmentation [4]. Recently, with the advent of new technologies 
and the progress in MS ield resulted in reviving of this application as a proof of a concept for established 
ionization methods such as desorption electrospray ionization (DESI)[5, 6], electrospray ionization (ESI)[7, 
8], and the newly developed accessories (mainly ionization probes) such as laser electrospray MS (LEMS)
[9]. However, most of these applications are being performed on very simple molecules termed thermometer 
ions [10], which in the process produce only one or two fragments that can be easily identi ied and analyzed. 
Unfortunately, for most compounds (including virtually all energetic materials), this is not the case.  Usually 
an array of fragments is formed; some cannot even be accounted for because of the constraints of the instru-
ment, itself. Therefore, a new method must be developed which still has similar basis of the survival yield 
approach, but accounts for its limitations.
The concept is to produce and isolate ions of individual molecules within either an ion trap or a collision cell 
of a triple quadrupole mass spectrometer (MS).  Once the ion has been isolated from the matrix (liquid phase, 
impurities, fragments or other unwanted ions), the collision energy provided by the MS can be gradually 
increased to observe several unique molecular properties: 1) the minimum energy eliciting initial fragmen-
tation; 2) 50 % dissociation; 3) 100 % dissociation; 4) the window of energy associated with fragmentation; 
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and 5) a product ion spectrum.  Each analysis requires less than 500 micrograms and presently takes 5 to 40 
minutes to produce up to 6 full scans from 0 to 50 normalized collision energy units (eV). Initially, the ion 
trap MS is being used for method development and proof of principle. A quick-look experiment shows that 
innocuous compounds (see Table 1) can be differentiated from energetic ones (see Table 2), the latter being 
fragmented with much less energy. Once this method is optimized, we will attempt to establish consistent 
parameter sets across all compounds, e.g., solvent selection, tune conditions, percent of ion trap ill, etc.  At 
what concentration a compound ills the ion trap may provide additional information about the ionization 
ef iciencies.  Because the ion-trap is attached to an exact mass detector (Orbitrap), molecular fragments can 
be assigned molecular formulas within 10 ppm accuracy.

Stable compounds Mode Ion m/z Time (sec) E(eV) onset
2,4-Dichlorophenoxyacetic acid ESI- [M-H]- 218.9618 89.8 9.2

Hexamine ESI+ [M+H]+ 141.1128 118.8 11.0
DiNBenzA ESI- [M-H]- 210.9983 102.7 11

Sucrose ESI+ [M+Na]+ 365.1050 43.4 11.2
Dimedone ESI+ [M+H]+ 141.0904 104.2 14.8
Caffeine APCI- [M-H]- 195.0874 91.2 15.4

Gallic Acid ESI- [M-H]- 169.0132 58.5 15.8
Chrysiodine ESI+ [M+H]+ 213.1135 49.6 17.8

Aleuritic acid ESI- [M-H]- 303.2181 76.3 18.8
Tolidine ESI+ [M+H]+ 213.137 53.5 22

AVERAGE 78.80 14.70

Energetic compounds Mode Ion m/z Time (sec) E(eV) onset
PETN ESI- [M+formate]- 361.0097 29.5 2.6
Tetryl ESI- [M-H]- 286.0055 25.5 6.4
HMX ESI- [M+formate]- 341.0430 71.4 7.0
RDX ESI- [M+formate]- 267.0310 25.5 7.0

R-salt ESI- [M+formate]- 219.0491 59.8 7.4
TNT APPI/APCI- [M-H]- 226.0097 44.5 14.0

TATB ESI- [M-H]- 257.0260 49.6 15.6
DNAN ESI- [M-CH3]- 183.0042 50.9 17.8

AVERAGE 44.59 9.73

Approach 3:  Materials characterized as “explosives” release suf icient energy to “support” or “propagate” a 
detonation. Military explosives have been classi ied as such using detonation tests of prescribed size and ini-
tiating charge [11]. Homemade explosives (HMEs) often fail these tests because they release too little energy 
to support detonation in the prescribed tests; therefore, they are not recognized as real explosive threats.  
However, these HMEs will perform as explosive materials if the charge size is increased beyond a materi-
al-speci ic size, the critical diameter (Dcr). At sizes less than Dcr, an explosive will not propagate detonation; 
any conventional explosivity or detonability test performed under the critical diameter of the material will 
indicate that the material is not an explosive. The critical charge size of many potential threat materials is so 

Table 1:  Ionization energies required for non-explosive compounds.

Table 2:  Ionization energies required for explosive compounds.
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large that they are frequently not perceived as threats, when in reality they were simply tested below Dcr. For 
example, as dictated by shipping regulations, ammonium nitrate (AN) is not classed as an explosive, rather 
as DOT 5.1, because it does not propagate detonation at a diameter of 3.65 cm [11]. However, with suf icient 
AN (e.g. when the diameter exceeds 100 cm) it becomes detonable [12], as was accidentally demonstrated by 
the explosion in West Texas in April, 2013 [13]. Field testing at large scales is hazardous, expensive and slow.  
Thus, the goal of the R1-B projects is to determine whether a material is detonable at any scale by performing 
experiments with less than a few pounds of the material in question. A further complication exists in screen-
ing a material for explosivity. To con irm that a material is an explosive, traditional testing must be done well 
above critical diameter and with a suf icient initiating charge [14]. Thus, detonation failure can occur for 
several reasons including: (1) The material is too small in size; (2) It is insuf iciently initiated; or (3) It is not 
an explosive. Traditional detonability tests do not differentiate. 
For non-ideal explosives, a term which describes most HMEs, small-scale testing necessarily means studying 
these materials well below their critical diameters (Dcr). When steady detonation is not possible, conven-
tional metrics, such as detonation velocity, yield little information. New diagnostics must be devised. Several 
approaches to this problem have been considered. Our initial approach was over-compensating for edge 
losses [15]. 
Approach 4 was actively soliciting other groups to join us in this effort. As a result, a group at Los Alamos 
National Lab (LANL) successfully probed evidence of detonable characteristics using 25 mL samples of hy-
drogen peroxide aqueous solutions of varying concentrations.  While they were successful at that scale, they 
used instrumentation unique to that lab [16]. It has also been demonstrated by LANL researchers that the 
reaction zone of detonating nitromethane (NM) can be observed using photon Doppler velocimetry (PDV) 
[17]. We believe that a similar approach used to characterize a failing detonation can yield useful information 
about the material’s capacity to detonate, i.e. con irming or denying the existence of a critical diameter [18].

B. State-of-the-Art and Technical Approach

Non-ideal detonation is dif icult to study because, to date, no elegant, inexpensive approach exists. To deter-
mine if the rate at which a material releases energy is suf icient to support detonation, detonation testing is 
required at the sub-microsecond temporal- and millimeter spacial-scales.  At this scale, resolved temporal 
resolution of run-up to detonation and failure can be observed. At present, state-of-the-art velocity measure-
ments include microwave interferometry (MI) [19], Velocity Interferometer System for Any Re lector (VISAR) 
[20-22], Fabery-Perot interferometry (FPV) [23, 24] and PDV [25-28]. Microwave interferometry follows the 
re lection of a moving impedance discontinuity as a shock (or detonation) wave sweeps through an energetic 
material. However, the spatial resolution is poor (~cm) and the technique relies on the ability of the explo-
sive to act as a waveguide (i.e. the explosive must be transparent to microwaves); likewise, the microwaves 
themselves require a large diameter waveguide (~1/4”) which is invasive to small shots and will only average 
radial instabilities. Some explosives (e.g. H2O2 mixtures or aluminized mixtures) absorb or re lect microwave 
radiation and, therefore, cannot be examined by MI. VISAR uses a Michelson interferometer to measure the 
phase-interfered Doppler shift in the light frequency of a laser beam as it is re lected from a moving re lector. 
Unfortunately, amplitudes of returned light can vary greatly during a single experiment, and this technique 
has been largely replaced by PDV. FPV can be considered as a modi ied version of VISAR that requires the use 
of a streak camera to record fringe patterns; however, these are subject to various distortions caused by the 
camera, itself. PDV is a relatively new technological breakthrough that directly measures the beat frequency 
between the incident laser and the re lected light. The beat frequency is linearly proportional to the velocity 
of a moving re lector, which in our experiments, is either the shock or detonation front or a re lective inter-
face between the explosive charge and a polymer window. PDV is useful for measuring velocities ranging 
from a few meters per second to roughly 50 km/s, with high accuracy and nanosecond resolution, and will 
work well for any index of refraction discontinuity in free space or within the iber itself.  
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Characterizing detonation behavior for sub-critical quantities of non-ideal explosives is extremely challeng-
ing. Unless supported by special device design, detonation fronts fail for lack of suf icient and timely energy 
release from the reaction, which prevents traditional metrics from predicting the potential of a threat which 
failed at a small diameter to detonate above the tested con iguration size. Steady detonations are achieved 
with very small diameters using military explosives, but many HMEs, especially fuel/oxidizer explosives 
(FOX) mixtures, may only perform as explosives on very large scales. If the material fails to support a steady 
detonation, meaning a ‘no-go’ result, the only meaningful conclusion is that the material is not explosive at 
that scale. Using conventional metrics, a failure to detonate may only mean that the size of the test was insuf-
icient. 

Detonation velocity is used as a measure of explosive performance; high detonation velocities re lect the high 
rate of energy release of conventional explosives. However, if the energy release lags in time (i.e., the reaction 
cannot keep up with the shock), the shock wave will decouple from the chemical conversion process, and 
the detonation will “fail”. Thus, an accurate detonation velocity pro ile gives critical insight into the chemical 
reaction zone structure of high explosives. A versatile array of techniques will enable in-situ monitoring of 
both ignition and this delicate failure transition both temporally and spatially, beginning with a sample’s 
overdriven detonation through failure and decoupling of the shock wave from chemistry. Using high speed 
photography and PDV, we may also be able to visually discern the decoupling frame-by-frame. We intend to 
use a collection of traditional, readily-accessible technologies with modi ied techniques and strategies to 
examine detonation structure and probe explosive behavior far below the critical diameter of the potential 
threat materials. 
Since hydrogen peroxide was our chosen characterization challenge, PDV was the metric of choice. The irst 
hurdle was that a data acquisition system that could sample at a rate of 18 GHz was required.  Outside funding 
eventually supplied that requirement, but in the meantime, we investigated a novel approach to using PDV 
with a lower bandwidth acquisition system and modern telecommunications components. These successful 
investigations are making this technique available to a wide number of users; they are described in detail in 
reference [15]. Figure 2 on the next page and the discussion of the content below gives further details of the 
concept.  
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Typical detonation velocities are between 5-9 km/s for most military high explosives and typical particle 
velocities at the detonation condition range from 1-5km/s.  Con iguring an interferometric experiment to 
measure these relatively high speeds requires the capacity to measure the beat frequency of the incident 
light (usually vis-NIR: 200-600THz) with the Doppler-shifted re lected signal governed by:

where fdoppler beat is the Doppler-shifted beat frequency, f0 is the incident laser frequency, c is the speed of light, 
and vre lector is the speed of the re lecting surface.  This sets the native Doppler beat frequency at 10s of giga-
hertz for visible-NIR wavelengths at typical explosive velocities. The limitation of PDV is mostly determined 
by the bandwidth of instruments, e.g. the high speed oscilloscope and photo receiver, which implies high in-
strument costs.  However, by introducing a modulation frequency carried by the input laser beam, the beat 
frequency generated by the original PDV mixes with the modulation frequency, which allows a second beat 
to bring down the measurement frequency. This modi ied PDV extends the current system capability with 
little change, and far less expensive digitizers and receivers can be used. Short-time fast Fourier transform 
is performed to map the velocity change among the times.

The second hurdle was created by our desire to use embedded PVD probes, a technique which has only been 
attempted occasionally and with little success. [29, 30]  As PVD is normally used, it observes the optical 
response at the surface of the charge.  For this, the optical iber used is normally glass (for expense) and 
single-mode iber (SMF) for distance. However, because glass is not a good acoustic impedance match with 
explosives, pressure luctuations can propagate ahead of the shock front (see Fig. 3 on the next page).  A 
better match would be plastic ibers, but these are generally only manufactured as multi-mode. We would 
like to run glass iber to the explosive test article and then change to plastic iber for the embedded section. 
Unfortunately, there is not a good way to connect the glass iber (9 micron diameter) to the plastic iber (62.5 
micron).  This is a diameter as well as optical impedance mismatch.  Our approach to this (in collaborating 
with the T. Wei in electrical engineering at URI) is lensing to handle the diameter problem and a refractive 
index luid to ameliorate the optical impedance problem (see Fig. 4 on the next page).  
The third hurdle is interpretation of shock velocity data below actual detonation.  Our approach is to begin 
testing with a well-characterized material, such as nitromethane (NM), and to use an end-on interfacial sur-
face velocity PDV probe with the amount of NM large enough to achieve detonation. This test will then be 
repeated with the embedded PDV probe.  Further tests in that con iguration will be performed with smaller 
diameters or concentrations of NM.  Streak photography will be used to record detonation curvature and 
assess the structure of the failed detonation.  In addition, ultra-high speed photography (>300 million frames 
per second or <3ns interframe time) will allow observation of the reaction wave directly as it forms (run-up) 

Figure 2:  The concept of microwave-modulated Photon Doppler Velocimetry.
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and dies (failure).  This total characterization will provide a failure ingerprint which will characterize exactly 
how non-ideal materials perform at known fractions of critical diameter. At this point, this technique will be 
used to examine hydrogen peroxide. 

Visualizing the reaction wave should be straightforward with clear liquid explosives, such as NM or hydro-
gen peroxide because they should be radiating brilliantly but that has yet to be proved with ultra-high speed 
photography. The premise is that the initial shock wave will be unreactive for some time, and the superdet-
onation wave will be visible as it runs through the shocked nitromethane or hydrogen peroxide and catches 
the shock front.  It is unclear whether the PDV probe will survive (and be optically functional) after the initial 
shock-up, but if it does, the superdetonation velocity may also be visible.

C. Major Contributions

Laboratory studies have shown the importance of low-melting fuels, such as sugars or sulfur, in creating re-
active FOX mixtures.  Field tests have yet to correlate these results with detonability. 
Important differences in results arising from instrumental methodology, i.e. differential scanning calorime-
try (DSC) vs. simultaneous differential thermolysis (SDT), have been revealed. Results point out the value of 
sealed DSC runs for evaluating heat release and open SDT runs for evaluating heat absorbed.
Determining the appropriate approach to detonability and equipping and familiarizing ourselves with the 
tools for the necessary metrics has been a signi icant part of this effort.
Work to date has resulted in one student obtaining staff status at LANL (Los Alamos National Lab), a poster 
at JANNAF, an award from the National Science Foundation (NSF, Low-cost velocimetry for ultra-fast shock 
wave measurements) and a Center report and a paper in review.

D. Milestones

We intend to use a compilation of previous ideas to approach a small scale test suite that can qualify the 
failure of explosives below their critical diameter. The irst technique is similar to LANL’s use of end-on inter-
facial surface velocity to measure reaction zone structure. Our preliminary surface velocity tests have proven 
successful. Because of the acoustic impedance challenge, few experimenters have successfully implemented 
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embedded PDV silica ibers. We are experimenting with ways to optically couple polymer iber embedded 
probes (impedance more closing matching the explosive and its detonation products) with single-mode silica 
ibers that compose the rest of the optical system. 

Recording detonation curvature with streak photography is well established. Visualizing the reaction wave 
with ultra-high speed photography should be straightforward with clear liquid explosives but that has yet to 
be proved. As mentioned above, the premise is that the initial shock wave will be unreactive for some time 
and the superdetonation wave will be visible as it runs through the shocked NM and catches the shock front. 
It is unclear whether the PDV probe will survive (and be optically functional) after the initial shock-up but, if 
it does, the superdetonation reaction wave may also be visible.
Theoretically, PDV can be adapted as an embedded probe inside the explosive material; thus, it would act as a 
time-resolved velocimeter similar to MI but without the size constraints of microwave waveguides and with 
very high spacial and temporal resolution. Fiber optic probes are non-intrusive and, potentially, they can be 
assembled using commercially available telecom components, making them extremely inexpensive. In con-
trast to VISAR/FPV, the derived velocity measurement is directly related to the observed beat frequency, re-
ducing the need for extra components and complex data analysis. The main disadvantage of the PDV system 
is its critical demand on the sampling speed of the digitizer. Most PDV experiments are currently conducted 
with a sampling rate above 80 GSa/s. The cost for such large bandwidth has limited the wide adoption of PDV. 
Some approaches to making PDV more affordable are being investigated in collaboration with URI electrical 
engineering Professor Tao Wei under a program funded by NSF.    

E. Future Work

NM will be used for the proof-of-concept of the PDV experiment. Once the literature values for NM have been 
successfully replicated, NM will be successively diluted with chemicals known to increase the sensitivity of 
NM without providing more energy to the detonation front. The adulterated samples are expected to exhibit 
shorter reaction zones due to their increased sensitivity. As the adulterant concentration is increased, the 
reaction zone will eventually begin to spread apart because the active explosive ingredient is diminishing.  
At some critical amount, detonation will fail to propagate. The study will examine the failure point as well as 
points of dilution beyond detonation failure in conjunction with larger scale tests, at our outdoor test facility, 
to measure the actual Dcr for the samples below their critical diameter in the small-scale tests.
Once proof-of-concept tests are successfully completed, tests are planned with both hydrogen peroxide-fuel 
mixtures and solid oxidizer-fuel mixtures. Project R1-A.1 has already begun performing the laboratory char-
acterization of FOX combinations. Characterizing the detonability of these mixtures will then be combined 
in correlation with other small-scale tests and may allow certain materials to be deleted from the threat list.  
This test will also allow us to assess the effectiveness of a given diluent or adulterant in an explosive mixture. 
True safe limits for materials can be established.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Course, Seminar or Workshop Development

“Advanced Studied in Explosives” course was offered for the irst time in spring of 2015 with 15 graduate 
students in attendance.
In May 2015, a hands-on course entitled “Explosives Analysis” was offered for the irst time; six members of 
the HSE came to URI to attend.
Graduate student Devon Swanson was selected to give an award talk at the Trace Explosive Detection confer-
ence for his work on AFM of explosives (April 2015, Pittsburgh).
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Dr. Smith presented “An Introduction to the Properties of Explosive and Trace Detection” at the IEEE HST ‘15 
ALERT Tutorial Session: Introduction to Explosives/Threat Screening Tools and Technologies in April 2015. 
Courses were presented for the Army, Navy, Air Force, and the Transportation Security Administration (TSA-
TSIF, 10 classes and 200 people) and TSA explosive specialists (TSA-TSS-E, 5 classes and 110 people). 

A.1.  Invited lectures

• Thermal Stability and Chemistry of Dif icult Energetic Materials” New Trends in Research Energetic Ma-
terials; Pardubice, CZ, April 11, 2015.

• JANNAF, December 10, 2014, Academic Research to Real Life Application, ABQ.
• 7th Annual CBRNe Convergence, October 28-30 2014, New York, NY, tutorial to irst responders
• Recognizing Improvise Drug vs Explosive Labs, 23rd Annual Haz-Mat Training Conf. September 18, 2014, 

Plymouth, MA, tutorial to irst responders

B. Student Internship, Job or Research Opportunities

Each URI project supports one or more graduate students. This is their best learning experience. Undergrad-
uates are also supported on the projects as their class schedules permit. A newly minted PhD from our group, 
Jon Canino, accepted a position at Signature Science and is working at the Transportation Security Laborato-
ry in New Jersey.

C. Interactions and Outreach to K-12, Community College, Minority Serving Institution Students or Faculty

We have continued our K-12 outreach by hosting high school teachers in the summer and providing chemical 
magic shows at schools K-12. High school teachers conduct research in URI labs for 8 to 10 weeks under the 
mentorship of a graduate student. As a result, two have gone back to seek advanced degrees.  
In addition, in the summer of 2014, we hosted 2 forensic scientists from Qatar and a West Point cadet for 
several weeks. For the summer of 2014, we hosted a professor from Tuskegee University and one of her 
students. In summer of 2015, we will host two Navy midshipmen and a Penn State engineer, and air force 
employee will be placed at URI to begin work on a master’s degree.

D. Training to Professionals or Others

We trained 110 TSS-E (TSA explosive specialists) in ive classes and approximately 230 other people involved 
in the HSE in twelve classes, one of which was created to meet the needs of the U.S. Army forensic laboratory. 

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS enterprise

There are, potentially, hundreds of explosive threat materials. Distinguishing between actual threats and be-
nign chemicals is of high interest.  This effort also extends to the question of concentration, e.g. absolute safe 
concentrations of hydrogen peroxide- the type of questions incoming from TSA and explosive trace detection 
(ETD) vendors. When the proposed tests are developed and executed, they will be available as screening 
tools to forge the answers to these problems.
This understanding of non-ideal detonation is an ongoing security research effort; URI’s Energetics Labo-
ratory was the only academic institution invited to the DHS Chemical Security Analysis Center & Explosives 
Division 1st inter-agency Explosives Terrorism Risk Assessment working group meetings established in May 
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2015. The characterization of non-ideal detonation is also of valuable interest to insensitive munitions (IM) 
research efforts, which also require better metrics and diagnostics to track detonation kinetics.

B. Potential for Transition

• R1-B.1 addresses the characterization of HMEs. We have received requests to license the database.
• R1-B.1 addresses safe samples of explosive. We have received requests to license our safe source of ex-

plosive vapor.
• Traditional transition methods such as publication and presentation will also be used to transmit our 

new methodologies. 

C. Data and/or IP Acquisition Strategy 

As the data from the program becomes available it will be provided to the community through DHS, publica-
tions, and presentations. 

D. Transition Pathway 

R1-B will primarily be transferred to the user community by publications and presentations.

V. PROJECT DOCUMENTATION 

A. Peer Reviewed Journal Articles 

1. Colizza, Kevin M Porter, J. Smith, J. Oxley “Gas Phase Reactions of Alcohols with Hexamethylene 
triperoxide diamine (HMTD) under Atmospheric Pressure Chemical Ionization Conditions” Rapid 
Communications in Mass Spectrometry 2014, 29(1), 74, 10.1002/rcm.7084

2. Oxley, “Explosive Detection: How We Got Here and Where Are We Going?” International Journal of 
Energetic Materials and Chemical Propulsion; 2014, 13(4): 373-381. 10.1615/IntJEnergeticMateri-
alsChemProp.2014011493

3. Oxley, J.; Smith, J.; Donnelly, M.; Porter, M. “Fuel-Oxidizer Mixtures: Their Stabilities and Burn Cha-
racteristics; International Journal of Energetic Materials and Chemical Propulsion 2014, 13(6): 517-
558. 10.1007/s10973-015-4589-x (J Therm Anal Calorim)

4. Oxley, J.C.; Smith, J.L.; Canino, J.N. “Insensitive TATP Training Aid by Microencapsulation” J. Energetic 
Materials; 2015, 33(3), 215-228. 10.1080/07370652.2014.985857

Pending –

1.  Oxley, J.C.; Smith, J.L.; Porter, M.; Colizza, K.; McLennan, L. “Mechanisms of Synthesis and Degradation 
of Hexamethylene triperoxide diamine (HMTD)” submitted to Propellants, Explosives, Pyrotechnics.

2. Oxley, J.; Smith, J.; Donnelly, M.; Rayome, S. “Thermal Stability Studies on IMX-101 (Dinitroanisole/ 
Nitroguanidine/NTO)” accepted to Propellants, Explosives, Pyrotechnics.

B. Other Conference Proceedings

1. Donnelly (presenter) with J Oxley; J Smith; M. Porter Fuel-Oxidizers Mixtures: Their Stabilities and 
Burn Characteristics  North American Thermal Analysis Society (see paper), 2014

2. Smith, J. “An Introduction to the Properties of Explosive and Trace Detection.” IEEE HST ‘15 Tutorial 
Session: Introduction to Explosives/Threat Screening Tools and Technologies, April 2015.
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3. Phase 2, Year 2, DHS Annual Program Review, Northeastern University, March 2015. 

C. Other Presentations 

1. Seminars 
a. Devon Swanson (presenter) with J Oxley; J. Smith; G. Kagan “Adhesion Forces of Energetic Mate-

rials on Polymer Surfaces”  Trace Explosive Detection April 2015; Pittsburgh
b. Maria Donnelly, “Fuel-Oxidizer Mixtures: Evaluating the Hazard Potential,” North American 

Thermal Analysis Society, Oct 2014. 
2. Poster Sessions

a. Bowden, P., Rettinger, R., Oxley, J., Smith, J., Stewart, S., Kennedy, J., “Attempts at Overdriven Det-
onations in no-ideal Explosives” JANNAF poster with LANL Dec 2014

3. Short Courses - listed under education

D. Student Theses or Dissertations 

1. PhD Chemistry:   Jon Canino Dec. 2014 Polymer Systems and Explosives
2. PhD Chemistry:  Maria Donnelly May 2015 Thermal Stability & Sensitivity of Energetic Formulations. 

E. New and Existing Courses Developed and Student Enrollment

New or 

Existing

Course/Module/

Degree/Cert.
Title Description

Student 

Enrollment

New Certifi cate Explosive Analysis Lab Analysis of Explosives 6*

New Graduate credit Explosive Analysis Mass Spectroscopy; Thermal; Shock 15

Existing Certifi cate Pyrotechnics Raytheon K-Tech ABQ 12

Existing Certifi cate Fundamentals Fundamentals - Alcoa 12

Existing Certifi cate Air Blast Air Blast - Huntsville 14

Existing Certifi cate Materials Characterization Picatinny 14

Existing Certifi cate Fundamentals TSIF Fundamentals 50

Existing Certifi cate Fundamentals Fundamentals Eglin 28

Existing Certifi cate Fundamentals URI Fundamentals 32

Existing Certifi cate Air Blast Air Blast - LANL 15

Existing Certifi cate Materials Characterization Materials Characterizations - Navy 18

Existing Certifi cate Stability, Compatibility Stability, Compatibility - Navy 18

*   Included DHS personnel

F. Requests for Assistance/Advice

1. From DHS
a. On call for a variety of TSA TSS-ES personnel
b. Oxley is part of the DHS-formed Inter-Agency Explosive Terrorism Risk Assessment Working 

Group (IExTRAWG) 
2. From Federal/State/Local Government

a. Singapore, India, Turkey Defense groups ask questions, request classes; class request from India 
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in review at Dept of State.
b. We have been asked to support Brookhaven National Lab in some of their international outreach.
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R1-B.2: Small-scale Characterization of 

Homemade Explosives (HMEs)

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Steven F. Son PI Purdue University sson@purdue.edu

Lori J. Groven Assitant Professor South Dakota School of Mines Lori.Groven@sdsmt.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

David Kittell PhD Purdue University 12/2015

Peter Renslow MS Purdue University 8/2014

Nick Cummock MS Purdue University 8/2016

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

Terrorists increasingly use homemade explosives (HMEs) because of low-costs and availability.  The speci ic 
compositions of HMEs are nearly limitless, so making accurate assessments of the threat from these mate-
rials is challenging. Consequently, there is signi icant interest in quickly characterizing HMEs so that these 
threats can be more accurately modeled. A signi icant challenge is the time and cost associated with tradi-
tional large-scale tests required to sustain a steady detonation in non-ideal explosives. In this work, we are 
developing experiments that require only a few grams of material involving transient detonation failure. One 
approach, employed by us and others, uses microwave interferometry (MI) to continuously track the position 
of shock and detonation waves inside the test sample; other approaches use the detonation wave to close and 
continually change the resistance of a simple circuit, and this will be explored for use in this work. Overall, a 
highly time-resolved pro ile of the location of the detonation front can be measured. These measured failure 
dynamics allow for the characterization of non-ideal explosives over a wide parameter space (from overdriv-
en to failure). These small-scale experiments provide detailed data relatively quickly and at a lower cost than 
alternatives.

B. State-of-the-Art and Technical Approach

Microwave interferometry (MI) is a technique to measure shock and detonation velocities in explosives.  
However, it has not been applied to homemade explosives in this con iguration (failing detonation). This MI 
technique is used to measure the phase and amplitude of microwave signals that are transmitted through 
an unreacted explosive and re lected back at locations of interest. These re lection points are located at di-
electric discontinuities such as a shock wave or a reaction front [12, 13], which occur in the media during a 
detonation event. The phase measurements can then be used to infer the relative position and velocity of the 
phenomena. MI is a unique nonintrusive diagnostic for explosives research with high temporal resolution; 
however, challenges exist due to transmission losses and partial re lection of the signal. Achievable MI signals 
in explosives are often of a low quality and velocity measurements in non-ideal systems remain challenging. 
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Total re lection of the MI signal is never realized due to partial transmission through the wave front of inter-
est [13], as well as attenuation of the signal due to absorption and dispersion effects in the explosive media 
[14]. Furthermore, the shock or detonation wave may be a nonplanar re lector due to sample diameter effects 
as well as material heterogeneities resulting in poor signal quality. Other factors which may affect the signal 
quality include the possibility of a decoupled shock-reaction zone (e.g., shock initiation and detonation fail-
ure) giving rise to multiple harmonic frequencies, as well as the con inement of the test explosive acting as a 
waveguide for the MI signal [14]. When several of these non-idealities are present simultaneously, it may still 
be possible to extract useful velocity information with an advanced time-frequency analysis.

B.1. Objectives

The goal of the work for the current period is to study various compositions of ammonium nitrate (AN) and 
fuel (e.g. diesel or aluminum) and show how the explosive performance is in luenced by physical material 
characteristics (e.g. porosity, density, particle size and shape). Similar tests using AN and fuel oil (ANFO) 
or AN and aluminum (ammonal) have been performed by Rocky Mountain Scienti ic Laboratory (RMSL) 
and Los Alamos National Laboratory (LANL); however, these tests are performed at a large-scale. We are 
collaborating with both facilities to compare the results of large- and small-scale tests and, overall, provide 
a greater wealth of experimental data to calibrate models for these non-ideal explosives. MI is used to ob-
tain highly time-resolved detonation velocity data for the small-scale experiments; however, development is 
ongoing to augment or replace the MI system for explosive compositions which are not compatible with MI 
due to the absorption of the microwave signals. The primary objective of the work is to determine whether 
or not different trends in material characteristics can be compared between the large-scale (steady detona-
tion) and small-scale (transient failure) results. Another objective for the work is to simulate the small-scale 
experiments using the shock physics hydrocode CTH. To capture all relevant physics, the simulation will be 
fully 3D, and should provide a roadmap for how the small-scale data might possibly be used to calibrate or 
validate different reactive burn models (RBMs) for ANFO or ammonal. With the increasingly complex models 
for ANFO, sensitivity studies and multi-variable optimization algorithms will be used to determine which 
parameters are most in luential in matching the observed transient detonation response.

B.2. Experimental

B.2.a. Material characterization

B.2.a.i. Ammonium nitrate (AN)

Different forms of AN were studied while preparing compositions of ANFO and ammonal. The four different 
AN products obtained were Kinepak, Cold-Pack, Tripwire and Brenntag. These materials are used for a wide 
range of applications, including rock blasting, mining, fertilizer and irst-aid cooling packets (refer to Table 
1 on the next page). Microscopic images were obtained in order to identify the particle morphology; corre-
sponding images for each of the different AN products are shown in Figure 1 on the next page. To match the 
sample preparation performed by RMSL, the Brenntag prills were further ground by hand using a standard 
food processor and are considered as a different material altogether from the original Brenntag prills. The 
number of ways that a terrorist could prepare these different types of AN blends is nearly limitless.
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Product Name Particle Morphology Mean Particle Size

Kinepak ground fi nes and small prills 51 μm

Cold-Pack ground / crystalline

Tripwire prills (explosive grade) 2.02 mm

Brenntag prills (fertilizer grade) 2.06 mm

Brenntag (blend) ground /crystalline

B.2.a.ii. Aluminum powders

Compositions of AN and aluminum powders (ammonal explosives) may have increased explosive perfor-
mance due to the afterburning of the aluminum. Different powders were selected to match those recent-
ly evaluated by RMSL. These tests were conducted to quantify the effects of particle size and morphology 

Table 1: Diff erent types of AN obtained for study.

Figure 1: Microscope images for diff erent types of AN: (a) Kinepak, (b) Cold-Pack, (c) Tripwire prills, (d) single Tripwire 

prill, (e) Brenntag prills, (f) single Brenntag prill, (g) and (h) are diff erent Brenntag hand blends.
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(spherical or lake) on ammonal performance. Aluminum powders were received directly from RMSL in or-
der for direct small- vs. large-scale comparisons to be made. The aluminum used at RMSL was character-
ized using a laser diffraction technique, and further microscope images were taken at Purdue University to 
qualitatively describe the morphology and verify the aluminum size distributions. Further details, including 
material ID and median diameter, are given in Table 2 as well as Figures 2 and 3 on the next page. Of note, the 
lake aluminum powder F2 appeared to be mistakenly classi ied as lake, as it consisted of an assortment of 

different shapes (mostly needle-like).

ID Particle Morphology Product Name Median Dia. (μm) Microscopy Notes

S1 sphere H-30 37

S2 sphere H-95 128

S3 sphere RSA-600 733 teardrop-like

S4 sphere RSA-900 1030 teardrop-like

F1 fl ake Chromal 40 amorphous appearance

F2 fl ake K-105 140 assorted shapes (not fl akes)

F3 fl ake K-109 701

F4 fl ake K-102 1250

Table 2: Diff erent types of aluminum powders obtained for study.

Figure 2: Microscope images for diff erent types of spherical aluminum powders: in order (a) S1, (b) S2, (c) S3 and (d) S4 

(refer to Table 2 for details).
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B.2.b. Transmission signal veri ication

For application of the MI technique, it is important to have the ability to quickly determine if the dielectric 
properties of an explosive will result in the MI signal being transmitted, absorbed and/or attenuated. For ex-
ample, the inclusion of aluminum in ammonal samples can result in signal loss or attenuation. Not only is the 
relative weight percent of aluminum important in the overall composition, but also the size and morphology 
of the particles. In addition to aluminum, the particle morphology of AN (prills vs. ground) was also investi-
gated with respect to MI signal transmission. Without resorting to explosive testing, a simple piston-cavity 
re lector was used to determine the amplitude of the MI re lection through the material of interest, and com-
pared against a transmission standard (air). Transmission results are reported in Table 3 on the next page, 
and shown graphically in Figures 4 and 5 on the next page.
In summary of the transmission veri ication tests, a lexible polytetra luoroethylene (PTFE) waveguide was 
attached to a 1/4-inch dia. piston-cylinder assembly having a thin aluminum foil on the piston face. The 
piston is actuated by hand and the MI signal is recorded. When air ills the cavity, a high-amplitude interfer-
ence pattern is obtained. If the cylinder is partially illed with a mixture other than air, the microwave signal 
must irst travel through the mixture before re lecting off of the moving piston face. Loose Kinepak, prills 
and ANFO were tested in this manner, with the corresponding signals shown in Figure 4 on the next page. 
Samples of ammonal with 20 wt.% aluminum are shown in Figure 5 on the next page. In particular, larger 
aluminum particle sizes and lake shapes will inhibit the transmission of the MI signal. All types of dry AN al-
low transmission of the MI signal, but small amounts of moisture will almost completely absorb the full signal 
also.  These results also motivate future work to develop an alternative intrusive probe technique.

Figure 3: Microscope images for diff erent types of fl ake aluminum powders: in order (a) F1, (b) F2, (c) and (d) F3, (e) and 

(f) S4 (refer to Table 2 for details).
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AN Type* MI AI (spherical) MI AI (fl ake) MI

Kinepak Yes S1 Yes F1 No

Cold-Pack Yes S2 Yes F2 Yes

Tripwire Yes S3 No F3 No

Brenntag Yes S4 No F4 No

Brenntag (blend) Yes

*Note: for dry AN and planar re lectors only. Real shocks in samples with prills are non-planar and MI signal quality is 
lower during explosive testing.

Table 3: MI signal verifi cation results showing material compatibility for signal transmission.

Figure 4: MI transmission verifi cation study for loose Kinepak AN, Tripwire prills and stoichiometric Kinepak ANFO; all 

materials pass the transmission test.

Figure 5: MI transmission verifi cation study for loose ammonal samples with 20 wt.% Al. Spherical powder S3 and 

larger sizes as well as fl ake powders F1, F3 and larger size fail the MI transmission test. Note that F2 is not truly a fl ake 

geometry and would likely diminish the signal if a fl ake geometry were present at that size.
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B.2.b.i. MI signal quality for explosive testing

The transmission veri ication study is used as a material screening tool before explosive testing. However, 
non-ideal MI signals may still be obtained due to signal scattering and attenuation. For prilled AN, the trans-
mission properties are favorable, yet the actual shock waves in these materials are non-planar and scatter 
the MI signal. Examples of the MI signal obtained from dynamic testing are shown in Figure 6 and compare a 
typical result for Kinepak AN vs. Tripwire AN prills. Advanced analysis techniques based on wavelet analysis 
[1] could possibly analyze segments of the Tripwire prill MI signal; the shock front could also be made to ap-
pear more planar by testing at larger diameters, or by grinding the prills into a iner powder.

B.2.c. Experimental results

B.2.c.i. Effects of packing density on ANFO failure behavior

Stoichiometric ANFO using Kinepak AN was tested at a wide range of initial densities to determine the effect 
of initial density on failure behavior. Initial density is reported as the percent of theoretical maximum density 
(%TMD) in order to emphasize correlations in performance with the amount of void space in the sample; MI 
position and velocity data is shown in Figure 7 on the next page. ANFO is unique in that it can become insensi-
tive at higher packing densities (less void space). This physical phenomenon is known as the “dead-pressing” 
effect [2], and actual densities of ANFO used for rock blasting can be as low as ~50% TMD. What is unique 
with this study is that the lowest density tested at 38% TMD (hand poured) results in completely reacted 
samples and appears to be the most sensitive density tested for ignition. This result is likely dependent on 
the type of con inement used for testing – weaker con inement than 304 stainless steel would likely result in 
non-ignition for the same low-density samples.
For most of the small diameter (6.52 mm) tests with Kinepak and Cold-Pack ANFO, the failing detonation 
wave did not consume the entire sample, leaving a dense compact in the remainder of the con iner tube. The 
remaining con iner length was measured and the unreacted ANFO weighed to determine the inal density and 
%TMD; these results are shown in Figures 8 and 9 on the next page. A clear trend is observed for this type 
of small-scale test: that increased reaction is achieved by decreasing %TMD and increasing void space in the 
sample. This is somewhat counterintuitive when considering conventional explosives, where performance is 
increased by increasing the initial density. However, explosive yield and sensitivity are different characteris-
tics and the lower densities increase the ignition sensitivity as described by an energy localization hot-spot 
theory [3].  RMSL has reported qualitative observations of the sensitivity of density in their experiments also.

Figure 6: Typical MI signal for the transient detonation failure of ANFO samples using Kinepak AN (left) and Tripwire 

AN prills (right).
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Figure 8: Remaining confi ner length and change in %TMD (due to passing shock/compression wave) of the unreacted 

ANFO as a function of the initial sample %TMD.

Figure 9: Remaining explosive confi ners after dynamic testing. No confi ner remains were recovered for compositions 

initially below 66% TMD pressed density.

Figure 7: Position and velocity data for variable initial density of Kinepak ANFO.
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B.2.c.ii.  Effects of AN type on ANFO performance

The effect of different AN types on ANFO performance was investigated with larger diameter (11.3 mm ID) 
steel con iners. The larger diameters allowed the shock wave in prilled ANFO to appear more planar (evi-
denced by less erratic signal), and be compared with the Kinepak and Cold-Pack ANFO with less dif iculty 
analyzing the MI signals. Velocity pro iles are shown in Figure 10 and images of the con iner remains are 
shown in Figure 11. One major conclusion of this study is that the Kinepak and Cold-Pack ANFO behave near-
ly identically; this implies that the AN readily available in Cold-Pack sold at many retail stores may exhibit the 
same performance as explosive grade Kinepak used for rock blasting. Compared to ANFO samples prepared 
with Tripwire prills, the velocities are slightly lower; in addition, the prilled samples do not leave any con in-
er remains. It is unclear whether or not the prilled velocity is slightly higher due to the lower initial %TMD or 
particle morphology. Future tests with the prilled material could be conducted at larger diameters to improve 
the MI signal re lection.

B.2.c.iii.  Effects of aluminum particle size and morphology on ammonal explosives

Different aluminum particle sizes having spherical or lake morphology were mixed with the ground Bren-
ntag blend AN to make samples of ammonal similar to those prepared by RMSL. Velocity and position data, 

Figure 10: Velocity profi les for stoichiometric Kinepak, Cold-Pack and Tripwire prill ANFO using 11.3 mm dia. steel thin-

walled confi ners.

Figure 11: Typical confi ner remains for stoichiometric Kinepak and Cold-Pack ANFO tests using 11.3 mm dia. confi ners. 

No remains are recovered for the prilled ANFO.
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recovered con iner images and the measured remaining con iner length for the samples are shown in Figures 
12-14 and Table 4 on the next page. The most distinguishable trend in the analyzed MI data is that lake pow-
der F2 exhibits a slightly increased detonation velocity than the other powders tested. There is also a possible 
correlation between the con iner length remaining and particle size; this trend is observed primarily with 
the spherical particles (refer to Fig. 14 and Table 4). Future work is needed to test more samples and gain a 
greater con idence in the statistical signi icance of results.  Collaboration with LANL and RMSL will pursue 
this further.

Figure 12: Position and velocity profi les for ammonal detonation tests having diff erent aluminum particle size and 

morphology.

Figure 13: Recovered confi ners from ammonal tests. From left to right: Brenntag blend AN with F2, S1, S2 and F1 

respectively.

Figure 14: Remaining confi ner length from ammonal detonation tests according to aluminum particle size categories 

(refer to Table 4).
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Particle Size Catagory Aluminum Types Median Diameter

1 S1, F1 <  50 μm

2 S2, F2 < 150 μm

3 S3 < 1 μm

B.3. Modeling

B.3.a. Overview

An accurate simulation of the small-scale MI characterization experiment depends on several model and 
geometry considerations. Some of these include explosive parameters for ANFO, as well as strength and me-
chanical failure models for the 304 stainless steel con iner. A 2D or 3D simulation is necessary to capture the 
effects of radial losses on detonation wave propagation. However, only a fully 3D simulation will reproduce 
the intricate “petals” or “strips” formed out of the con iner wall by abrupt detonation failure, which controls 
how the pressure in the test article is released. Signi icant progress was made in two areas: (1) a compu-
tationally feasible and relevant 3D simulation; and (2) the development of optimization algorithms which 
might be used to calibrate the unknown material parameters for ANFO. The immediate objective of this work 
seeks to calibrate a tabular variable-density model for ANFO, which may then be used to simulate larger-scale 
experiments. This type of model development is unprecedented within the explosives community and has 
the potential to launch a paradigm shift in explosive model calibration. The largest technical challenge is con-
straining the model so that convergence is possible over several (~10-20) unknown parameters. This chal-
lenge could be readily met with additional measurements in addition to the highly time-resolved detonation 
wave velocity pro iles. Work is ongoing to design additional novel diagnostics to supplement the MI system 
and will be incorporated into the associated parameter optimization routines.

B.3.b. Model parameters

B.3.b.i. Mie-Grüneisen EOS for polycrystalline ammonium nitrate

The unreacted equation-of-state (EOS) for ANFO is approximated using a full density shock-particle relation-
ship for polycrystalline AN. It is assumed that the contribution of fuel oil is negligible in the overall shock 
loading of this material. Parameter values were obtained from M. Baer [4] and correspond to the linear 
shock-particle relationship (see Table 5),
         (1)

Parameter Value

ρ
0
 (g/cc) 1.725

c
0
 (cm/s) 2.2e5

s
1

1.96

Γ
0

1.0

ρ
0
 (g/cc) 1.725

Table 4: Particle size categories for diff erent Al powders.

Table 5: Mie-Grüneisen EOS parameters for polycrystalline AN.
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Using a constant Grüneisen parameter value of 1.0, the complete EOS was evaluated for stability with respect 
to the slope of the Hugoniot and isentrope [5], as well as the sign of the fundamental derivative [6]; no insta-
bilities were found. Variable initial density is treated as an extrapolation of the fully dense Hugoniot via the 
P-α porosity model discussed next. 

B.3.b.ii. P-α porosity model

The initial density of ANFO is critical in determining performance, including explosive yield and ignition sen-
sitivity. For initial densities less than 100% TMD, the passage of a shock wave through the non-reacting ma-
terial will collapse void space resulting in a modi ied Hugoniot relationship and possibly a compaction wave 
(instead of a shock). The P-α porosity model is used to modify the non-reacted material behavior, whereas 
the effects of initial density on chemical reaction are taken into consideration via the calibrated burn model. 
The P-α porosity model contains three unknown parameters, which must be itted using the experimental 
data and are described in Table 6.

Parameter Physical Interpretation

P
S

Pressure where all voids are crushed out

P
E

Upper pressure limit for elastic crushing behavior

C
E

Material sound speed within the elastic region

B.3.b.iii. Jones-Wilkins-Lee EOS for detonation products

The detonation product EOS is estimated through thermochemical equilibrium calculations of the Chap-
man-Jouguet (CJ) detonation state. These calculations were performed with the thermochemical equilibrium 
code CHEETAH (LANL), where a Jones-Wilkins-Lee (JWL) EOS was itted using the equation for a pressure 
adiabat given by,
          (2)
passing through the CJ state [7]. These calculations were performed for multiple initial densities so that a 
look-up routine was implemented to determine the EOS for each initial density under investigation. The vari-
ation of these parameters with initial density is shown graphically in Figure 15 on the next page.

B.3.b.iv.  Ignition and growth reactive burn model

Similar to the P-α porosity model, the ignition and growth reactive burn model (IGRB) [8] contains parame-
ters which must be calibrated using experimental data. The IGRB model has been used to capture the initia-
tion and failure behavior of high explosives (HEs), and is typically calibrated with larger-scale tests using ei-
ther Pop-plot, in-material particle gauge and/or corner turning data. The IGRB model expresses the reaction 
rate as the sum of three terms,
         (3)

where these terms stand for the ignition of the reaction ( ), growth of the reaction ( ) and reaction com-
pletion ( ). Model parameters and the equations associated with each term are shown in Table 7 on the next 
page. Overall, the reaction rate is a function of the reaction progress variable, density and pressure.

Table 6: Experimentally determined parameters for the P-α porosity model.
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Term Equation Parameters

Ignition               =

Off  when λ > 

G
0
, S

0
, A

0
, Y

0
, W

0

Growth               =

Off  when λ > 

G
1
, S

1
, Q

1
, Y

1
, W

1

Completion        =

On when λ > 

G
2
, S

2
, Q

2
, Y

2
, W

2

B.3.b.v. Mixture EOS

For an incomplete reaction, the reaction progress variable, λ is used to average the unreacted and detonation 
product EOS. For non-ideal explosives such as ANFO, the mixture model is an active area of research within 
the ield. For this work, a simple mixture model is used which assumes both mechanical and thermal equi-
librium [9]. Other mixture models relax the condition of thermal equilibrium [10], however these models 
are not readily available in hydrocode CTH used for analysis; and moreover, none of the IGRB equations have 
thermally based terms.

Figure 15: Variation of JWL EOS parameters and the CJ state for variable initial density ANFO.

Table 7: IGRB equations and parameters by term.
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B.3.c. 3D simulation results

The 3D ixed mesh rectangular geometry (3DR) used for the MI experiment is shown in Figure 16. This geom-
etry includes the MI waveguide, 304 stainless steel con iner, booster explosive, ANFO and ambient surround-
ing air. The simulation is a 1/4-model of the experiment; having 160 x 160 x 640 zones for a resolution of 6.4 
zones/mm. (Similar work by the U. S. Army Engineer Research and Development Center (ERDC) simulating 
close-in air blasts of ANFO has a comparable resolution of 4 zones/mm [11].) Symmetry boundary conditions 
are enforced on the bottom of the x, y and z-axes, whereas material is allowed to freely leave the mesh at the 
top of the x, y and z-axes. The symmetry condition on the bottom z-axis acts so that the explosive charge is 
set against an in initely thick wall. Finally, four thin slits (x=y mirrored in each quadrant) were cut into the 
bottom of the con iner to pre-crack the wall and encourage the formation of four petals (refer to Table 8 for 
a petal count observed from con iners recovered in the MI experiments). The ideal petal count of four was 
determined after inspection of several of the recovered con iners.

No. of Petals 2 3 4 5 6

6.52 mm dia. 2 7 17 5 3

11.28 mm dia. 0 0 4 2 2

B.3.c.i.  Performance of baseline model parameters

An initial 3DR simulation was stabilized using baseline model parameters for ANFO; simulation output is 
shown in Figure 17 on the next page. The original simulation was sensitive to material fragmentation and 
could crash due to the time step being ratcheted down to an in initesimal size. 

Table 8: Number of petals observed in MI experiments.

Figure 16: 3DR geometry of the 1/4-model for small diameter ANFO experiments, showing the confi ner material only 

(left) and a cut of the materials on the xy-plane (right).
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This problem has been mostly solved using the SMYRA interface option in CTH; one additional source for 
time step crashes is the algorithm used to advance the distension parameter of the P-α porosity model and 
work is ongoing to address the issue. Baseline 3DR simulation results were post-processed and, compared to 
a clean MI signal, corresponding to detonation failure in stoichiometric Kinepak ANFO having initial density 
1.02 g/cc. Overall, the it is decent but not optimal (refer to Fig. 18). New methodologies were considered to 
match the experimental MI data including genetic optimization algorithms.

B.3.d. Optimization

B.3.d.i. Genetic Algorithms (GA)

A genetic algorithm (GA) attempts to ind the global optimum of an engineering problem using discretized 
variables. These variables could originally be continuous but discretized into different bin sizes or discrete 
settings such as the choice of a certain material or different treatment options. The collection of all parame-
ter values expressed in binary is combined into a single binary string called the chromosome, which is then 
evaluated for overall itness. The steps of the algorithm evaluate, pair, crossover and mutate the chromo-
somes comprising a single generation. As the algorithm continues, each successive generation approaches a 
relatively uniform population near the (hopefully) global optimum. For the current work, the combination 
of IGRB and P-α introduces a total of 18 unknown model parameters. To improve the speed and feasibility of 
the algorithm, it was hypothesized that the “completion” term of IGRB is unnecessary, as the detonation wave 
fails in ANFO and never reaches complete reaction. By disabling this term, 5 parameters were removed from 
the study; details of the 56-bit chromosome and parameter discretization used for the genetic algorithm are 
shown in Table 9 on the next page.

Figure 18: Comparison of baseline 3DR position and velocity with MI data for Kinepak ANFO.
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Param. Bits Min Max Bin Size Convert to 4-bit or 5-bit integer 2DC Opt. Val.

Ignition

G
0

5 100 1031

/31 109

S
0

4 0 1.5 0.1 (2/3) . S
0

0.3

A
0

4 0 0.3 0.02 (10/3) . A
0

0.26

Y
0

5 0 31 1 (1/31) . Y
0

18

W
0

4 0 0.75 0.05 (4/3) . W
0

0.1

Growth

G
1

5 10-31 100

/31 10-26

S
1

4 0 1.5 0.1 (2/3) . S
1

0.9

Q
1

4 0 1.5 0.1 (2/3) . Q
1

0.6

Y
1

4 0 7.5 0.5 (2/15) . Y
1

0

W
1

4 0.25 1.0 0.05 (4/3) . [W
1
 -1] 0.25

Porosity

P
s

4 100 1015

/15 1014

P
E
/P

s
4 0 0.75 0.05 (4/3) . (P

E
/P

s)
0.25

C
E

5 3.0e4 9.2e4 0.2e4 (50/31) . [C
E
/1e5 - 0.3] 3.2e4

B.3.d.ii. 2DC simulations

Overall, the CPU cost was too expensive to perform the GA on a fully 3DR simulation. It is estimated that 3,000 
to 6,000 simulation runs are required for the GA to converge for the 56-bit chromosome. A compromise is a 
2D cylindrical geometry (2DC) which approximates the effect of the con iner but does not petal in the same 
way (refer to Fig. 19). It is hoped that the 2DC simulations may be used to optimize the parameters before 
detailed simulations are run in the fully 3DR geometry.

Table 9: Discretization of IGRB and P-α parameters used for the genetic algorithm optimization study. Optimum values 

determined by the algorithm for a 2DC simulation are shown as well.

Figure 19: Comparison of 3DR and 2DC simulation geometries for the baseline ANFO parameters. Qualitatively, the 

shape of the confi ner during failure is similar.
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B.3.d.iii. Convergence and results

Over 3,000 simulations with 2DC geometry were run for the irst test of the GA implementation. Fitness was 
measured with a correlation coef icient (calculated from the sum-of-squared errors, SSE, to the MI data, and 
the sum of total squares, SST). Of these runs, 253 of the cases had R2 values greater than 0.95. The best case 
parameters are shown in Table 9 on the previous page, and the resulting curve it to the MI data is shown in 
Figure 20.

Statistical analysis of the top 253 cases (see Figs. 22 and 23 on the following pages for example output cases) 
was performed in order to assess the most in luential model parameters. A good metric for sensitivity was 
determined to be the parameter bin size divided by the standard deviation of the top cases (refer to Fig. 21 
on the next page). Parameters with the most in luence are similar or identical among the top cases so the 
standard deviation is low (much less than the discretized bin size). From Figure 21, it is clear that the pres-
sure exponent, , of the reaction growth term has the most in luence; however, the optimum value is zero. 
This means that the reaction rate model for detonation failure should be pressure independent and only a 
function of the initial density of ANFO. These results are invaluable and will be used to eliminate non-relevant 
model parameters from the optimization study of the small-scale characterization experiments.

Figure 20: Comparison of GA optimized 2DC simulation with MI data for Kinepak ANFO.

Figure 21: Infl uence of model parameters determined by statistical analysis of the best cases with R2 values greater 

than 0.95.
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Figure 22: Image sequence of pressure for select cases of the GA optimization study.

Figure 23: Image sequence of reaction progress for select cases of the GA optimization study.
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C. Major Contributions

The major contributions of this work this past year, the second year of the project, are:
• Graduated a student (Peter Renslow) who will contribute to security research.
• Ammonium nitrate + aluminum (AMMONAL) tested at small diameter, and comparisons being made to 

large scale experiments.
• ANFO: Kinepak, cold pack, and prilled AN characterized.
• TATB/Te lon mixtures with tailorable detonation failure characteristics demonstrated and initial model-

ing compared to these results (results published).
• Wavelet analysis developed and paper accepted to Review of Scienti ic Instruments.
• Initial development and calibration of ignition and growth modeling to ANFO results.
• Sample density shown to have large effects on detonation dynamics.
The major contributions of this work from the previous year, the irst year of the project, are:
• Microwave interferometry developed as a non-intrusive diagnostic.
• Analysis techniques developed Fourier transform, quadrature and peak-to-peak calculations of MI data.
• Varied mixture ratio, sample geometry and con inement (results published).
• Initial modeling of TATB results (results published).

D. Future Milestones

Major future milestones of this work include:
• Obtain data on the effect of diameter on ANFO and AMMONAL materials with MI technique.  Much of this 

work will be done in collaboration with LANL this summer.
• Develop alternative continuous diagnostic (see Section E below).
• Fully develop calibrated ignition and growth model and apply it to large-scale experiments to show ca-

pability.
• Characterize more HME materials, including materials that cannot be characterized with MI system.
• Graduate two more students that will contribute to security research.

E. Future Plans

The need for an additional diagnostic has been discussed in the previous sections. Figure 24 on the next page 
shows a schematic of a new technique to be implemented along with the microwave interferometer system. 
This diagnostic may allow the decoupling of the shock wave (tracked by the microwave interferometer) from 
the ionization front (tracked by a closed circuit, the resistance of which continuously changes as the ioniza-
tion front travels through the con iner) to be observed. This diagnostic may also be used to measure detona-
tion failure of energetic materials that are not compatible with the microwave technique due to microwave 
absorption or attenuation, such as nitromethane.
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Collaboration with facilities outside Purdue University will continue, particularly with RMSL and LANL, in or-
der to further relate small-scale experimental data with that of large-scale detonation experiments.  We will 
determine the effect of diameter on ANFO and AMMONAL materials with MI technique.  Much of this work 
will be done in collaboration with LANL this summer.
We will fully develop a calibrated ignition and growth model and apply it to large-scale experiments to show 
capability.  This is proceeding well and the genetic algorithm applied appears to be robust and useful.  We 
also want to demonstrate the capability of this model to predict results.
As noted, there is an almost limitless range of HMEs that can be formulated.  We plan to continue to charac-
terize more HME materials, including materials that cannot be characterized with MI system.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

We are involved in workforce development and education in many ways, including:

A. Course, Seminar or Workshop Development

Teaching a course on the combustion of energetic materials every other year (fall 2014 was the latest offer-
ing).  The course number is ME 697C and there are typically 10-15 students that take the class.  A section of 
the course covers detonation processes, including diagnostics and non-ideal (homemade) explosives.  About 
one week includes content/relevance to this project.

B. Student Internships, Jobs or Research Opportunities

• David Kittell is interning at Sandia National Laboratories (SNL).  He is doing modeling related to this 
project.

• Nick Cummock is interning at LANL. He is using our MI methods on HME materials of interest to both 
DHS and DOE.

• Graduated M.S. student, Peter Renslow is working at SNL.

C. Interactions and Outreach to K-12, Community College, Minority Serving Instituion Students or Faculty

• Mentoring a local Chemistry high school teacher with a CSS/CI outreach program titled, “Rocket Design, 
Construction and Engine Synthesis”.

Figure 24: New diagnostic to be implemented in order to track the ionization front in a detonation test.
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IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

If we can characterize homemade explosives quickly using small samples, we can provide the relative deton-
ability of different compositions, as well as provide data for modeling efforts so that threats can be more ac-
curately predicted. Transferring detonation and composition information and modeling data to users, small 
companies such as “Rock Mountain Scienti ic Laboratory (RMSL), and National Laboratories (SNL, LLNL) 
will be signi icant to the DHS enterprise and educating highly trained personnel for those labs will also be 
signi icant to the DHS enterprise.

B. Potential for Transition 

We are transitioning our testing approach and test data to both companies (e.g., RMSL) and national labs 
(SNL and LANL) to assist them in their research and technology development.

C. Data and/or IP Acquisition Strategy

Our technical approach is described above.

D. Transition Pathway

The data collected and models developed will help end-users assess threats of various HMEs.  We are engag-
ing with small businesses and national labs directly.  Students are doing internships now at the labs and will 
likely take permanent positions when they graduate.

E. Customer Connections

• Cole Yarrington (SNL), mentoring David Kittell
• Scott Jackson (LANL), mentoring Nick Cummock
• Brian Bockmon (RMSL), founder of RMSL

V. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

1. Kittell, D. E., Mares, J. O., and Son, S. F. “Using time-frequency analysis to determine time-resolved 
detonation velocity with microwave interferometry.” Rev. Sci. Instrum. 86(4), 2015: 044705.

2. R. S. Janesheski, L. J. Groven and S. F. Son, “Detonation Failure Characterization of Homemade Explo-
sives,” Propellants, Explosives, and Pyrotechnics, 39 (4), pp. 609-616 (2014).

B. Peer Reviewed Conference Proceedings

1. E. Kittell, P. J. Renslow, L. J. Groven, and S. F. Son, “Modeling Small Scale Detonation Experiments with 
Pressed TATB,” 15th International Detonation Symposium, July 13-18, 2014.

2. E. Kittell, J. O. Mares, and S. F. Son, “A Comparison of Wavelet, Quadrature, and Peak-to-Peak Methods 
for Determining Shock Velocity from Microwave Interferometer Data,” 15th International Detona-
tion Symposium, July 13-18, 2014.
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C. New and Existing Courses Developed and Student Enrollment

1. Prof. Son teaches a course on the combustion of energetic materials every other year (fall 2014 was 
the latest offering).

D. Software Developed

1. Models
a. We are developing a model for ANFO that is built on ignition and growth.  This is discussed above 

in detail.  Once developed, others can implement it in CTH or similar codes using our calibrated 
model.
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R1-C.1: Understanding Heterogeneity of 

Energetic Materials

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Louisa Hope-Weeks Co-PI Texas Tech U. louisa.hope-weeks@ttu.edu

Brandon Weeks Co-PI Texas Tech U. brandon.weeks@ttu.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Xin Zhang PhD Texas Tech U. 12/2014

Donald Ramirez PhD Texas Tech U. 5/2016

Roya Baghi PhD Texas Tech U. 5/2015

Zixu Zhang PhD Texas Tech U. 2019

Zac Fondren PhD Texas Tech U. 2016

Vanessa Charles PhD Texas Tech U. 2018

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

The project at Texas Tech is centered on the heterogeneity of energetic materials.  We seek to understand the 
structure of energetic materials and how that structure in luences kinetic and thermodynamic properties.  In 
addition, we have developed novel tools to determine thermodynamic parameters of high explosives.  These 
two projects are discussed separately: (1) Heterogeneous and mock energetic materials, and (2) Determina-
tion of thermodynamic parameters of explosives based on optical methods.
An important aspect of funding on this project, with so many participants, is that in 2014 and 2015 three 
graduate students were awarded internal fellowships covering 100% of their expenses (Zhang, Baghi and 
Ramirez).  We were able to leverage this unexpected funding to place additional students on the project (Fon-
dren and Charles).

A.1.  Heterogeneous and mock energetic materials

The scope of this work has investigated methods to produce a diverse range of materials which exhibit pre-
dictable properties with respect to morphology and structure. To this end, we have explored a synthetic 
methodology which can be used to control the texture, composition and z-number of inorganic materials. 
Last year, we explored how the texture and structure of cobalt oxide-based materials can be simply modi ied 
by varying simple synthetic parameters such as concentration and solvent system. These structures are pro-
posed to allow for texture determination in X-ray screening due to the diverse heterogeneity observed in the 
same chemical structure (see Phase 2, Year 1 ALERT Annual Report for more details).
During this year of the project, other structural properties of these mock materials were also investigated.  
Figure 1 on the next page shows representative images of iron/zinc/aluminum aerogels.  The purpose of this 
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work is to elucidate how mixtures of materials affect the inal composition of a composite explosive. By un-
derstanding the chemistry and physics controlling the heterogeneity of a mock compound, the work’s results 
can be expanded to explosives which are often mixtures/composites.

These materials can be used for X-ray screening for texture where we can control the overall density (0.01 to 
3g/cc) and atomic z-number (range 6-39) to provide ‘phantom’ mock explosives.
We have spent a considerable amount of effort understanding how energetic materials interact with var-
ious surfaces.  In previous years, we exploited surface interactions to perform nanolithography with high 
explosives, which led to Tip Induced Crystalization Lithography (TICL).  TICL has now been used by various 
researchers around the world with a strong focus on proteins and pharmaceuticals. 
This past year, we have quanti ied the amount of explosives collected from the vapor phase on various sub-
strates.  The research used various 1 cm2 coupons exposed to a constant lux of TNT.  Figure 2 on the next 
page shows initial results from that work for TNT on various substrates relevant to the DHS mission.  Samples 
were held at 40 oC for 24 hours.  Each coupon was washed and diluted with a ixed amount of acetone.  The 
data suggests that paper and plastics are more effective at collection of explosives in the vapor phase.  This 
information can yield better training protocols for Transportation Security Administration screeners, specif-
ically what surfaces to swipe for Ion Mobility Spectrometers (IMS).

  (A)                 (B)             (C)

Figure 1: SEM inverse opal structures for A) spinel FeAl2O4, B) crystalline ZnAl
2
O

4
 and C) magnetic ZnFe

2
O

4
.

Figure 2: Absorbance spectra of TNT for various surfaces that can reasonably be encountered.  All are fi xed surface area 

(apart from the cotton and foam).  The data can be used to provide training on which surfaces will most likely yield 

explosive compounds during screening.
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One exciting aspect of the heterogeneity studies was discovered during the rate of combustion analysis.  To 
modify the heterogeneity of explosives, we have found in past years that doping with small amounts of im-
purities can drastically modify the structure. For solid carbon-based fuel sources, we have used a variety 
of materials including carbon black, carbon nanotubes and reduced graphene oxide.  In most cases, during 
combustion, the carbon sources are consumed as long as the stoichiometry is balanced.  However, in the case 
of reduced graphene oxide, we discovered that during combustion the graphene oxide is reduced to graphene 
during combustion and it makes a simple, cost effective method of generating graphene; details are given in 
the Project Documentation section.
The most exciting aspect of this work is that arbitrary patterns of graphene can be generated quickly and at 
low cost. Figure 3 shows a series of images starting with a lexible nitrocellulose graphene oxide composite, 
where the combustion of the composite leaves behind graphene that maintains the initial shape.  This work 
will be transitioned to an NSF proposal and will not be continued under ALERT; however, the groundwork 
has shown that the graphene has an extremely high surface area and can be used for supercapacitors.

A.2.  Determination of thermodynamic parameters of explosives based on optical methods

This aspect of the project was to develop new methods for determining the vapor pressure and activation 
energy for sublimation using optical spectroscopy.   In the past year, we have further developed the spectros-
copy to determine the vapor pressures of binary mixtures of explosives and diffusivity of explosives.
For a composite mixture of two or more different chemicals with signi icantly different vaporization points/
rates, the Thermogravimetric Analysis (TGA) curve displays two apparent mass losses at two different times/
temperatures.  For example, a 50/50 mixture by mass may, for example, show 50% mass loss at a particular 
temperature then remain constant until it reaches the next temperature to suf iciently vaporize the second 

Figure 3: Optical images of graphene oxide/nitrocellulose composites. (a) ,(b), (c) and (e) Original GO-NC fi lms, (d) and 

(f) graphene after combustion, (g) , (h) and (k) original GO-NC fi lms before, during and after combustion, respectively.
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component. However, the aforementioned trend will only be observed for two chemicals with signi icantly 
different vaporization points.  If two chemicals with similar vapor points are used, then it becomes impossi-
ble to distinguish two different vaporization events because both compounds will appear to vaporize at the 
same time (i.e. only one smooth curve).
The purpose of our investigation is to overcome the limitations of TGA for compounds of similar vaporization 
points by using Ultraviolet/Visible (UV-VIS) optical spectroscopy.  A major advantage of using UV-VIS is that 
the mass of the sample used does not need to be known as long as there is enough of the sample to ensure 
saturation of the vapor pressure relative to the atmosphere.  By monitoring a maxima in the absorbance of 
a particular wavelength with increasing temperatures, it can be shown that the absorbance at a particular 
temperature can be plotted in a linear fashion to obtain the enthalpy of sublimation via the equation:

where A(λ) is the absorbance as a function of wavelength, T is the temperature in Kelvin, k is a constant (relat-
ed to frequency of occurrence), kb is Boltzmann’s constant, ΔH is the sublimation enthalpy, l is the path length 
inside the cuvette and σ(λ) is the attenuation coef icient relating the strength of absorbance per individual 
atom (depends on species of chemical and wavelength).
Our previous work focused on assessing the validity of simultaneously determining the enthalpy of sublima-
tion of both benzoic acid and ferrocene.  In addition, it was of interest to decrease the amount of one relative 
to the other in order to identify how small of an amount of either could be used while still observing reliable 
results.   This method requires saturation of the vapor pressure of each chemical such that, below a certain 
mass, there are simply too few particles where in all molecules are in the vapor phase. While assessing the 
validity of these compounds, it was observed that ferrocene absorbs (to a smaller extent) in the same region 
of benzoic acid.  Initial data (see Fig. 4 on the next page) was analyzed where there was minimal overlap 
for the ferrocene (195 and 232 nm) and benzoic acid (210 and 215 nm) spectra.  The activation energy for 
sublimation was calculated to be ~75.3 KJ/mol and 84.2 KJ/mol for ferrocene and benzoic acid respectively.
One disadvantage of our initial analysis is that compounds with overlapping absorbances cannot be analyzed.  
This year, we have focused on improving the analysis of the data. According to Beer’s-Law, the total observed 
absorption at a speci ic wavelength can be taken as a superpositional sum of the absorbance of the individual 
molecular species at that wavelength.  For example, if species 1 has an absorbance of 1 absorbance unit (A.U.) 
at 215 nm, and species 2 has an absorbance of 0.5 A.U. at 215 nm, a composite mixture should yield an absor-
bance of 1.5 A.U. if both are analyzed (assuming saturation conditions).  Mathematically, this is represented 
as:

Therefore, it was concluded that in order to accurately distinguish between the absorbances at particular 
wavelength for different chemical species, the attenuation coef icient for at least one compound must be 
known.  In order to accomplish this, one must know precisely how many molecular absorbers are present.  
Recent work has focused on allocating an increasing mass of each sample, and analyzing the absorbance 
response at high temperatures.  After reaching a maximum absorbance, the temperature of the system was 
decreased slightly to ensure there was not a decrease in the absorbance indicating all molecules were in the 
vapor phase.  If suf icient mass is present, the chemicals will remain in equilibrium between the solid and 
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vapor phases.  If a small enough mass is added, all molecules will tend to the gas phase at suf iciently high 
enough temperatures, and a calibration curve can be made to relate a known mass (and, hence, number of 
absorbers) to the observed absorbance.  By obtaining the attenuation coef icient, the total absorbance can be 
pieced together to indicate how much absorption is at a given wavelength due to one species or the other.  For 
two chemicals, only one value would be needed.  In general, for N compounds, at least N-1 of the absorption 
coef icients must be known.

The diffusion coef icient is an important factor required when modeling and detecting explosives. The mass 
transfer rate-limiting step is most often controlled by diffusion. Therefore, to determine the rate of diffusion, 
it is necessary to measure the diffusion coef icient. In addition, the sublimation rates of explosives in air are 
limited by the diffusion process. Experimental values of diffusion coef icients of TNT, PETN and RDX have 
not been reported to date. An attempt to predict the values of the diffusion coef icients of these three ma-
terials using the sublimation rates was determined by a quartz crystal microbalance (QCM) [1, 2]. However, 
according to the authors, the prediction made lacks accuracy due to the limited data on vapor-in-air diffusion 
coef icients, the discrepancy in vapor pressure data available in literature and the deviation of the samples 
morphology from the shapes used in the diffusion model.
In this work, a combination of TGA to measure the activation energy and vapor pressure and optical spectros-
copy to measure the time dependent concentration was used to obtain a diffusivity. The diffusion coef icients 
of TNT, PETN, and RDX at 273K were determined to be 5.76×10-6 m2/sec, 4.94×10-6 m2/sec, and 5.89×10-6 m2/
sec, respectively. Values are in excellent agreement with the theoretical values in literature.

Figure 4: Top: raw absorbance spectra for a 50:50 mixture of benzoic acid/ferrocene mixture at various temperatures. 

Bottom: Fit of the data at selected wavelengths.
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B. State-of-the-Art and Technical Approach

B.1.  Heterogeneous and mock energetic materials

The observation that heterogeneity in both mock and real energetic materials is affected by impurities and 
reaction conditions was not unexpected [3-6]; however, the fact that other physical properties can also be 
modi ied was a new discovery.  For example, the structures shown in Figure 1 have very different magnetic, 
conductive and piezoelectric properties.  Details are not included in this report as a provisional patent has 
been submitted. We also demonstrated, for the irst time that we can obtain diffusion coef icients for explo-
sives through a combination of thermogravimetry and optical spectroscopy.  Previous work relied on model-
ling the diffusion coef icients where TGA was used to validate these models [7, 8] or complex apparatus using 
a combination of TGA and IMS where the energetic materials often decomposed limiting the usefulness of the 
data [9].  The approach presented in this project is a much easier and has shown to provide robust data on 
diffusivity of explosives in air without complex modeling or instrumentation and provides information which 
will improve detection schemes.
We have demonstrated that various materials have an af inity to explosives and we developed a simple way to 
interrogate concentrations without the use of IMS.  This work is not intended to replace IMS but to improve 
training to obtain better results with IMS.  While work by others has been conducted to determine materials 
which aid in the collection of explosive vapors, there has not been a signi icant effort to quantitatively deter-
mine the amount of explosives collected on materials that can be reasonably be expected to be exposed to 
explosives by a terrorist [10]. This work will also yield sticking coef icients for explosives in the vapor phase 
which have not been previously reported.

B. 2.  Determination of thermodynamic parameters of explosives based on optical methods 

The use of optical spectroscopy for determining thermodynamic coef icients was completely developed at 
Texas Tech [11, 12].  The only limitation to this work is that the compounds of interest must have an optical 
absorbance (from the infrared to the ultraviolet).  The biggest advantage to this technique is the amount of 
sample needed is on the order of an attogram, which is orders of magnitude less than that needed by TGA 
(mg) making the technique safer and more useful in forensic screening.

C. Major Contributions

C.1.  Mock heterogeneous materials

Fundamental research on material properties is important to the ALERT mission. For example, there is in-
terest in using the large void space created within the aerogels for collection/con inement of energetic ma-
terials to enhance sensitivity of explosives detection. For example Oak Ridge National Laboratory (ORNL) 
has developed a piezoelectric based explosives sensor [13]. One drawback on the ORNL piezoelectric senor 
is that that there is a limited surface area for the collection of explosive vapors.  We have been working with 
Thomas Thundat (now at University of Alberta) to incorporate the piezoelectric aerogels into his microcan-
tilever detection scheme which increases the surface area 10 fold.
We have also exploited the aerogel synthetic methods to prepare high surface area nitrocellulose composites.  
This work is focused on how various ionic strength (solvents) in luence the inal morphology (see Fig. 5 on 
the next page).  Therefore, it is now possible to study how the thermodynamic properties of energetic mate-
rials vary based solely on heterogeneity.
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C.2.  Determination of thermodynamic parameters of explosives based on optical methods

We have provided experimental evidence for the diffusivity of PETN, RDX and HMX which agrees with theo-
retical values in the literature.  Way Fountain (Edgewood Chemical Biological Center) had commented that 
“this data will go a long way to improve detection strategies” when it was irst presented.

D. Milestones

D.1.  Mock heterogeneous materials

Within the next year, we expect to have X-ray data on texture from the metallic-based aerogels. The future of 
the metal-based aerogels will be dependent on the needs of other ALERT thrusts/customers where we can 
synthesize compounds with speci ic z numbers and densities to improve detection algorithms.  

D.2.  Determination of thermodynamic parameters of explosives based on optical methods

Through the summer of 2015, we expect to have completed the mixtures of ferrocene/benzoic acid analysis 
for composite mixtures using Beer’s law.  Once the data is validated, we will move into binary mixtures of 
explosives. This year, we intend to complete the absorbance data on various substrates using TNT.  We are 
hoping to have a more complete dataset with statistical analysis for p values of the various substrates in the 
next year.

E. Future Plans

E.1.  Mock heterogeneous materials

A patent is expected to be submitted on the unique properties of the metallic aerogels in Year 3.  We are 
expecting to transition the detection of explosives based on piezoelectric and magnetic properties in FY16/
FY17 (Year 4).  We anticipate providing mock materials to thrust 3 groups (Rappaport) for Advanced Imaging.
Future plans on the nitrocellulose aerogels will be to determine how the thermodynamics, kinetics and sen-
sitivities are effected by heterogeneity.  Initial work on rates of combustion have been conducted and thermal 
analysis is underway.  In the next year of this project, we anticipate that we will be determining the sensitivity 
of the nitrocellulose aerogels by dropweight and laser ignition.  The material is being considered for studies 
as caseless ammunition for Army small arms.  An invited proposal was submitted to the DoD Ordnance Tech-

            (A)       (B)

Figure 5: SEM showing hierarchical structures for nitrocellulose aerogels in Ethanol (A) and Propanol (B).
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nology Consortium in July 2015. The graphene work is complete under ALERT and is expected to transition 
to an NSF proposal this year.
Collection of explosive vapors on substrates, future years’ work will focus on obtaining a sticking coef icient.  
We will also collect data on other explosives to include HMEs and construct a database of materials vs. explo-
sives to aid in training. 

E.2.  Determination of thermodynamic parameters of explosives based on optical methods

The future plan with this project is to be able to use optical spectroscopy to identify thermodynamic multi-
component explosives.  Since many HMEs have multiple components, this technique will provide useful data 
on both detection and characterization. We are also interacting with companies (TA Instruments, Innosense 
LLC) on the commercialization of this technique but no timeframe has been determined.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

All the educational and outreach activities are unfunded at Texas Tech and are primarily ad-hoc.  We have 
hosted workshops for local bomb squads in the chemistry department every biennium. The last program was 
in June 2014 where the interest was how TATP was synthesized.  This workshop stemmed from the discovery 
of TATP in multiple drug raids in the state of Texas where TATP was also found inside the residence.  The irst 
responders were shown how the chemicals were synthesized in our labs, shown methods on determining 
if compounds should be considered primary explosives (hammer test, lame test, etc.) and used milligram 
quantities for dog training within a complex matrix (chemistry building). 
Previous activities have been with bomb squads and the ATF on the Texas Tech explosives range in Flomot, 
TX in 2012.  We have offered short courses every 2 years and anticipate offering another in 2016. Previous 
courses were ‘Training First Responders on TATP’ and ‘Hands on Explosives Training.’  
In the summer of 2014, we hosted two undergraduate students from Puerto Rico.  The students were fund-
ed by the university from internal funds.  These students worked on the optical methods for determining 
thermodynamic properties. An ALERT funded undergraduate from 2013 (Jennifer Hewitt – Duke University) 
joined the PhD program at Texas Tech.  We also maintain collaborations from previous DHS MSI faculty from 
Southern University and Eastern New Mexico University.  For example, Dr. Juchao Yan from ENMU is still 
involved in the synthesis of aerogel materials.  He has set up facilities in his own lab to synthesize aerogels 
and has included these learned technologies in the classroom. He has access to facilities at Texas Tech includ-
ing the library, imaging and X-ray characterization.  Although the DHS-MSI program he was funded under is 
complete, it has allowed him and his students continued access and exposure to equipment and facilities not 
available at their home institution.
The inal outreach program we were involved in was the Get Excited About Robotics (GEAR) program (http://
gearrobotics.org/), which was created to foster interest among today’s youth in  careers in engineering, sci-
ence or technology.  The program is hosted at ive locations across the state of Texas with approximately 100 
teams competing.  The program is aimed at elementary through middle school students, where they use Lego 
robots to complete speci ic tasks.  In 2015, the theme was Pyromania and the students had to construct ro-
bots to safely set-up a mock ireworks program.  Dr. Weeks was invited as a keynote speaker for the kick-off 
event where the students are introduced to the competitions theme.  The presentation was focused around 
how ireworks function and the positive impact of explosives on their daily lives. 
Videos of the actual GEAR event can be found at: http://www.depts.ttu.edu/coe/stem/gear/photos.php
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IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The primary challenge related to homeland security is to improve ef icient detection of explosives, including: 
1. Improving the detection via X-ray by being able to use texture to better screen for illicit explosives. 

We have developed mock materials with textures from the micro to the nanoscale. We can control 
the overall density (0.01 to 3g/cc) and atomic z-number from 6-39 at present.

2. Understanding what controls heterogeneity in explosives and how heterogeneity in luences the 
thermodynamic and kinetic properties of explosives.  Experiments have shown that we can mod-
ify the heterogeneity of energetic materials through deposition lux (vapor phase detection) and 
solvent/chemical processing.  Kinetic and thermodynamic parameters of explosives have also been 
investigated in previous years. This year, we anticipate obtaining initiation sensitivity data.

B. Potential for Transition 

Our early work within ALERT resulted in a patent application for high energy ionic polymer based explosives.  
LLNL is currently holding the patent rights and is working with potential commercialization partners.  The 
experiments on optically determining thermodynamic and kinetic parameters by thermal analysis is under 
consideration by a potential commercialization partner (e.g. TA Instruments).

C. Transition Pathway

Transition of any intellectual property must adhere to the Texas Tech Of ice of Commercialization. A dedicat-
ed of ice staff handles all IP issues and faculty are not directly involved to eliminate any potential con lict of 
interest.

D. User Connections

• Michael Shlesinger, ONR 301
• Project to determine the effects of weak energy on energetic materials.

• Maqsood Mohammed, USAF AFMCMC, Eglin
• Project to determine the effect of particle shape on microwave heating of organic energetic materials 

and metallic based energetics.
• Corey Selman, InnoSense LLC, Torrance, CA

• Commercialization of a disposable outgas sensor for energetic materials stability and aging for the 
Missile Defense Agency based on technology at TTU and InnoSense.

• STTR proposal is under review.
• Way Fountain, USARMY ECBC

• Expressed interest in diffusivity data for sensor development.

V. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

1. X. Zhang, K.S. Zeimer, K. Zhang, D. Ramirez, L. Li, S.R. Wang, L.J. Hope-Weeks and B.L. Weeks ‘Large-Ar-
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ea Preparation of High-Quality and Uniform Three-Dimensional Graphene Networks Through Ther-
mal Degradation of Graphene Oxide-Nitrocellulose Composites’ ACS Applied Materials & Interfaces, 
7 1057 (2015) http://pubs.acs.org/doi/full/10.1021/am508909h

Pending -
1. X. Zhang, K.S. Zeimer, and B.L. Weeks ‘Combustion Synthesis of N-Doped Three Dimensional Graphene 

Networks’ To be submitted.

B. Peer Reviewed Conference Proceedings

1. X. Zhang and B.L. Weeks ‘Improved Thermal Stability and Reduced Sublimation Rate of Pentaeryth-
ritol Tetranitrate Through Doping Graphene Oxide’ North American Thermal Analysis Annual Meet-
ing, Santa Fe, NM (September 14-17, 2014)

C. Other Conference Proceedings

1. W. Hikal and B.L. Weeks ‘Estimating Vapor Enthalpies of Sublimation by rising Temperature Absor-
bance Spectroscopy’ North American Thermal Analysis Annual Meeting, Santa Fe, NM (September 
14-17, 2014) – Presentation only

D. Other Presentations

1. B.L. Weeks ‘Explosives Impact on our Daily Lives’ West Texas GEAR Robotics Presentation, Lubbock, 
TX, (2015).

2. B.L. Weeks ‘Applications of probe microscopy – high resolution lithography, sensors and energetic 
materials’ University of Alabama Huntsville, (2015).

E. Student Theses or Dissertations

1. Xin Zhang ‘Fabrication and Characterization of Mico or Nanoscale Organic Energetic Materials’ PhD 
December 2014

F. New and Existing Courses Developed and Student Enrollment

New or 

Existing

Course/Module/

Degree/Cert.

Title Description Student                    

Enrollment

New Course Training First Responders 

on TATP

Course held in Lubbock for bomb 

squads to understand how TATP 

is synthesized (June 2014)

19

G. Requests for Assistance/Advice

1. From Federal/State/Local Government
a. Multiple requests each year are associated with local bomb squads on identi ication or handling 

of explosives.  Main contact is Lt. Chris Eppler, Lubbock Sheriff ’s Department. 806-549-8038 
Continuous interaction.
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R1-C.2: Compatibilities & Simulants:  
Explosive Polymer Interactions
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II. PROJECT DESCRIPTION 

A.	 Overview	and	Significance

The aim of this project is to develop new methods for those involved in the Homeland Security Enterprise 
(HSE) to collect, handle and store explosives. Because there are many applications where explosives must 
interact with other materials, a number of approaches have been developed. To date, the applications of this 
study have been safe trace explosive sources for canine and instrument training and explosive sampling de-
vices (swabs), which are effective at pick up and release of explosive residue.
Military explosives are rarely used pure, meaning without a plasticizer or other formulating agent.  So, too, 
homemade explosives (HMEs), may require admixture with other materials. Considering only use by the HSE, 
understanding how HMEs react with other materials is necessary for a number of applications: safe handling 
and storage of HME; creation of better swabs; creation of better vapor concentrators; creation of canine 
training aids; and creation of trace and bulk simulants.  Whatever the reason, for the sake of safety and for 
proper selection of materials, we must understand their interactions.  This project has focused on finding the 
best materials for such devices as canine training aids, swab material and pre-concentrators.  One successful 
application of our studies is polymer encapsulation to facilitate handling of volatile, sensitive explosives, e.g. 
triacetone triperoxide (TATP). This approach promises canine handlers and instrument vendors with safe, 
store-able access to hazardous explosives. It has been received with enthusiasm. We are presently negotiat-
ing licensing with a commercial vendor.
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Along with the discovery of potential applications, metrics for assessment are being developed.   Our studies 
have employed a closed vapor chamber as a metric for sorption. The quantity of a sorbed explosive is deter-
mined by exhaustive extraction. Desorption of explosives in many applications is accomplished by heating. A 
thermogravimetric analyzer (TGA) coupled with infrared and/or mass spectrometry determines desorption 
quantity, purity and the presence of decomposition products.  Atomic Force Microscopy (AFM), using the 
jump-off point, has been used as a way to measure the adhesive forces between the polymer and explosive.
R1-C.2 has resulted in two papers authored at URI [1, 2] and two from our partner at a minority-serving-in-
stitution (MSI) [3, 4], as well as a provisional patent [5]. Both our MSI partner and our group have been 
awarded further Department of Homeland Security (DHS) funding for certain aspects of this research [6, 7].  
This work has also resulted in a graduate student award [8] and partnerships with three vendors supporting 
trace explosive detection.

B.	 State-of-the-Art	and	Technical	Approach

This project uses a variety of tools to determine compatibility of various materials with explosives. In ad-
dition to standard laboratory analysis methods, this project has explored the use of reaction and titration 
calorimetry, AFM, TGA-IR, and various gas and liquid chromatographs as tools to aid this work. This project 
has also investigated new methods to package sensitive HME and novel ways to collect explosives residues 
with the goal of an on-off collection methodology. For example, this project has focused on safe and long-lived 
canine training aids for peroxide explosives, and exploring methods to encapsulate these hazardous materi-
als.  Scientists at NIST have since reported a similar approach and sent us a congratulatory email after seeing 
our presentation at the Trace Explosive Detection conference (April 2014).  Recently, their paper has been 
sent to us for review (see reference [10]); in fact in the last year we have been asked to review over 40 papers 
dealing with explosive, suggesting our expertise is valued in this field. The following sections B.1-B.3 discuss 
the various elements of the R1-C.2 effort. 

B.1.		 Encapsulation	and	coating	of	energetics

In the explosives detection community, there is a need for an insensitive, storage-stable source of HMEs and 
in particular the high-sensitive, peroxide explosives. To meet the demand for safe forms of TATP, we have 
sublimed TATP onto scrupulously clean filter paper.  While this approach fulfilled immediate needs of canine 
trainers and instrument suppliers, preparation was arduous; and the aids were effective for only about 90 
minutes. To enhance the work- and shelf-life of the product, we developed a method to encapsulate TATP. The 
approach, best matching our laboratory resources, was emulsification. A polymer shell-coating material was 
added, with stirring, to the dispersed phase solvent; i.e. dichloromethane, DCM.  Once all the shell material 
had dissolved, TATP was added. When the TATP had completely dissolved in the polymer solution, the entire 
solution was added to water with 2% of polyvinyl alcohol and stirred at ~900 rpm until the DCM evaporated, 
allowing the formation of solid plastic microspheres (~1hr).  Additional water was added with stirring to aid 
filtration and solid microspheres were recovered by vacuum filtration.   
While there were batch-to-batch variations, typically the microspheres contained 20-25wt% TATP.  The 
amount of TATP, the temperature at which it was released from the microsphere, and the purity of its signa-
ture was assessed using thermogravimetric analysis (TGA) with the off-gas analyzed by infrared (IR) spec-
troscopy. With TGA, it was possible to distinguish between release of pure explosive, explosive decomposi-
tion products and polymer decomposition products.  It also allowed the researcher to select the scent. Figure 
1 on the next page (red) shows an IR spectrum of evolved gas from heating polycarbonate beads of TATP; for 
comparison, pure TATP vapor is the blue trace. The scent sources prepared in this fashion are easier to pro-
duce than the previous ones, but the main benefit is that encapsulated TATP has been shown to be stable for 
up to three years. Figure 2 on the next page shows the TGA traces of TATP encapsulated in polystyrene-fresh 
and 2.5 years old.  The TATP content remained at 16.0%, as judged by TGA.  
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A total of nine polymers were investigated for encapsulation of TATP (see Table 1 on the next page).  While 
polystyrene remained an acceptable encapsulating polymer, for a variety of reasons, polycarbonate became 
the material of choice.  Our top choices in encapsulated TATP were tested by actual aging or by accelerated 
aging (see Fig. 2).  Thermal stability proved to be exceptional (see Table 2 on the next page).
This work resulted in a paper [9], a student homeland security innovation award of $10,000 [10], and part-
nership with a vendor desiring to design and market the heating device.  Future work includes a rigorous cal-
ibration of heating schemes for releasing TATP upon demand; working with the vendor to design the heating 
device for TATP and HMTD heating specification; determining the most appropriate polymer for encapsula-
tion of HMTD (hexamethylene triperoxide diamine).

Figure 1: IR spectrum TGA off-gas of beads (red) and pure TATP (blue).

Figure 2:  Polystyrene bead of TATP, fresh, 16.0% (left) and aged 873 days, 15.9% (right).
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B.2.		 New	explosive	collection	techniques

Current sampling techniques are inefficient and invasive. In an effort to make the release of explosives opti-
mal, we focused on the challenge that pickup is sub-optimal. To counteract inefficient pickup, swabbing great-
er surface area may increase the mass of explosive collected but only if there is explosive contamination over 
the whole surface. Screening of hands, headdresses and medical appliances requires physical contact that 
can be embarrassing and invasive and may expose passengers and screeners to biohazards. To avoid being 
intrusive or causing physical harm (medical devices), TSA operators may not swab certain areas otherwise of 
interest. Swabbing can also damage (scratch) some surfaces.
The aim of this work is to create a reversibly switching surface that can be used in a swab to maximize both 
pick up and release of analyte particles in a detector. Modern explosives swabs suffer from the fact that they 
can only either adhere analyte well and release it poorly, or adhere analyte poorly but release it well. Both 
aspects are important to adequate delivery of analyte to a detector system. Thus, we aim to overcome this 
obstacle by creating a surface that changes adhesion upon application of a small electric charge (less than 
that of a 9 V battery) or heat. Three approaches are being considered. Approach 1 and 2 do not required di-
rect contact. While not considered non-contact by the DHS definition (i.e. standoff of greater than 2 inches), 
the switchable swab would attract explosive particles from a distance of ½ inch away from the contaminated 
surface. This obviates the need for actual physical contact with a surface, and therefore speeds the sampling 
process, provides for greater privacy, may increase the overall swab lifetime, and may minimize collection of 
certain types of interfering compounds. These advantages, coupled with higher pickup and release efficien-
cies, will make for speedier, more pleasant, and more economical checkpoint operations while improving 
trace detector performance. Approach 3 involves new material synthesis, specifically creation of self-assem-
bled monolayers.

Table 1:  Polymers investigated for encapsulation of TATP.

Table 2:  Storage stability of encapsulated TATP.
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B.2.a.		 Approach	1

This proposed triboelectric enhancement would require no major change in the swabbing materials nor sen-
sor hardware but would allow a change in the technique as the swab would no longer need to be rubbed over 
a surface. Triboelectric charging, a subset of contact electrification, is a well-known phenomenon, e.g. chil-
dren rub balloons in their hair to make the balloon stick to the wall. Therefore, it is surprising that so much 
of the basic theory is subject to debate, even to the point of whether the charge is generated by transferring 
electrons, ions, or nanoparticles [11]. Nevertheless, static electricity is exploited in applications from laser 
jet printers to industrial air cleaners [12]. Electrostatic precipitators have been used for many years for dust 
and other particle collection [13]. Moreover, though there must be a balance of charge between the two neu-
tral surfaces that are rubbed together to create the positive and negative charges, these charges can persist 
long after the two surfaces are physically separated [12]. However, the electrostatic precipitator imparts a 
net charge to the particle [13]. In contrast, our technique charges the collector, which temporarily induces a 
dipole in the particle. This dipole dissipates as soon as the charge on the collector is neutralized. The precip-
itator charges the particles; the enhanced swab only redistributes charge temporarily so that the particle is 
attracted to the collector.
The concept is to enhance the pickup and release efficiency of current swabs used by TSA for the collection 
of particulate explosives from a variety of surfaces. This enhancement approach can be applied to any swab 
material of low conductivity, e.g. plastic or cloth. Such a material will be statically charged, e.g., by triboelec-
tric effect or corona discharge. The statically charged swab attracts the explosive particulate through space. 
However, when the swab is inserted into the inlet of the detection instrument, the static charge is dissipated; 
thus, it is no longer attractive to the particulate and the analyte is readily released into the inlet. Because the 
particulate was never pressed into the substrate or the material of the swab by rubbing, it is readily collected 
and released into the detector. This concept is demonstrated in Figure 3. A Teflon swab charged by rubbing 
on a polyamide fabric picks up an easily visible amount of pentaerythritol tetranitrate (PETN). This method 
of charging develops up to -7 kV of static charge on Teflon.

Figure 4 on the next page illustrates two points: 1) the larger the charge on the swab, the more particles are 
picked up; and 2) particle size does not appear critical. In Figure 4, the pickup efficiency is demonstrated on 
sugar particles ranging ~150 µm to ~800 µm in size. In Figure 5, on the next page, this is demonstrated for 
TNT (2,4,6-trinitrotoluene). (Note macroscopic pickup is more visual, but microscopic pickup has also been 
demonstrated (vide infra)).

Figure 3: Bulk PETN attraction to statically-charged Teflon.
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Figures 3 to 5 illustrate static generated by contact electrification attracting explosives on the macroscale. In 
such testing, we have demonstrated the technique is effective on several substrates including glass, polymer 
resin, card stock, rough vinyl, and human hair. Moreover, the technique is easily employed on the microscale. 
For example, when strands of hair which had been purposely exposed to explosive vapor were swabbed with 
a charged and an uncharged swab, the charged swab resulted in detection on the FLIR Fido X3 while the un-
charged swab did not (see Fig. 6). (Our premise is that the explosive vapor adhered to dust particles which 
were subsequently attracted to the charged swab.) Additionally, when a C-4 fingerprint was analyzed using 
a charged swab, it resulted in detection on a Morpho Itemizer IMS (ion mobility spectrometer). It should be 
noted that all swabbing experiments were performed at 3 mm standoff. 

Electrostatically charged swab materials will reduce the introduction of interfering and masking compounds 
to the detector inlet. Most of these compounds are not very volatile, have high molecular weights, and typi-
cally adhere strongly to surfaces, e.g. oils on skin or hair and common plasticizers. During contact sampling, 
these compounds are typically collected from the surface along with the explosive particles. Electrostatically 
enhanced sampling appears to provide some selectivity based on the strength of surface adherence. Loose 
explosive particles are more likely to be picked up by electrostatically charged swabs than oils. Figure 7 
on the next page illustrates the effect. The left and middle sets of bars represent “clean” glass (blanks) and 
“clean” hair. With the non-charged contact swabs (blue), the interfering compounds on the hair caused a 
background response four times as large as the response on glass. The charged swab, which did not need to 
contact the hair, did not pick up these interfering compounds. Thus, the hair background was as clean as with 
the blanks on the glass slide. On the other hand, when explosives were present, as in a TNT contaminated 
thumbprint (right bars), the charged swabs collected almost as well as the uncharged contact swabs. While 
this was a small data set, charged swab sampling appears to reduce background response significantly while 

Figure 4: Pickup of sucrose of two particle sizes.  Figure 5: Pickup of TNT of two particle sizes.  

Figure 6: Setup of TNT-exposed hair, depressors for set standoff (left), “No hit” with uncharged (middle left), & “hit” with 
charged swab (FLIR FidoX3, middle right). Hit with charged swab (Morpho Itemizer, right).
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response to explosive was only slightly reduced. Swabs in this case were Nomex.

Non-obtrusive detection of trace amounts of illicit materials has long been a goal of detection companies 
and security firms. Though detector technology continues to improve, a key challenge remains in collection 
and release of sufficient analyte, e.g., explosives or precursors, into the detector. In fact, many detection com-
panies choose swabs with the best release profile rather than the best collection profile. Hence, materials 
such as Teflon, Nomex, and metal mesh have been employed. An electrostatically enhanced swab improves 
the collection efficiencies of these poorly collecting materials. When the swab is placed in the desorber, the 
charge is dissipated and desorption occurs. Because the collection is done near-field, there is less wear on the 
swab material, and therefore the swab has a longer life-time. Furthermore, because the swab does not rely 
on physical adhesion of particles, the particles are readily released when the static field is dissipated. Thus, 
more residue can be collected, and more residue can be released, facilitating faster and more accurate iden-
tification of threat materials. The breadth of explosives and precursors attracted by this method will yield 
operational benefits in speed and ease with which objects may be screened with greater scrutiny for threat 
materials. Our swabbing technique will deliver a collection enhancement greater than 50% over comparable 
sampling techniques currently in use. Desorption efficiency are greater than 90%. Table 2 (D.1) shows that 
reproducible release in macroscopic samples is 97% (standard deviation less than 3%). Charging time is less 
than 5 seconds. Desorption time is unchanged from traditional swabbing methods. No additional instrument 
maintenance or downtime is required. Temperatures tolerated by the swab depend on its chemical makeup, 
but an electrostatically enhanced Teflon swab is compatible with thermal desorption systems operating at 
greater than 400 °C.
In near-field mode, the sampled surface is not impacted. We have demonstrated operation on several surface 
substrates. The near-field mode also spares wear on the swab and enhances its life-time, reducing swab costs 
below threshold. Reuse of a swab for which there was no alarm is simply a matter of recharging. As a side 
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benefit, it has been noted that in the near-field mode less contamination is collected on the swab (see Fig. 7). 
Shelf life for Teflon or Nomex swabs is greater than one year. 

B.2.b.		 Approach	2

Triboelectric charging of swabs presents a number of challenges: potential contamination during charging 
due to active rubbing of one surface on another; the time required for charging; and maintenance of the 
charge under high humidity conditions. Creating a swab with an electret surface overcomes these difficulties. 
An electret is defined as a “piece of dielectric material exhibiting quasi-permanent electrical charge”[14]. 
Quasi-permanence means that a significant decay in charge does not occur in the time scale of the exper-
iments (years). The electret can extend from the surface into layers of the material (10 to 100 microns). 
Electrets are created by exposing a dielectric material to an electrical field, thus polarizing it. The magnitude 
of the charge created on the dielectric material is dependent on the resistance and chemical stability of the 
material. When heated and exposed to a strong electrostatic field, the polar molecules at the surface of the 
dielectric (polymer) align themselves (see Fig. 8). The dielectric surface molecules solidify and maintain 
charge on cooling.

Swabs that are electrets can be created and used in a completely non-contact fashion; thus, reducing the 
possibility of contamination. The electrets should accept and maintain a charge similar in magnitude to that 
created by tribocharging (7-12kV). Our initial approach to making electrets would charge Teflon, β-PVDF, or 
Nomex using an external electric field, e.g., a tip-to-plane corona charging apparatus (see Fig. 9 on the next 
page). Charging will be performed at elevated temperatures, just under the glass-transition point of the poly-
mer, in order to increase their thermal stability.  The apparatus will be purged with dry nitrogen to ensure 
low humidity.  If higher voltage charging is required (> 30 keV), the chamber would be filled with a high di-
electric gas such as SF6; however, need for this high a charging apparatus is not expected.
Swab materials created by Approach 1 (triboelectric charging) will be compared to those created by Ap-
proach 2 (electrets). Both of these approaches create a swab that does not require direct contact, and neither 
approach transfers charge to the operator or the surface being swabbed. 

Figure 8: Notional diagram of electrets from [15].
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B.2.c.		 Approach	3

Lahann has reported that a hydrophilic/hydrophobic surface can be created by allowing (16-mercapto)hexa-
decanoic acid (MHA) to form a  self-assembled monolayer (SAM) on gold sputtered on silicon nitride [17]. 
The MHA was modified with an acid labile globular head group to produce low-surface packing density and 
conformational freedom. After SAM formation, the head group is removed to leave a carboxylic acid, which 
is deprotonated to the carboxylate. This negatively charged carboxylate is electrostatically attracted to or 
repelled from the gold surface to which it is bound. This attracting/repelling behavior is based on electric 
potential (see Fig. 10). When a positive potential is applied to the gold, the negatively charged head group is 
attracted to the surface, revealing an aliphatic (hydrophobic) backbone. Application of a negative potential 
repels the carboxylate group to its maximum extent, revealing a charged (hydrophilic) face.

Synthesis of the MHA ester and creation of the SAM on the gold surface was a multi-step process. We are 
presently simultaneously characterizing the MHA SAM created and investigating metrics available to us for 

Figure 9: Charging chamber for creating electrets from [16].

Figure 10: A representation of the reversibly switching surface reproduced from [8].
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probing its “switching” properties. Surface analyses explored include reflectance-infrared microscopy, Ener-
gy Dispersive X-ray Spectroscopy (EDS), Scanning Electron Microscopy (SEM), and Atomic Force Microscopy 
(AFM).

B.2.d.		 Summary

The enhancement proposed herein would require no major change in the swabbing materials nor sensor 
hardware but would require a change in the operational protocol as the swab would no longer need to be 
rubbed over a surface.  Each of the approaches to switchable swabs would require a different operational 
protocol. Approach 1 would require the swab be charged before each sample collection. Inserting the swab 
into the detection device would trigger the release of the analyte. In Approach 2, the swab would be perma-
nently charged at the factory, and sample release would be accomplished by heating in the detection device 
desorber. The swab could immediately be reused. Approach 3, like Approach 1, would require an alignment 
before every use, and switching would be accomplished at the inlet of the detection device.  The enhanced 
swab would attract explosives particles from a distance of ½ inch away from the contaminated surface. This 
obviates the need for actual physical contact with a surface and, therefore, speeds the sampling process, pro-
vides for greater privacy, may increase the overall swab lifetime and may minimize the collection of certain 
types of interfering compounds. These advantages, coupled with higher pickup and release efficiencies, will 
make for speedier, more pleasant and more economical checkpoint operations while improving trace detec-
tor performance.   
This work resulted in a DHS research award under BAA EXD 13-03 (Advanced Swabs for Near-Field Sam-
pling) with subcontractors, FLIR and DSA.

B.3.		 Metrics	for	explosive-polymer	interactions

The interactions of energetic materials and polymers have important implications in safety, long-term stor-
age and performance of explosives and explosive mixtures. AFM was used to investigate adhesion forces, 
at the molecular scale, of eight energetic materials [(1,3,5-trinitroperhydro-1,3-5-triazine (RDX), octahy-
dro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine (HMX), pentaerythritol tetranitrate (PETN), and 2,4,6-trinitrotolu-
ene (TNT)), energetic salts (potassium chlorate and potassium nitrate), and homemade explosives (hexam-
ethylene triperoxide diamine (HMTD) and triacetone triperoxide (TATP))], on seven common polymers: 
polyethylene (PE), polyvinylalcohol (PVA), polystyrene (PS), poly(4-vinyl phenol) (P4VP), poly(2,6-dimethyl-
phenylene oxide) (PPO), poly(2,6-diphenyl-p-phenylene oxide) (Tenax®)  and polytetrafluoroethylene (Tef-
lon®). Teflon was the least adhesive polymer to all EMs, while no distinct trend could be elucidated for the 
other polymers. 
Typically, AFM is used to generate topographic images of surface features from atomic to micron scale [18]. 
However, AFM can also generate force curves between the cantilever tip and sample surface [19-23]. These 
force curves yield adhesive parameters for the two test materials. By using the AFM cantilever and sample 
stage, an explosive particle affixed to the cantilever is pressed into a sample material, or the sample material 
is deposited onto the cantilever tip and pressed into a monolayer of explosive [24] (see Fig. 11 on the next 
page). Previous work on energetic materials and AFM focused on adhesion to terminal group-functionalized 
self-assembled monolayers [25], and metal coupon finishes [26].
Commercial polymers were acquired and flattened on glass slides by gentle heating and pressing with a sil-
icon wafer of defined roughness (RRMS ~2 nm). This approach was particularly difficult with the polymers 
acquired as powders. PE, PS, and PVA yielded RRMS ranging from 15 to 45 nm, while Teflon gave a value of 
342 nm.  Explosive microcrystallites were adhered to tipless cantilevers using a micromanipulator and po-
larized light microscope. Particle size was estimated using an ocular micrometer; more accurate estimates of 
particle size were obtained by scanning electron microscopy (SEM). A microdrop of UV-curing glue (Loctite 
352, Henkel) was used to adhere the energetic microcrystallite (~40 micron long) to the cantilever. Tips 
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were inspected by SEM imaging. Each energetic tip was tested against Teflon, PE, PS, and PVA, while some 
tips were tested against all polymer surfaces.  If the energetic tip appeared damaged, it was replaced and all 
measurements were rerun. 
Before force curves were taken and after each polymer set, the modified cantilever was calibrated using the 
Thermal K function available on an Agilent 5500 AFM. Though many methods exist for calculating a cantile-
ver spring constant, this function employs thermal fluctuations of the cantilever as harmonic oscillation [29-
33]. One 50 μm x 50 μm area was raster scanned at 1 μm/s to collect force measurements at <20% relative 
humidity. Because the polymer surface was easily deformed, the vertical displacement of the force curve was 
adjusted after every few force curve measurements to prevent indentation of the polymer. 
Force measurements were taken using native tipped cantilevers, tipless cantilevers with only glue, a tipless 
cantilever with a polystyrene microsphere, and tipless cantilevers with fully adhered energetic microcrystal-
lites. The order of polymers examined against a given tip was altered to show that one data set had no effect 
on another; repeat measurements of an initial polymer were conducted after collecting measurements from 
a second polymer for the same reason. After collection of a number of force curves (usually 1000), unrepre-
sentative curves were culled for two primary reasons. First, significant indentation of the polymer after the 
jump-to-contact point was occasionally unavoidable, causing plastic deformation to the polymer or energetic 
material particle or transfer of significant amounts of polymer onto the particle. After the deformation or 
transfer, each successive force curve would be obtained with a unique particle (or polymer-coated particle), 
hindering comparison to other polymer force curves and other force curves within the same polymer set. 
Second, surface roughness of polymer substrates was potentially too high, causing unrepresentative adhe-
sion or detector saturation. Representative force curves were baseline-normalized and calibrated using the 
measured cantilever deflection sensitivity and force constant; then a histogram was created to determine the 
adhesion force with highest frequency. A representative histogram is shown in Figure 12.  Quantitative force 
measurements were collected for a virgin tipped cantilever and polystyrene microsphere on Teflon, PE, PS, 
and PVA (see Table 3 on the following page). Results confirm that none of the energetic adhesions resulted 
from artifacts of cantilever, glue, or polymer-polymer adhesion.  In fact, the obtained polystyrene-polystyrene 
adhesion force from the PS microsphere (335 nN) closely correlates to a previously calculated force (314 nN) 
[34].  

 

Quantitative force measurements were collected for eight energetic materials on the seven polymer sub-
strates. AFM data sets were run over a period of 18 months.  Table 3 on the following page presents the data 
collected over the last two intervals in order to exhibit the degree of reproducibility using different energetic 
material tips and different polymer substrates.  Table 3 shows both the number of scans and the standard de-
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Figure 11: Monomers units of polymers used. Figure 12:  Force histogram of KNO3 v. polyethylene.
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viations. As is typical for AFM measurements, standard deviations were large (see Table 4 on the next page).  
In cases where the standard deviation was larger than the measured force, the data are shown, with shad-
owing, but not included in the averages. Examining the trends across the seven polymers, Teflon and P4VP 
had the lowest adhesion forces for all eight energetic materials.  The average force exhibited with these two 
surfaces was almost as small as that observed with the bare cantilever. For Teflon, low adhesion force values 
are not surprising because it is valued for its “nonstick” properties.  Its higher relative surface roughness 
(RRMS 342 nm) may account for values with high standard deviations. In addition, the small values observed 
with P4VP could be attributed to high surface asperities throughout a rough substrate. We encountered great 
difficulty in creating a smooth surface for this material, acquired as a powder, and the resulting surface could 
have been so rough as to only create a miniscule contact area and subsequent low adhesion force.  The other 
five polymers had average adhesion forces ranging from 108 to 127 nN, which, considering the standard de-
viations, were essentially identical. 
The eight energetic materials studied represent the major classes of military explosives, as well as the im-
provised peroxide explosives and energetic oxidizers:   nitrate ester (PETN); nitroarene (TNT); nitramine 
(RDX and HMX); peroxides (HMTD and TATP); and salts (KNO3 and KClO3). (As explained above, shadowed 
data were not included in the averages). While the data in Table 3 on the next page allowed us to detect some 
differences among the polymer substrates, the diverse structural differences among the energetic materials 
could not be distinguished from adhesion measurements. For each energetic, the data sets collected in May 
were averaged separately from those collected in Sept/Oct.  Our purpose in averaging the two data sets sep-
arately was to see the magnitude of the differences in measured adhesion another researcher might observe 
using the same chemical but different microcrystal on the tip and same polymer but different surface prepa-
ration.  The overall average for a given energetic material across all polymers is shown in the far right column 
in Table 3 on the next page.  Little distinction is seen among them.
Two polymers, Teflon and P4VP, stand out as having low adhesion to the energetics.  This feature, especially 
in P4VP, deserves further examination.  However, there was generally little difference in the adhesion of the 
various energetics to a variety of polymers. This lack of differentiation among chemicals with diverse func-
tional groups suggests that the difference in functionality of the energetics is not the main factor affecting 
the adhesion forces. Macro scale considerations such as lattice structure, surface area, and surface roughness 
may have a greater effect on adhesion forces than the purely van der Waals-dominated interactions assumed 
herein.
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C. Major	Contributions

A primary consequence of this research is safety. Workers using explosives handle them with inert material, 
e.g. a container, a gloved hand, a detection instrument. They must be assured there are no unanticipated 
hazards. Second, most detection instruments contain plastic parts and many ETDs require pre-concentrators 
or swabs. Not only will this project seek the best way to evaluate the wealth of modern materials available, 
but it is likely to point to some of the best choices in these areas. This impacts both trace and bulk detection.
TATP has been successfully encapsulated both for canine training aids and for calibration of trace detection 
equipment. HMTD is presently being studied.
A non-contact swab has achieved sufficiently promising results to win additional funding.
AFM has been used to examine explosive/polymer interactions, and calorimetry is presently being employed 
for the same purpose.
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15 23 680 71 88 815 50 15 429 130 81 512 22 13 1035 103 47 948 May-14 76

119 85 953 186 70 948 152 51 895 184 14 973 Oct-14 160 118

40 31 906 95 48 907 52 77 969 80 50 976 43 16 679 74 82 859 185 40 803 May-14 89

31 23 968 113 15 974 59 26 967 59 26 967 Sep-14 66 101

86 124 940 98 44 937 77 73 855 42 56 818 56 60 932 May-14 88

41 24 983 117 83 978 270 94 941 101 93 967 Oct-14 132 117

23 17 804 87 32 952 98 44 937 17 8 938 May-14 56

99 49 944 161 17 980 125 26 934 238 48 976 Sep-14 156 106

10 22 835 81 55 935 205 82 863 60 5 1009 69 72 872 176 72 837 33 56 793 May-14 131

14 14 1081 89 35 936 100 32 636 26 57 964 Sep-14 95 119

51 55 528 328 82 989 49 16 434 149 77 818 149 75 706 May-14 169

22 40 951 118 21 998 85 59 954 110 43 944 Oct-14 104 141

46 30 1007 171 23 999 154 28 1003 70 47 908 43 22 941 58 31 889 125 56 377 May-14 95

41 24 976 49 24 952 85 21 980 44 7 982 Sep-14 55 81

TATP 28 34 1081 85 70 376 94 36 942 137 58 877 Oct-14 105 105

Ave. 55 127 117 108 36 122 119

PPO TenaxP4VP

KNO 3

Teflon PE PS PVA

HMTD

HMX

RDX

PETN

TNT

KClO 3

Table 3:  Energetic materials on polymer adhesion force summary.

 
 
 
 
 

 
 

Reference Tip Substrate 
Adhesion Force 
(nN) 

Standard 
Deviation/Error 

8 Energetics 
Functionalized 
monolayers 20-130 10-50 

9 Energetics Acrylic coatings 16-110 5-24 

18 Polystyrene Polypropylene 250-400 40% 

19 
Polystyrene 
Latex Silicon 127 21 

20 Polystyrene Silica 1000-2000 N/A 

Table 4:  Typical adhesion forces and standard deviations.
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D.	 Milestones

Our present approach to TATP canine training aids is presently being adapted to another peroxide explosive, 
HMTD. Whether this approach can be adapted to the low-melting HME erythritol tetranitrate (ETN) is a sub-
ject of present experimentation.  
Efforts toward switchable swabs have just begun. In terms of specially prepared polymers, we have synthe-
sized a polymer which should have the desired characteristics. However, complete characterization of that 
polymer must be done before the “switchable” properties can be confirmed and applied to the target mate-
rials.
We are also examining charged swabs for their pick-up and release capabilities. We have taken a two-prong 
approach, using electrostatics, a temporary charge, as well as electrets, for a more permanent approach. Both 
approaches need to be tested for long term viability.

E.	 Future	Plans

All three areas outlined above continue to be the subject of active research. 
Coating and encapsulation of materials will continue to be of interest.  Not only will we investigate encap-
sulation of energetic materials, but also the encapsulation of potential additives to energetics. For example, 
we have shown that addition of parts-per-million (ppm) amounts of generally-recognized-as-safe (GRAS) 
metals to 3% or 12% hydrogen peroxide (HP) prevents its concentration by heating, instead promoting its 
decomposition. Furthermore, at ppm levels, the metals do not affect the stability of hydrogen peroxide at 
room temperature.  Applying the same approach to 30% HP requires elevated levels of metals which would 
negatively influence shelf-life.  This could be avoided by encapsulating the metals with a coating which can 
be degraded by heating.  Thus, at room temperature, the 30% HP would be stable, but if heated, rather than 
concentrate the HP, the heat would remove the polymer coating from the metals and expose the HP to their 
degrading effect.  This requires that the polymer be compatible with both the metal and the HP and that it can 
be removed or softened by heating; hence, the need for metrics.
Work on switchable polymers and swabs, which has just begun and will continue, including electrostatics 
and electrets.  In addition, each task requires its own metrics.  Last year, we investigated vapor chamber ex-
posure followed by total extraction (solvent).  That tool we now thoroughly understand in terms of use and 
limitation.  This year we have examined AFM, and in coming year’s calorimetry will be explored.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A.	 Course,	Seminar	or	Workshop	Development

“Advanced Studied in Explosives” course was offered for the first time in spring of 2015 with 15 graduate 
students in attendance.
In May 2015, a hands-on course entitled “Explosive Analysis” was offered for the first time; six members of 
the HSE came to URI to attend.
Graduate student Devon Swanson was selected to give an award talk at the Trace Explosive Detection confer-
ence for his work on AFM of explosives (April 2015, Pittsburgh).
Dr. Smith presented “An Introduction to the Properties of Explosive and Trace Detection” at the IEEE HST ‘15 
ALERT Tutorial Session: Introduction to Explosives/Threat Screening Tools and Technologies in April 2015. 
Courses were presented for the Army, Navy, Air Force, and the Transportation Security Administration (TSA-
TSIF, 10 classes and 200 people) and TSA explosive specialists (TSA-TSS-E, 5 classes and 110 people). 
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A.1.	 Invited	Lectures	

Thermal Stability and Chemistry of Difficult Energetic Materials”, New Trends in Research Energetic Materi-
als; Pardubice, CZ, April 11, 2015.
JANNAF, December 10, 2014, Academic Research to Real Life Application, ABQ
7th Annual CBRNe Convergence, October 28-30 2104, New York, NY, tutorial to first responders
Recognizing Improvise Drug vs Explosive Labs, 23rd Annual Haz-Mat Training Conf. September 18, 2014, 
Plymouth, MA, tutorial to first responders

B.	 Student	Internship,	Job	or	Research	Opportunities

Each URI project supports one or more graduate students. This is their best learning experience. Undergrad-
uates are also supported on the projects as their class schedules permit.  
A newly minted PhD from our group, Jon Canino, accepted a position at Signature Science and is working at 
the Transportation Security Laboratory in New Jersey.

C.	 Interactions	and	Outreach	to	K-12,	Community	College,	Minority	Serving	Institution	Students	or	Faculty

We have continued our K-12 outreach by hosting high school teachers in the summer and providing chemical 
magic shows at schools K-12.  High school teachers conduct research in URI labs for 8 to 10 weeks under the 
mentorship of a graduate student. As a result, two have gone back to seek advanced degrees. 
In addition, in the summer of 2014, we hosted 2 forensic scientists from Qatar and a West Point cadet for 
several weeks. For the summer of 2014, we hosted a professor from Tuskegee University and one of her 
students. In summer of 2015, we hosted two Navy midshipmen and a Penn State engineer, and air force em-
ployee will be placed at URI to begin work on a master’s degree.

D.	 Training	to	Professionals	or	Others

We trained 110 TSS-E (TSA explosive specialists) in five classes and approximately 230 other people involved 
in the homeland security industry in 12 classes, one of which was created to meet the needs of the U.S. Army 
forensic laboratory. 

IV. RELEVANCE AND TRANSITION

A.	 Relevance	of	Research	to	the	DHS	enterprise

• R1-C2 “encapsulation/coating” addresses safe samples of explosive. Evidence that this program has im-
portance are as follows:

o Requests from ETD (explosive trace detection) equipment vendors for product information; 
o Requests to license the vapor scent product; 
o An innovation award from the National Homeland Defense Foundation of $10,000 for the va-

por scent product. 

• R1-C2 novel sampling addresses novel, non-contact, switchable sampling of explosives. Metrics include:
o New initiative received DHS award (see overview and references therein).

B.	 Potential	for	Transition

• R1-C2 addresses safe samples of explosive. We receive requests to license the vapor scent product.
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• R1-C2 addresses sampling of explosives. A DHS award under BAA EXD 13-03 (see overview and referenc-
es therein) with transition partners FLIR and DSA is presently being negotiated.  

C.	 Transition	Pathway	

• R1-C2 addresses safe samples of explosive. We receive requests to license the product and are working 
with a potential vendor, although the product is presently available for free to those requesting it.

• R1-C2 addresses sampling partners are in place for transitioning this work.

D.	 Customer	Connections

We have been distributing the scent product for free to a number of users. This puts a customer base in place 
for future sales.

V. PROJECT DOCUMENTATION 

A.	 Peer	Reviewed	Journal	Articles	

1. Oxley, “Explosive Detection: How We Got Here and Where Are We Going?” International Journal of 
Energetic Materials and Chemical Propulsion; 2014, 13(4): 373-381.

2. Oxley, J.C.; Smith, J.L.; Canino, J.N. “Insensitive TATP Training Aid by Microencapsulation” J. Energetic 
Materials; 2015, 33(3), 215-228.

B.	 Other	Publications	

Pending- 

1. Oxley, J.C.; Smith, J.C.; Swanson, D.; Kagan, G. “Adhesion Forces of Energetic Materials on Polymer 
Surfaces, submitted to Propellants, Explosives, Pyrotechnics.

2. Oxley, J.C.; Smith, J.L.; Porter, M.; Colizza, K.; McLennan, L. ; Zeire, Y.; Kosloff, R.; Dubikova, F. “Syn-
thesis and Degradation of Hexamethylene triperoxide diamine (HMTD)”,  submitted to Propellants, 
Explosives, Pyrotechnics.

3. Oxley, J.; Smith, J.; Donnelly, M.; Rayome, S. “Thermal Stability Studies on IMX-101 (Dinitroanisole/ 
Nitroguanidine/NTO)”, submitted to Propellants, Explosives, Pyrotechnics.

C.	 Other	Conference	Proceedings

1. Smith, J. “An Introduction to the Properties of Explosive and Trace Detection.” IEEE HST ‘15 Tutorial 
Session: Introduction to Explosives/Threat Screening Tools and Technologies, April 2015. 

D.	 Other	Presentations	

1. Seminars
a. Devon Swanson (presenter) with J Oxley; J. Smith; G. Kagan “Adhesion Forces of Energetic Mate-

rials on Polymer Surfaces”  Trace Explosive Detection April 2015; Pittsburgh
2. Poster Sessions—for ALERT events
3. Short Courses-listed under education
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E.	 Student	theses	or	dissertations	produced	from	this	project

1. PhD Chemistry:   Jon Canino Dec. 2014 Polymer Systems and Explosives
2. PhD Chemistry:  Maria Donnelly May 2105 Thermal Stability & Sensitivity of Energetic Formulations 

F.	 New	and	Existing	Courses	Developed	and	Student	Enrollment

New or 

Existing

Course/Module/ 

Degree/Cert.
Title Description

Student  

Enrollment

New Certificate Explosive Analysis Lab Analysis of Explosives 6*

New Graduate credit Explosive Analysis Mass Spectroscopy; Thermal; Shock 15

Existing Certificate Pyrotechnics Raytheon K-Tech ABQ 12

Existing Certificate Fundamentals Fundamentals - Alcoa 12

Existing Certificate Air Blast Air Blast - Huntsville 14

Existing Certificate Materials Characterization Picatinny 14

Existing Certificate Fundamentals TSIF Fundamentals 50

Existing Certificate Fundamentals Fundamentals Eglin 28

Existing Certificate Fundamentals URI Fundamentals 32

Existing Certificate Air Blast Air Blast - LANL 15

Existing Certificate Materials Characterization Materials Characterizations - Navy 18

Existing Certificate Stability, Compatibility Stability, Compatibility - Navy 18

*   Included DHS personnel

G.	 Requests	for	Assistance/Advice

1. From DHS
a. On call for a variety of TSA TSS-ES personnel
b. Oxley is part of the DHS-formed Inter-Agency Explosive Terrorism Risk Assessment Working 

Group (IExTRAWG) 
2. From Federal/State/Local Government

a. Singapore, India, Turkey Defense groups ask questions, request classes; class request from India 
in review at Dept of State.

b. We have been asked to support Brookhaven National Lab in some of their international outreach.
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 R1-D.1: Theoretical Modeling Considerations

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Ronnie Kosloff Co-PI Hebrew University ronnie@fh.huji.ac.il

Yehuda Zeiri Co-PI Ben-Gurion University yehuda@bgumail.bgu.ac.il

Faina Dubnikova CI Hebrew University faina.dubnikov@mail.huji.ac.il

Naomi Rom CI Hebrew University naorom@gmail.com

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

David Furman PhD Hebrew University 2016

Natan Kalson BS Ben-Gurion University 10/2015

Paz Elia PhD Ben-Gurion University 7/2015

Sharon Yarden BS Ben-Gurion University 8/2015

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

The theoretical effort at the Hebrew University and the Ben-Gurion University is aimed at obtaining an in-
depth understanding of the characteristics of new explosive materials. This is in addition to assisting the 
experimental investigations within ALERT in deciphering reaction mechanisms. The theoretical methods are 
based on ab-initio quantum chemical (QC) calculation and ab-initio molecular dynamics (AIMD). For sim-
ulating larger molecular ensembles, reactive molecular dynamics (RMD) methods were employed. These 
computational methods have been applied successfully in the study of explosive materials from a molecular 
point of view. The main sub-projects investigated at present include:

1. Understanding the in luence of hot spots and shear forces on the explosive sensitivity.
2. Establishing the relationship between oxidizer-fuel ratios in homemade explosives (HMEs) deton-

able mixtures. The system chosen is HN3 and its mixtures with water.
3. Calculating accurate equations of state for different HMEs using RMD and AIMD calculations. The 

outcome can be used as input in thermodynamic codes such as CHEETHA.
4. Employing QC calculations to understand the decomposition process of HMEs in different environ-

ments (pH dependences). These types of calculations assist in the design and assessment of addi-
tives to oxidizers (such as H2O2) that will prevent using theses oxidizer for the synthesis of HMEs.

5. Studying spectroscopic characteristics of explosives that could assist in developing protocols for 
stand-off detection schemes.

6. Studying the interaction between short, intense laser pulses and thin ilms of explosives and under-
standing the basic mechanisms that lead to parent molecule ejections. This will allow optimization 
of detection schemes based on the laser ablation process.

During the last two years, we have laid the foundations for sub-projects number 1, 2, 3 and 6. A new ap-
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proach, based on RMD, to calculate the THz spectra of two military explosives, was developed. The results 
suggested that a 2D spectroscopic method using polarized THz radiation can be used to obtain high speci ic-
ity in explosives detection.
The study of the detonation of pure liquid explosive HN3, has been initiated by the development of an accu-
rate reactive force ield. This stage required extensive QC calculations on both single and bi-molecular sys-
tems. The irst step consisted of the development of RMD-based methods to study the role of hot spots (voids 
and grain boundaries) during the initial stages of detonation. This issue is associated with the sensitivity of 
energetic materials and can contribute to the design of new insensitive explosives. The reactive force ield 
(ReaxFF) developed was used to obtain thermodynamic and kinetic parameters for this complex system. The 
results are being summarized as a research paper. The ReaxFF will be extended to include mixtures of water 
with HN3. 
We have developed a new methodology that allows simulation of energetic materials at their C-J conditions 
(the C-J temperature and pressure) for long periods of time (up to nano seconds). This approach was applied 
to studying the role of hot spots on the sensitivity of ETN, a new HME. The methodology will be extended to 
study the role of shear forces on explosive sensitivity and compare them with the existence of hot spots.
During the present year we had a very fruitful collaboration with the Oxley-Smith group at URI related to the 
decomposition of HMTD (sub-project number 4 above) for Project R1-A.1. The experimental study at URI 
was accompanied by extensive QC calculations to reveal the decomposition mechanism of HMTD in differ-
ent environments. This collaboration led to a thorough understanding of HMTD decomposition routes, the 
energy barriers involved and the main decomposition products obtained. The results of this joint study are 
summarized at present as a research paper (see Section VI.A.2).
Lastly, we carried out model calculations of the short laser pulse ablation of thin explosive layers. This ap-
proach has been demonstrated experimentally to lead to ejection of parent explosive molecules without 
substantial decomposition. Our simulations, using RMD, revealed two main mechanisms that explain the 
experimental observations. The results of this study are summarized at present as a research paper (see 
Section VI.A.1). The results obtained in the calculations allow the optimization of molecular ejection from 
the irradiated ilm. This will assist in the design of ef icient detection methods based on mass spectroscopy.

B. State-of-the-Art and Technical Approach

As described in the overview above, the research effort during the past two years led to a number of new 
methods and methodologies. In the case of THz spectroscopy [1 and 2], the reliable calculation of absorption 
bands is extremely dif icult due to the complex systems involved. Moreover, no reliable method for spectral 
features assignment exists. The approach we developed is unique and can be easily implemented. Moreover, 
the use of 2D spectroscopy utilizing polarized THz light may serve as a unique and reliable method to obtain 
high speci icity in THz spectroscopy of explosives. We do hope the new approach suggested by the theoretical 
calculation will be examined experimentally by one of the groups in the HSE and, if proved to work, be devel-
oped as a new detection method.
Modeling methods are based on the ReaxFF molecular dynamics approach. Currently, this is the only ap-
proach that allows to reliably model chemical reaction in the bulk at high temperatures and pressures.  This 
method has been used by our group and others to develop an implementation for a number of new energetic 
materials [3-6]. The description of energetic materials at their C-J conditions requires the use of very large 
molecular systems, hence, very large computational power is needed for their implementation. The new 
methodology we suggested allows one to reach the C-J state of the energetic material studied by a short sim-
ulation. Once the C-J state is reached, one can continue the simulation for a long period to study the complex 
reactive events that occur at the C-J state. This methodology allows us to use much smaller system sizes in the 
simulation and to obtain a marked reduction in computer resources.
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The development of a new reactive force ield (for HN3 and ETN so far) allows us to study new explosive com-
positions and mixtures and evaluate their sensitivity. 
Mastering the theoretical methods based on the molecular description of the energetic materials allows us to 
assist the experimental groups in ALERT to obtain a better understanding of the systems studied. This is an 
ideal situation that allows strong collaboration between experimental and theoretical investigations.

C. Major Contributions

Contributions in Year 1 and 2:
• Development of a new methodology to study the role of structural defects on explosive sensitivity. This 

contribution is in its early stages and we will extend it to include shear forces.
• Development of a new computational method to calculate the THz spectra of solids.  This contribution 

has impact in two directions: irst in the assignment of the THz spectral feature to various modes of the 
system studied. The second direction is to develop a new detection method with high speci icity of explo-
sive using polarized THz light in a new 2D spectroscopy.

• The QC calculations allow for a detailed understanding of HMTD decomposition at different pH values.
• The development of new, improved reactive force ields for both HN3 and ETN allows us to carry out the 

thorough study of two new types of systems. In addition, this is the irst step of a detailed study of oxidiz-
er-fuel mixtures in the liquid state.

D. Milestones

• The completion of the RMD methodology of simulation explosives at their C-J states needs to be extended 
to also include the role of shear forces on explosive sensitivity.

• The extremely rapid detonation of HN3, together with its unique structure due to the hydrogen bonding in 
the system, suggests that this system may show the behavior of weak detonation. This type of detonation 
has been predicted to exist theoretically but was not observed yet in any realistic system.

• The development of a water-HN3 reactive force ield will enable us to study in detail the mechanism that 
lead to detonateability in such mixtures (mixtures up to a ratio of 1:1 are detonateable).

E. Future Plans

During Year 3, we intend to focus on the following directions:
1. Complete and summarize the sub-project number 6 (in the list above) related to laser ablation of 

thin explosive layers. Two mechanisms were examined: creation of a shock wave in the metal sub-
strate and direct heating of the ilm-substrate interface. In both cases, one can obtain parent mol-
ecule ejections at the surface. When a shock wave is formed at the metal substrate surface, due to 
the rapid melting of the metal outer layer, various size clusters are ejected from the ilm. Most of 
the clusters are ejected following high compression that results in emission of molecules as shown 
below in Figure 1 on the next page.
The other possible mechanism is the rapid heating of the explosive ilm at its interface with the met-
al substrate. The results obtained from the interface rapid heating to different temperatures after 
the 20 picoseconds (ps) simulation are presented in Figure 2 on the next page.  The temperatures 
used here were 1500K (top), 2000K (middle) and 2500K (bottom). In all three cases, very little de-
composition is observed and increasing amounts of ejected molecules are seen.
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2. We intend to carry out additional simulations of hot spots in ETN and to extend the methodology 
developed this year to include shear forces. The induction of shear forces will be accomplished by 
using a non-symmetric collision between two slabs that will result in the induction of shear tension. 
We will employ a non-symmetric collision model along different crystallographic planes to examine 
the importance of shear orientation on the explosive sensitivity.

3. We plan to continue our study of HN3 detonation in two directions. The irst will examine the possi-
bility that a weak detonation is developed in the solid crystal. The solid state of HN3 is much denser 
than the liquid phase and has a highly ordered structure as shown in Figure 3 on the next page.
This structure is a result of the large number of hydrogen bonds in the system. This highly ordered 
structure with chains of ……N3-H……N3-H….. (heavy-light-heavy masses) together with the extremely 
rapid detonation velocity constitutes a system with the high probability to show the weak detona-
tion phenomena.

Figure 2: Snapshots after 20 ps simulations of the explosive fi lm to temperatures of 1500K (top), 2000K (middle) and 

2500K (bottom).

Figure 1: Clusters ejected following a shock wave with velocity of 6 km/sec. The left frame is after 20 ps and the one on 

the right is after 100 ps.
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The research direction associated with HN3 requires the extension of the ReaxFF developed to in-
clude interaction and reaction of HN3 with water. Once this goal is accomplished, the detonation 
mechanism will be studied for various mixtures. This study will yield a detailed understanding of 
mechanism changes in the detonation of mixtures with different amounts of inhibitors (water in this 
case). These type of simulations are directly related to the understanding of “detonation poisoning” 
by inhibitors.

4. Use of AIMD calculations together with RMD calculations to obtain the equation of state of new 
explosives and HMEs. We will be happy to collaborate on this topic with the experimental group 
performing anvil diamond cell measurements, project R1-A.2 led by Choong-Shik Yoo at Washington 
State University.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

1. The theoretical calculations assisted the experimental group of Prof. Jimmie Oxley in understanding 
the mechanism of HMTD decomposition for project R1-A.1.

2. The detailed understanding of laser ablation processes is expected to assist development of ef icient 
sampling methods.

B. Potential for Transition 

The results obtained in the fundamental theoretical studies we perform have a signi icant transitional and 
collaborative relationship with users such as Prof. Jimmie Oxley and other experimental groups (i.e. in na-
tional labs) who can use our results to guide their scienti ic work.

Figure 3: The crystal structure of solid HN3. The layer structure with unit cell is shown on the left while the three repeat-

ing structures in the layer are shown on the right.

ALERT  
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R1: Characterization & Elimination of Illicit Explosives 

Project R1-D.1

183



C. Data and/or IP Acquisition Strategy

In the future data may come back from our transition partner that might assist us in our modeling. IP is more 
likely generated by our experimental transition partner.

D. Transition Pathway

The use of computer simulations can identify optimal pathways for validating fundamental properties of the 
new materials. Speci ically these results can be used by groups that are developing experimental methods to 
characterize materials such as homemade explosives. Simulations are commonly used to guide experimental 
design. For example, we have collaborated with Prof. Jimmie Oxley and her colleagues to validate the mecha-
nisms of synthesis and degradation of new explosives.

E. Customer Connections

It is not likely that our models will be commercialized, but our experimental transition partner may commer-
cialize results that are derivative.

IV. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

Pending-
1. David Furman, Faina Dubnikova , Adri C.T. van Duin, Yehuda Zeiri and Ronnie Kosloff, Reactive Force 

Field for Liquid Hydrazoic Acid with Applications to Detonation Chemistry, J. Phys. Chem. submitted 
(2015)

2. Jimmie C. Oxley; James L. Smith; Matthew Porter; Lindsay McLennan; Kevin Colizza; Yehuda Zei-
ri; Ronnie Kosloff; Faina Dubnikova, Mechanisms of Synthesis and Degradation of Hexamethylene 
triperoxide diamine (HMTD), In preparation (2015).

B. Other Presentations

1. Seminars
a. Seminar by Yehuda Zeiri: Physical Chemistry seminar in the Chemistry department of Indiana 

State University at Bloomington (April 2, 2015).
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THRUST R2 
TRACE & VAPOR SENSORS

Project 

Number
Project Title Lead Investigator(s)

Other Faculty 

Investigator(s) 

R2-A.1 Improved Swab Design for Contact Sensing Stephen P. Beaudoin Bryan Boudouris
R2-A.2 Stability of Gas Ions of Explosives in Air at 

Ambient Pressure
Gary A. Eiceman John A. Stone

Avi Cagan
R2-B.1 Orthogonal Sensors for Trace Detection Otto J. Gregory Michael J. Platek

Alan Davis
Anthony Fascia

R2-B.2 Portable, Integrated Microscale Sensors 
(PIMS) for Explosives Detection

Jeff rey F. Rhoads
George T.-C. Chiu

Andrew B. Sabater

R2-B.3 Multi-Functional Nano-Electro-Opto-
Mechanical Sensing Platform

Matteo Rinaldi

R2-C.1 Thin Film Fluorescent Sensors for Explosives 
Detection

William B. Euler Richard Sweetman

R2-C.2 Multiplexed Mid-Infrared Imaging of Trace 
Explosives

Scott Howard

R2-C.3 Chaotic Cavity Gas Cell for Optical Trace 
Explosives Detection

Anthony J. Hoff man

R2-D.1 Mechanics of Compounded Explosives for
Enhanced Checkpoint Detection

Stephen P. Beaudoin

R2-D.2 Optimization of Explosives Sensor
Placement in Airports

Qingyan “Yan” Chen
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R2-A.1: Improved Swab Design for  
Contact Sensing

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Stephen P. Beaudoin PI Purdue University sbeaudoi@purdue.edu

Bryan Boudouris Assistant Professor Purdue University boudouris@purdue.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution  Month/Year of Graduation

Melissa Sweat PhD Purdue University 12/2015

Darby Hoss PhD Purdue University 8/2018

Sean Fronczak PhD Purdue University 12/2018

Jennifer Laster PhD Purdue University 8/2018

Jordan Thorpe H.S. student Lafayette Jefferson High School 5/2015

II. PROJECT DESCRIPTION 

A.	 Overview	and	Significance

This project is an important element of the overall ALERT strategy to enhance air travel security. Like project 
R2-D.1, it is focused on checkpoints by contact sampling of carry-on baggage.  Existing methods for contact 
sampling use traps that are applied manually to extract explosives residue from suspicious bags.  These traps 
are then placed in an ion mobility spectrometer (IMS), where any explosive residue is desorbed from the trap 
when the temperature is raised to roughly 250°C over a period of approximately 8 seconds.  Commercial-
off-the-shelf (COTS) traps are optimized to survive repeated exposure to the IMS desorber, but not to extract 
residue from the surfaces being interrogated.  
Considerable effort has been placed on finding ways to improve the sensitivity, accuracy, and response time 
of IMS tools.  However, these efforts have been undertaken without a great deal of consideration of the essen-
tial first step in residue detection, which is extraction of the residue from the surface of interest.  This project 
addresses directly this key step by pursuing rational trap design by optimizing trap properties leading to 
superior residue harvesting from surfaces.  This effort involves several steps, including:
• Investigating the mechanical properties of explosives residues and relating these properties to the effec-

tiveness of residue removal from surfaces.
o This effort was so substantial that it was split off to be a standalone project (R2-D.1).

• Performing rational trap design 
o To optimize the effectiveness of traps at harvesting residue from surfaces.
o To retain chemical and mechanical integrity at IMS operating temperatures 
o To interrogate substrates of interest effectively
o To adhere to residues of explosives effectively
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Figure 1 shows the flowchart for a new synthetic process we have developed to make nano/micro structured 
traps for residue removal from surfaces.  These traps are comprised of PPy-DBS (polypyrrole doped with 
dodecylbenzenesulfonate).  They are conductive, to minimize electrostatic charging, and also to enable the 
use of electrostatic forces to assist the collection of explosives residues on surfaces.  In addition, based on the 
lithographic methods employed to make them, a seemingly endless distribution of features can be fabricated 
on the trap surfaces.  These features will be optimized to allow more effective interrogation of surfaces of 
interest in air transport environments.  

Figure 2 on the next page shows some arrays of PPy-DBS pillars of varying topography fabricated in our labs.  
As can be seen, the aspect ratio of the ‘pillars’ on the traps (aspect ratio = ratio of finger height to diameter 
at the top) can be readily tailored, as can the shape of the pillars.  In this case, the shape varies between 
rectangular pyramids with blunted tops and rounded edges to cylindrical pyramids with blunted tops and 
rounded edges. We have been able to fabricate traps with a wide range of pillar aspect ratios that can ef-
fectively interrogate surfaces with a very broad range of topographies representative of air transportation 
environments.  Work is ongoing to characterize the mechanical properties of the pillars as a function of the 
fabrication conditions and pillar physical properties (absolute length and diameter as well as aspect ratio).  
The key mechanical properties are their elastic modulus, which reflects their ability to deform without yield-
ing, as well as their Poisson’s ratio, which discusses the extent to which a pillar will expand laterally under a 
normal compressive load.  Finally, their coefficient of friction against representative surfaces under load and 
controlled motion are being assessed.

Figure 1: Fabrication scheme for the formation of PPy-DBS microstructured thin films. Photolithography is used to 
make a patterned template on a conducting substrate. PPy is electropolymerized through the pores of the template.  
The template is removed to form a free standing patterned film.
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Figure 3 shows the results of our efforts to characterize the thermal stability of the novel swabs.  As can be 
seen, there is no appreciable loss of mass from the swab material until the temperature exceeds ~ 270 °C.  
This level of stability is acceptable for IMS analysis in current operating conditions, and is encouraging for 
long term use of these swabs.
Figure 4 shows a model surface that has been developed to test the ability of our new traps to harvest residue 
from surfaces with challenging topography.  Fluorescent beads were deposited on these model surfaces and 
the ability of the new traps to harvest these beads from the features was studied.  The results of these studies 
are shown in Figure 5 on the next page.  As can be seen, the traps were able to penetrate into the challenging 
topography on these surfaces and remove particles that were buried at the base of the features.

10 μm 
   

10 μm 
   

10 μm 

Figure 2: SEM images of PPy-DBS pillars of varying aspect ratio. The dimensions of the pillars can be easily tuned by 
changing the photolithographic template. 

Figure 3: Thermogravimetric analysis (TGA) of PPy-DBS 
at a heating rate of 10 ºC min-1. PPy was electrodeposit-
ed on an indium tin oxide (ITO)-coated glass substrate 
at a constant potential of +0.8 V for 2 h. The PPy was 
then delaminated from the ITO substrate and crushed 
with a mortar and pestle to form a powder for analysis.

Figure 4: Rough substrates of controlled feature sizes 
(width of holes = 10, 15, 20, 25, and 30 microns; depth of 
holes = 10, 20, and 30 microns) fabricated using standard 
photolithographic methods in order to simulate the topog-
raphy of substrates interrogated in the field. Top: top-down 
view of 20 micron - wide holes patterned on a silicon sub-
strate. Bottom: Cross-sectional SEM image showing con-
stant depth of 30 microns. Scale bar: 50 microns.
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Figure 6 shows results of studies of the topography of three model surfaces representative of the range of 
topographies encountered when screening persons and baggage in airport security settings.  As can be seen, 
the roughness height varies considerably across these surfaces.  Table 1 lists the statistics documenting the 
roughness in these images.  These topographies were integrated into an existing van der Waals adhesion 
force simulator for use in predicting the effect of the roughness on the adhesion forces between particles and 
the surfaces.  The most important aspect of this study was a thorough investigation of how many different 
adhesion force measurements must be made on a surface before the resulting average provides an accurate 
measure of the adhesivity of the surface towards a particle.  In practical terms, what this means is that if one 
wants to know how strongly RDX adheres to a surface, at how many different locations on the surface must 
one make the measurement before the mean and standard deviation adhesion force are truly representative 
of what one might encounter at a random location on the surface.  For the purposes of this study, 1200 con-
tacts were simulated between a spherical, flat sphere (10 micron diameter) and each of 40 different locations 
on each of the three simulated surfaces.  The topography of these 40 regions were measured using AFM.  In 
the van der Waals adhesion calculation, a Hamaker constant of 760 x 10-21 J was used for all simulations.  This 
effectively removed any effects of composition from the calculations and isolated the effects of the topogra-
phy of the three surfaces.

Substrate RMS Peak–Peak Distance

Silica 0.6 ± 0.2 nm 12.8 ± 7.9 nm
Stainless Steel 7.4 ± 1.9 nm 65.9 ± 17.9 nm
Teflon 24.3 ± 5.8 nm 181.2 ± 52.7 nm

          

Figure 5. Fluorescent images of a patterned substrate with 20 micron – wide holes (a) before and (b) after swabbing 
with a PPy-DBS swab of 16 micron pillar height. 20% of the particles were removed from the surface during swabbing. 
(c) Fluorescent Image of PPy-DBS swab after swabbing. Scale bar: 100 microns. 

Figure 6:  Topographical maps of the silica (left), stainless steel (middle), and Teflon (right) surfaces.

Table 1: Roughness characteristics of each substrate from Figure 6.

ALERT 
Phase 2 Year 2 Annual Report 

Appendix A: Project Reports 
Thrust R2: Trace & Vapor Sensors 

Project R2-A.1

192



Figure 7 shows the adhesion force distribution ob-
tained for 1200 simulated contacts between the 
sphere described above and each of 40 different lo-
cations (each location is 5 microns x 5 microns), each 
of which possessed a distinct topographical map that 
was measured via AFM (as in Figure 6). While the re-
sults shown in Figure 7 are visually interesting, this 
non-normal distribution of predicted forces cannot 
be measured using classical statistical methods and 
is ultimately of little utility in predicting the likely 
distribution of interaction forces against this surface 
of interest.
To address the problems inherent in the outcome 
shown in Figure 7, a statistical method known as 
the ‘bootstrap’ was employed.  The specifics of the 
bootstrap method can be found elsewhere (1)(2)(3). 
The method builds off of the central limit theorem by 
sampling from an original data set and then plotting 
the mean of this sample in a new distribution.  When 
this is repeated, the resulting distribution resembles 
a normal curve which can then be analyzed using 
classic statistics. The following is a brief step-by-step 
description of the procedure that was conducted for 
each of the three substrates:

1. Create parent distribution. The original, “parent,” distributions (Fig.  7) were determined from the 
mean of 1200 simulated adhesion interactions calculated from each of the 40 AFM scans. This par-
ent distribution is considered to be representative of the population.

2. Sample from the parent distribution. n samples were selected from the parent distribution.  Each 
time a sample was selected from the distribution, it was returned to the parent distribution to allow 
for an equal opportunity to be re-selected.  This is called “resampling” and is essential for ensuring 
that the bootstrap distributions reflect the central tendency of the parent distribution. 

3. Create the bootstrap distributions. The mean value of the n samples is recorded and then step 2 is 
repeated 10,000 times to create a new “distribution of means”. The large number of iterations is 
required to minimize additional variability introduced by the bootstrap method.(4).  This secondary 
“bootstrap” distribution of a desired statistic can represent the sampling distribution of that statistic 
for the population.  Such a distribution is shown in Figure 8.

4. Repeat for different sample sizes. Steps 2–3 were repeated to create a bootstrap distribution for a 
range of sample sizes (1≤n≤40). These new distributions are indicative of the adhesion results one 
can expect when adhesion forces are calculated from or measured directly upon different numbers 
of topographical scans/locations on a surface.

5. Compare distributions created by each sample size. Information from each distribution was then 
compared to determine a relationship between n, the number of scans gathered from a surface, 
and the accuracy of the predicted mean force.  The specifics of these will be explained further in the 
analysis section.

In summary, application of the bootstrap method yielded 40 adhesion force distributions for each scanned 
substrate for further analysis.  By comparing the central tendencies of each of the bootstrap distributions, the 
accuracy of an experiment based on n force measurement sites can be assessed.

Figure 7:  Distribution of the mean forces resulting from 
1200 simulated contacts between the computer-generated 
smooth, spherical particle (10 micron radius) and each of 
40 generic surfaces upon which the 40 topographical maps 
of the stainless steel substrate was imposed.
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Figure 8 shows the results when the method outlined 
above was followed, in the case of an adhesion force 
distribution based on calculated adhesion forces when 
smooth spheres came into contact 1200 times with each 
of 30 different measured surface topographies on the 
stainless steel.  As can be seen, the new distribution is 
amenable to rigorous statistical interpretation.  Figure 
9 shows the exciting outcome that is enabled by this ap-
proach.  In this figure, the standard error of the mean 
(SEM) calculated adhesion force is displayed as a func-
tion of the number of contact locations in a given exper-
iment.  In this case, it is assumed that when all 40 loca-
tions on each surface are used in calculating the mean 
adhesion force, the resulting mean is the true mean.  For 
all three substrates considered, when the number of 
locations on a surface that are considered in the force 
calculation (remember that each location on the surface 
has a unique topography) is small, any increase in the 
number of locations sampled in the force measurement 
or calculation causes the standard error of the mean to 
drop considerably.  As a result, each new measurement 
improves the accuracy of the mean calculated adhesion 
force dramatically.  However, after roughness measure-
ments or adhesion forces from more than ~ 15 locations 
are included in the calculation of the global mean, the 
incremental improvement in the accuracy of the mean 
changes only inconsequentially.  This has enormous im-
pact when considering optimization of contact sampling 
for trace explosives detection.  Specifically, when plan-
ning swabbing protocols for bags, it is necessary to un-
derstand how topography varies over the entire surface 
to be sampled, so that one may know the range of likely 
adhesion forces that must be overcome to successfully 
sample a residue on the surface.  Since adhesion forces 
are controlled by nano-scale topography, it is immedi-
ately a concern that one may have to make nano-scale 
measurements of the topography of a luggage handle 
that has dimensions of multiple inches.  Such measure-
ments would be impractical if not impossible.  This re-
sult, however, demonstrates that the topography in only 15 or 20 regions with 5 micron x 5 micron dimen-
sions are sufficient to give a highly representative description of the adhesion force that is expected to occur 
across the entire handle. 

B.	 State-of-the-Art	and	Technical	Approach

Detection of improvised explosive devices (IEDs) in airports and other public areas is of fundamental con-
cern for public safety (1).  Trace explosive particles are likely to contaminate the clothing and equipment of 
individuals in contact with these materials during IED manufacturing or transportation (2).  Sophisticated 
removal and detection techniques have been developed in order to identify persons with explosive particles 

Figure 8: Bootstrap distribution created by resampling 
the stainless steel parent distribution 30 times (n=30). 

Figure 9. Standard error of the mean (SEM) for each 
sample size (1≤n≤40). Sample sizes indicate the num-
ber of contact locations included in a given experi-
ment. 
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adhered to their clothing and luggage (3, 5). However, a more complete understanding of the affinity between 
the particles of interest and the detection device, typically a swab or trap, is required to improve current IED 
detection efficiency (6). Similarly, adhesion between the explosives residues and the contaminated surfaces 
must also be better understood. Since the particles of interest are on the micrometer size scale, intermo-
lecular interactions such as van der Waals (vdW), capillary, and electrostatic forces are of primary interest 
when describing the adhesive properties of these materials (7–10). While the latter two forces are condi-
tional and can change depending on testing conditions, vdW forces are always present.  For this reason, vdW 
interactions are the primary forces that should be considered when studying explosives particle adhesion. 
Theoretical predictions tend to assume systems with smooth surfaces and well-characterized geometries 
(11–13).  However, real systems deviate from these ideal conditions as no surface is perfectly smooth.  This 
causes experimental observations of vdW interactions to differ from theoretical predictions by as much as 
an order of magnitude (14). Heterogeneity within a substrate’s surface morphology is commonly attributed 
as the principle cause for such deviations (14, 15). As a result, various modeling attempts have been made to 
account for this variation in the contact regime and its consequential effects on the vdW interactions between 
surfaces (16–21). Recently, atomic force microscope (AFM) topological maps from the surfaces of interest 
have been shown to be effective when used to simulate the vdW interactions (22, 23). However, this charac-
terization method presents a statistical problem since an AFM topographical scan is typically a few microns 
in length and represents a very small fraction of the total surface area of most surfaces of interest (such as a 
luggage handle or a laptop surface). In addition, one can expect to find a certain amount of variation amongst 
different scans.
A great deal of attention has been placed on optimizing IMS protocols for detecting explosives residues in 
air travel security environments, yet little attention has been paid to the first step in IMS-based detection, 
which is contact sampling of residues using traps.  To optimize this aspect of trace explosives detection, the 
following must be performed: 

1. Measure the force of adhesion between explosives residues, traps, and surfaces of interest.
2. Assess the mechanism of detachment of residues from surfaces during contact sampling.
3. Determine the effects of trap, residue, and surface characteristics on residue harvesting. 
4. Measure the effects of environmental conditions and swabbing protocols on 1 - 3 above.
5. Measure the representative topography of surfaces of interest.
6. Determine the effects of residue and trap characteristics, and desorber operating conditions, on the 

effectiveness of residue desorption from swabs during IMS.
All but item 2 on this list are within the planned work of this project.  Current approaches to evaluate effec-
tiveness of contact sampling have been minimal, limited to studies of swabbing effectiveness under simulated 
airport security conditions (24).  Such studies do not provide adequate scientific data to support mechanistic 
understanding of the process of residue harvesting. Project R2-D.1 is working to assess the mechanism of 
detachment of residues from surfaces during contact sampling, as described in item 2 listed above.
Current military specifications for RDX and PETN list ranges of particle diameters from 44 to 2000 µm and 
44 µm to 800 µm (25–27).  Due in part to the wide range of particle diameters, variability exists regarding the 
size of particles found in C4 or Semtex on a surface during swipe sampling (6, 24, 28–30). Notably, the size 
of particles deposited by a thumbprint on a surface of interest has not been fully evaluated, and the ability 
to recreate a standard print is greatly lacking (6, 24, 28–30).  Further, some swabs and substrates are woven 
materials, leading to an entrapment problem that has not been fully evaluated (28, 30). Moreover,  the devel-
opment in sampling technique has not been firmly established (6). For IMS, certain standards apply: a swab 
must effectively remove solid particulates from a surface, withstand temperatures up to 300°C as employed 
by the IMS, and be affordable (6, 28). Most current studies consider either cloth or Teflon-coated fiberglass 
swabs (6, 24, 28–30).
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Several parameters are usually not controlled during the development of a successful wiping technique(30). 
In particular, variability exists in the applied force of a swipe, the surface area covered, the swab material, 
the roughness of the swab and substrate materials, and the swipe velocity, among other characteristics (6, 
24, 30). The applied load may range from approximately 3 to 60N (6, 29). The Verkouteren group claims first 
that the critical parameters in determining removal efficiency are applied load and the translational force 
required to overcome the frictional resistance to maintain a constant velocity (6).  The group also claims a 
direct linear correlation between increased applied force of swiping and particle removal efficiency (6, 29, 
30).  The viscosity at the speeds representative of those found in an airport security setting has not been test-
ed. Verkouteren reports a swipe speed of 0.7 cm/s, while methods reported by the Environmental Protection 
Agency indicate swipe sampling speeds of 10 and 17 cm/s (6, 31).  Note that the speed of a swipe directly 
correlates to the strain rate, and thus the viscosity of the non-Newtonian binder.
Generally, previous studies have focused on manipulating applied force and attempting to create consistent 
methods to be employed by swab operators (6, 24, 30).  However, the above studies do not typically analyze 
the effects of roughness on the adhesion of a particle to either the swab or the substrate. Overall adhesion 
forces are not fully evaluated, as most tests performed attempt purely to establish a methodology. The defor-
mation and failure of the composite are not evaluated. 

C. Major Contributions

Year 2
1. Preliminary Optimization of Swab Fabrication

We performed preliminary optimization of deposition/growth conditions for fabrication of new 
state-of-the-art swabs for contact sampling.

2. Thermal Stability of Swabs
By changing the surfactant used during swab growth, we improved the thermal properties of the 
swabs so that they are stable to temperatures as high as ~230 °C.

3. Topography of Swabbed Surfaces
We determined the relationship between the number of locations on a surface where one performs 
topographical measurements and the accuracy of the topography statistics determined.  This is the 
basis for the protocol that will be implemented in order to determine the swabbing challenge on 
various materials of interest in air transportation security settings.

4. Model Contaminated Surface
We developed and implemented a model, highly engineered surface, in combination with fluores-
cent beads (model contaminants) to create a new ‘standard’ swabbing challenge.  With this standard 
challenge, we were able to assess the superior performance of the swabs being developed here in 
comparison to COTS swabs.

Year 1
1. Viscosity of Binders in Compounded Explosives

The viscosities of the binders used in C-4 and Semtex H were evaluated. This included measurement 
of the shear stress, viscosity, and normal stress values as a function of shear rate. As expected, both 
binders exhibit non-Newtonian, shear thinning behavior. There are several important distinctions 
between each composite. First, the Semtex binder is significantly more viscous than the C-4 binder.  
The viscosity ranged from 810 to 2030 Pa*s for Semtex compared with 20 to 350 Pa*s for C-4. The 
C-4 binder is more stable with respect to shear rate, whereas any minute change in shear rate cre-
ates a significant change in the viscosity of the Semtex binder. 
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2. Residue Failure Under Load 
The dynamic behavior of granulated/compounded materials, including silica particles in C-4 and 
Semtex binders, was documented.  The goal was to assess the process by which the granules de-
formed and failed under load, as this is a good representation of the way they will behave when 
they are removed from a surface during contact sampling.  We observed many similarities between 
the behavior of composites made with Newtonian binders (model systems) and those made with 
non-Newtonian binders, but ultimately learned that it was not possible to make a model out of New-
tonian binders that would be a good representation of the real compounded explosive.

3. Inverse Gas Characterization
Cohesive Hamaker constants (the van der Waals force constants in effect for materials adhering 
to themselves) were evaluated using inverse gas chromatography.  Constants were determined for 
RDX, PETN, TNT, ammonium nitrate (AN), ammonium nitrate fuel oil (ANFO) at 2, 5 and 10% fuel 
oil, and ammonium nitrate paraffin (ANPA) at 2, 5 and 10% paraffin.  These constants agreed well 
with those obtained from contact angle measurements and optical constants or Lifshitz’s theory 
(data was available for a limited amount of samples).  It should be noted that due to limitations of the 
theory associated with this method, the constants evaluated in this manner were only lower bounds 
of the true constants(32–35).

4. Swab Prototypes
Polypyrrole was electrodeposited in a unique apparatus to create nano-/micro-structured swabs 
for use as advanced contact sampling tools.  The windows for material deposition were explored 
and preliminary progress was made linking the thermal stability of the materials to the deposition 
conditions.

D.	 Milestones

Specific milestones to be achieved in the upcoming year include:
1. Testing of advanced swabs against model surfaces of interest as defined by DHS.
2. Development of growth protocols to allow fabrication of swabs with ‘fingers’ of varying aspect ratio 

and varying height on same swab.
3. Characterization of adhesion characteristics of new swabs.
4. Successful testing of new swabs at removing residues from surfaces of interest to DHS.
5. Development of preliminary sampling protocols using applied potential fields to enhance recovery 

of explosives residues from surfaces and release of residues in the desorber chamber of an IMS.
6. Modification of the surface of swab fingers to improve the recovery of residues from surfaces and 

their release in IMS desorbers.

E.	 Future	Plans

We have obtained coupons of coated and uncoated aluminum, and ABS (acrylonitrile butadiene styrene) plas-
tic with rough and smooth finish.  DHS has identified these surfaces as being relevant to air transportation 
security environments.  Model residues from project R2-D.1 will be applied to these coupons and the removal 
of the residue from the surfaces will be studied using the swabs developed in this project in a homemade slip-
peel tester.  Based on the results from these studies, we will modify the swab design and swabbing protocols.  
In addition, we will measure the topography of these surfaces using the methodology outlined above with a 
goal of determining a representative roughness distribution on the surfaces.  This will be used as a driver for 
the design of the shape of the surface of the novel swabs that we are creating in this project.   Specifically, we 
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will develop novel fabrication protocols that will allow us to create swabs whose surface has a distribution of 
feature heights that is tuned to the distribution of heights on the surfaces of interest.  This will allow us to cre-
ate swabs that have the best chance of recovering residue from these surfaces.  We will create first-principles 
models of the adhesion force distribution as a function of distance from the swab ‘fingers’.  This distribution, 
combined with the residue dynamics information under development in R2-D.1, will be used to optimize the 
separation distance between fingers on the swabs, and will also inform the swabbing protocols.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A.	 Course,	Seminar	or	Workshop	Development

1. Trace Explosives Sensing for Security Applications (TESSA01) workshop – organized and led a se-
ries of 4 workshops (since the beginning of this project) attended by roughly 100 members of the 
trace explosive detection community for the purpose of developing a common, well-accepted ap-
proach for baselining contact sampling effectiveness

B.	 Interactions	and	Outreach	to	K-12,	Community	College,	Minority	Serving	Institution	Students	or	Faculty

1. We are collaborating with Prof. Aschalew Kassu from Alabama A&M on DHS-sponsored summer 
research program.

2. A high school student participated in research in my lab over the last year.  She was in the lab full-
time during the summer of 2015 and remains a part of my group, although on a reduced-time basis.

C.	 Other	outcomes	that	relate	to	educational	improvement	or	workforce	development

1. Coordinated transfer of High Tech Tools and Toys program to Purdue First Year Engineering Pro-
gram.

IV. RELEVANCE AND TRANSITION

A.	 Relevance	of	Research	to	the	DHS	Enterprise

1. Improve detection of trace explosives on luggage and persons through contact sampling/IMS.
a. Metrics:  Research in the Beaudoin lab has shown that swab-based contact sampling may miss as 

much as 30% of the residue on a surface.  The goal of this research is to substantially improve the 
detection rate by enabling the design of swabs that effectively interrogate surfaces and harvest 
residues. 

B.	 Potential	for	Transition

The recipe for creating the swabs will be patented and licensed to a commercial partner once we have achieved 
proof of concept.  A patent is pending on this technology, and the potential for transition is high.  Preliminary 
results have already demonstrated the superior performance of these traps at harvesting residue.

C.	 Transition	Pathway	

We share advances in the swab research with users and potential commercialization partners via conference 
presentations, reports, and journal articles.  We also collaborate with companies, such as Morpho Detection, 
who perform testing on our swabs and validate their performance.  The requisite information is collected 
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and transferred at regular intervals, and we expect to have our first generation of swabs ready to go into the 
transition pipeline within 18 months.  

D.	 Customer	Connections

Stefan Lukow at Morpho Detection is making measurements with the swabs we are creating.  As a result, they 
have an interest in this project.  

V. PROJECT DOCUMENTATION 

A.	 Peer	Reviewed	Journal	Articles	

1. Chaffee-Cipich, M, Hoss, D., Sweat, M., and Beaudoin, S., “Contact between Traps and Surfaces during 
Contact Sampling of Explosives in Security Settings”, In Review, Forensic Science International 
(2015).

B.	 Other	Publications

1. Beaudoin, S., Jaiswal, P., Harrison, A., Hoss, D., Laster, J., Smith, K., Sweat, M., and Thomas, M., “Funda-
mental Forces in Particle Adhesion”, Particle Adhesion and Removal, 1st Ed., Mittal, K. and Jaiswal, R., 
Eds., Wiley, 1-80 (2015) ISBN 978-1-118-83153-3.

C. Other Presentations 

1. Seminars
a. Beaudoin, S., TESSA 01 Follow-On Workshop, Hosted by NIST, October (2014). 
b. Beaudoin, S., TESSA 01 (1st Annual Workshop: Trace Explosives Sensing for Security Applica-

tions), Hosted by DHS-sponsored ALERT Center of Excellence, August (2014).

D.	 Technology	Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. Boudouris, B., Beaudoin, S., Cipich, M., Harrison, A., Lukow, S., Rostro, L., Schram, C., Smith, K., and 

Thomas, M., “Engineered Detection Swab”, Provisional Patent Application 62/052,375, Septem-
ber 18, 2014.

E.	 Requests	for	Assistance/Advice

1. From DHS
Requested to lead the TESSA (Trace Explosive Sensing for Security Applications) activities, including 
the following workshops:
a. Beaudoin, S., TESSA 02 (Trace Explosives Sensing for Security Applications), Leadership group 

planning meeting in preparation for 2nd Annual Workshop: Hosted by DHS-sponsored ALERT 
Center of Excellence, April (2015).

b. Beaudoin, S., TESSA 01 Follow-On Workshop, Hosted by NIST, October (2014).
c. Beaudoin, S., TESSA 01 (1st Annual Workshop: Trace Explosives Sensing for Security Applica-

tions), Hosted by DHS-sponsored ALERT Center of Excellence, August (2014).
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 R2-A.2: Stability of Gas Ions of Explosives in 

 Air at Ambient Pressure

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Gary A. Eiceman PI New Mexico State University geiceman@nmsu.edu

John A. Stone Consultant Queens University John.stone@chem.queensu.ca

Avi Cagan Research Professor New Mexico State University avicagan@nmsu.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution  Month/Year of Graduation

Maneeshin Y. Rajapakse PhD New Mexico State University 12/2014

Peter Fowler BS New Mexico State University 5/2016

Alexandra Juarez BS New Mexico State University 5/2015

II. PROJECT DESCRIPTION 

A. Overview and Signi icance

A.1.  Speci ic aims

1. Determine quantitatively the kinetics of decomposition, lifetimes and thermochemical values for gas 
ions of explosives in air at ambient pressure from 50 to 200°C.

2. Explore the pathways for decomposition and discover relationships between the features of molec-
ular structure and products of decomposition.

3. Establish an improved understanding of the performance of existing trace explosive detectors 
(ETDs) and establish foundations for innovation with a next generation ETD.

4. Form a irst-ever library of thermochemical parameters of gas ions of explosives in air at ambient 
pressure as a start to illing a void in the knowledge of explosives.

A.2.  Research challenges

1. The ionization chemistry of explosives is more complex than substances evaluated previously by 
NMSU’s kinetic methods.  New methods and technologies are needed to study explosive ion chem-
istry.

2. Impurities in explosives and chemistry are unfavorable for simple kinetic technology and the con-
cept of a kinetic ion mobility spectrometer (IMS) was upgraded with an advanced inlet to pre-frac-
tionate impurities from the authentic explosives.

3. Prior laws in the kinetic IMS with thermal gradients needed to be removed.
4. An instrument with dual shutter operation was needed to isolate speci ic ion swarms from neutral 

sample vapors and other ion swarms for accurate measurements.
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None of these challenges had been considered or solved for explosives before the attention and efforts of this 
research program.

A.3.  Background

Explosive trace detectors (ETDs) based on ion mobility spectrometry (IMS) are found in airports worldwide 
with over ~30,000 instruments used to detect residues of explosive particles on hand bags or luggage (1,2).  
These particles are collected by sampling surfaces of purses, laptop computers and other items and are va-
porized for gas phase analysis in a drift tube [3, 4].  The measurements using mobility drift tubes can be 
categorized into two related yet distinctive steps: 

1. The formation of gas ions through ion-molecule reactions in puri ied air at ambient pressure in an 
ion source or reaction region; and 

2. The characterization of ions derived from explosives using mobility measurements in drift regions 
at low electric ields (<1 to 5 Td).

Historically, current ETDs were designed to detect conventional explosives (TNT, RDX, PETN) and arose in 
response to devastating attacks in the 1970s and 1980s; notably on Boeing 747s, such as Air India Flight 
183 in 1986 and Pan Am Flight 103 in 1988.  Design features and operating parameters for current ETDs 
were made for these substances principally.  The pressure to place technology into operation meant that 
key understandings were undetermined before deployment and not considered subsequently as the ETDs 
seemed to function well-enough.  An expansion of the list of explosive threat materials and the lack of coher-
ent understanding of ion chemistry and behavior and their sometimes anomalous behaviors motivated these 
studies.  The long term goal has been to measure new properties of explosives, ion lifetime and kinetics of 
decomposition and to anticipate a next generation of ETDs based on these discoveries.
Response in ETD arises in the ion source or reaction region through gas phase chemical reactions, which can 
be described as displacement reactions, where a small polar adduct(s) is replaced on an ion cluster with the 
analyte neutrals “M” as shown in Equation 1:

M + (H2O)nO2
‒ ---------> M(H2O)n-1O2

‒ + H2O (1)
Analyte reactant ion product ion

These reactions have low or no activation barriers and all collisions between M and (H2O)nO2
‒ are favorable.  

The ion source and entire drift tube in ETDs are commonly elevated to 120 to 160°C to prevent condensation 
of explosives following vaporization in the thermal desorption inlet.  Although the adduct ion M(H2O)n-1O2

‒ is 
at thermal energy, fragmentation is thought negligible.

B.   State-of-the-Art and Technical Approach 

In this research project, we developed completely new methods and procedures to provide lifetimes, kinetic 
values and thermochemical parameters for gas ions of explosives without complications from impurities of 
the explosive samples.  The kinetic IMS instrument, created for this project, was built to provide variations of 
temperature of 2°C or less, equivalent to a maximum error of ~0.1 kJ/mole.  Additionally, the drift tube was 
a dual shutter or tandem mobility design, where particular ion swarms could be isolated for further studies 
of thermal decomposition.  Neutrals from samples were excluded from the measurement, providing heats of 
reactions with overall variation of 1 to 2 kJ/mole.  Computational values for the reactions were within 5% 
difference, mostly.  There is no comparable work described or in progress today, inside or outside of ALERT.  
These were unique methods, instruments and measurements.
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B.1.  Mobility characterization of gas ions and decomposition of ions

Ions derived from explosives are evaluated in ETDs through principles of IMS in which ions are separated and 
characterized for ion size and shape, which is found in the speed of ion swarms through an electric ield of 
ixed length.  Precise treatment of mobility of large organic ions in polar gases is underdeveloped and most 

employ mobility formulas developed in the mid-1960s [5, 6] for small ions in inert gases.  The bene it of IMS, 
practically, is seen in simplicity of technology, convenience of operation in air at ambient pressure and speed 
of measurements.  Additionally, the demand on resolving power of the drift tube is low for ions with single 
charge (Eq. 1), as individual species or in simple mixtures.
A central premise for early IMS investigators and the developers of the irst generation of ETDs, which are 
still in service, is that ions formed in the ion source persist throughout the mobility measurement; that is, 
the drift region is an inert or passive component in the generation of a mobility measurement or spectrum.  
In the late 1980s, evidence was given that gas ions formed in the ion source were not stable on the timescale 
of the mobility measurement and that ions, once injected into the drift region, underwent dissociation and 
fragmentation reactions [7].  These were seen in distortions of mobility spectra between 100 and 150°C 
for product ions of butyl acetates in positive polarity, where the chemistry of ionization is based on proton 
chemistry shown in Equation 2:

M + (H2O)nH+ ---------> M(H2O)n-1H+ + H2O (2)
analyte reactant ion protonated monomer

If concentrations of analyte vapors increase, the protonated monomer can be reacted to a proton bound 
dimer (M2(H2O)n-1H+) in a second displacement step. Findings with proton bound dimers of butyl acetates 
demonstrated that ion lifetimes are temperature dependent and only 1 to 5 ms in duration and that ions 
considered thermalized were unstable and proceeded through dissociation and then fragmentation shown 
in Equation 3:

M2(H2O)nH+ ----------> M(H2O)nH+ ----------> 57 Da, 61 Da (3)
Proton bound 

dimer
protonated 
monomer

fragment ions

The fragments were formed in the drift region after the proton bound dimer had been injected through the 
ion shutter for mobility analysis.  The masses were proposed as a protonated alkene (57 Da) and acetic acid 
(61 Da).  In the next two decades, methods and technology were developed to determine the kinetics of ion 
decompositions in air at ambient pressure and principle dissociation of proton bound dimers of amines, 
phosphate esters and ketones [8, 9].  These were less complicated than that seen in Eq. 3 and involved only a 
simple dissociation such as Equation 4:

M2(H2O)nH+ ----------> M(H2O)nH+ + M (4)
Proton bound dimer protonated mono-

mer
neutral

Since mobility measurements often occur in the range of 5 to 10 ms, the discovery that ions are unstable in a 
drift tube on the time scale holds a level of importance for con idence of detection which is dif icult to overes-
timate.  Indeed the entire response to a chemical in ETD can be summarized as (generally valid for response 
to all chemicals in mobility analyzers):

1. All substances introduced into an ion source will undergo favorable association with reactant ions 
and, through collisions, form adduct ions, irst as intermediate.  These intermediate species (not 
shown in Equations 1 and 2) are energetically excited (i.e., [M(H2O)nH+]*) and can be stabilized by 
the loss of a water, that is a net displacement reaction.  

2. The formation of the intermediate species is easily reversed and dissociated to reactants, that is, the 
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neutral analyte molecule and the reactant ion.  This will occur principally for substances which have 
low energies of associations (weak dipoles or polarizability).  Ions undergo a collision roughly every 
100 ps at thermal energies and if the heat of association is insuf icient compared to heat available in 
the gas environment, the ion will dissociate.

3. A product ion, once formed in the source region, is present in a reactive, vapor rich environment for 
a relatively brief period in a conventional ETD; perhaps 2 ms in the ion source region.  Additional 
time of mixing of gas ions and sample neutrals may occur in reaction regions of ETDs, which have 
designs speci ic to a model and comments on reaction times cannot be generalized with speci icity.  
Certainly within 5 to 7 ms, the ion is extracted from the ion source and reaction region and injected 
into the drift region, where efforts are made to maintain a puri ied gas environment free of neutrals 
from samples or impurities.  Ion dissociations can occur throughout the ion source and reaction 
region. 

4. Once an ion is a puri ied gas at ambient pressure of the drift region, even if the gas atmosphere 
contains modi iers such as methylene chloride, forward reactions (Eq. 1) are impossible and only 
decomposition reactions can occur.  Thus, the most signi icant question in understanding response 
in ETDs is: Will an ion have a lifetime greater than the time of drift?
If the answer to this question is yes, the spectrum will appear as a well-described mobility spectrum 
with mostly Gaussian peaks, with widths governed largely by the injection method/width (common-
ly 0.8 ms at FWHM for a drift region of 6 to 8 cm, E of 300 to 400 V/cm and ion shutter pulse width 
of 200 μs).
If the answer to this is no, distortions in the baseline will be seen along with fragment ions or ions 
from dissociations; additionally, the molecular ion such as M(H2O)n-1H+ may not be observed in the 
spectrum.

5. The question in point 4 (above) is broadly applicable to the entire measurement with an ETD and 
the time in the ion source/reaction region can be added and the question modi ied: Will an ion have 
a lifetime suf icient for a mobility measurement?
Ions with lifetimes below a few seconds will be incorrectly said to be unreactive since the mobility 
spectrum may show only the reactant ion peak.  Use of the word “unreactive” is a misnomer since all 
ion neutral interactions are favorable; rather the best understanding is that the ion is unstable under 
the experimental conditions.  If the ion decomposes to fragment in the ion source or reaction region, 
these will be seen in the mobility spectrum on a lat baseline.

B.2.  Findings and signi icance

A kinetic IMS was developed that allowed the measurement of authentic substances without interferences 
from impurities and also permitted the evaluation of speci ic ion swarms extracted from mobility separa-
tions using dual ion shutter methods.  The importance of this is shown in Figure 1, on the next page, where 
a mobility spectrum for nitroglycerin (top frame) is comprised of several adducts ions and there are other 
ions, possibly dissociation products or ions residual from the ion source.  In the top spectrum, obtained with 
a single stage drift tube and a single ion shutter, there is no clarity on the chemistry nor capability to provide 
an interpretation of the measurement.  In the middle and lower frames, obtained with a tandem drift tube 
and dual ion shutters to extract only one peak by mobility, the indings demonstrated that NGNO3

‒ has ion 
lifetimes greater than ion drift and there is no suggestion of decomposition at this temperature.
In contrast, the NGCl‒ gas has a lifetime close enough and below that of ion residence in the drift tube and 
dissociation to NO3

‒, not to Cl‒, occurs.  This, then, is not a simple dissociation of the parent ion, and instead is 
a displacement reaction.  This was seen for several substances shown in Table 1 on the next page.
Other substances did undergo simple dissociations such as seen with DMNB in Figure 2 on the following 
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page, where the adduct product ion produces Cl-.  Results from two of these substances are shown in Tables 
2 and 3 on the next page.  Results from computational modeling showed agreement within 11% error (differ-
ence) for all and within 5% error for most.

Figure 1: Mobility spectra for nitroglycerin (NG) with a single stage IMS drift tube (top plot) and the dual shutter tan-

dem IMS kinetic drift tube, where specifi c ion peaks can be isolated by mobility and individually characterized.  In 

this instance, the ion is undergoing decomposition through a displacement reaction with the release of NO
3

- from the 

adduct MCl-.

Table 1: Results from kinetic IMS studies of ion of explosives. Temperature range (T), Pre-exponential factor (A), Experi-

mental standard enthalpy change (ΔHo

(a)
), Calculated standard enthalpy change (ΔHo

(b)
) and Pre-exponential factor (A) 

for the thermal decomposition of each adduct ion.
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Figure 2: Mobility spectrum from kinetic IMS characterization of DMNB-Cl-.

Table 2: Thermochemical parameters for ions decomposing through simple dissociation reactions. See legend for Table 

1.  Heats of reactions (ΔHo) from experimental values (left column) and from computational methods (right column).

Table 3: Heats of reactions (ΔHo) from experimental values (left column) and from computational methods (right col-

umn).
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Possibly the most signi icant, practical value of this research in the near term is a clari ication of the relative 
stability of gas ions of explosives over a temperature range which impacts performance of existing ETDs. 
In Figure 3, a summary is given of explosives that decompose through simple dissociation and through ni-
trate displacement by chloride.  The igure can be interpreted:

1. On the left edge of each bar and at temperature below this, ions for a given explosive are stable and 
have lifetimes greater than ion residence in a mobility spectrum; this will produce clean sharp ion 
peaks in mobility spectra.

2. On the right edge of each bar and at temperatures above this, the ion derived from this substance 
will be unstable and likely only products of decomposition will be seen in the mobility spectrum.  
The ions of decomposition may be Cl- or NO3

-; nonetheless, decomposition will likely have occurred 
in the ion source and the spectrum will show peaks that are clean and sharp.  The misinterpretation 
may be that a reaction did not occur when a product ion was formed and decomposed rapidly at 
these temperature.

3. Ions at a temperature within the band of color have lifetimes that are in the same magnitude as that 
of ion residence in the drift region.  Thus, ions will enter the drift region as MCl- and yet will exhibit 
spectra such as seen in Figure 1 (top and middle frames) and Figure 2.

The implications of Figure 3 should inform thinking in new designs of IMS drift tubes for future ETDs.  For 
example, a list of design consideration from these studies might include the following:

1. Once an ion is formed from an explosive, is there any bene it for a hot drift region?
2. Residence time can be controlled by electric ield and length.  Should new operating parameters al-

low ield switching to change residence times?  Should drift tubes have multiple regions for lexible 
selection of unstable ions?

3. Operation at pressures slightly sub-ambient may alter kinetics of ion decomposition affecting per-
formance and reliability for little cost in engineering or operation.

Figure 3: Plot of ions and stability in air at ambient pressure over a range of temperatures.  The width of the line is an 

accurate measure of the range of temperatures where the ion goes from stable (at left) to unstable (at right).  This plot 

demonstrates that a drift tube operated at a single temperature and an ETD will produce a range of responses for ions 

of explosives, from stable to unstable.
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This is not an exhaustive list of questions that can be asked from these indings yet provides examples of how 
the results richly in luence design options in ETDs.

B.3.  Summary

The performance of ETDs and understandings of their response toward common explosives, and those 
emerging as non-conventional or improvised explosives, have rested for three decades on simple assump-
tions (spoken or unspoken).  During this same period, processes inside ETDs and all mobility spectrometers 
have been clari ied and ion lifetimes and kinetics of decomposition are central to any re ined description of 
performance and are necessary to any new design concepts in next generations of ETDs.  Unfortunately, there 
are no databases on ion kinetics or thermochemical parameters for ions of explosives in air at ambient pres-
sure (or other regimes of pressure).  Studies of decomposition kinetics exist for explosive materials, not for 
gas ions of explosives.  Indeed, the methods and measurements described in this research are unprecedented.
More than 20 explosives have been characterized for chemical behavior as gas ions in air at ambient pres-
sure and thermochemical values have been obtained for eight of these explosives.  The remaining are now 
understood in behavior and can be evaluated using concepts discovered in this project.  Thus, our work has 
established a database of explosives which is without precedent and indings from our investigations can 
inform future investigations for another eleven explosives.
The most signi icant part of this work is that we have shown systematically, with accuracy and precision, 
the in luence of temperature on stability of ions.  The indings show that a single temperature, as found in a 
contemporary ETD, will lead to several behaviors, including stable ion motion and thermal decomposition.

C.  Major Contributions

In the past year, the efforts of ive years reached maturity with a comprehensive summary of experimental 
investigations of 20 explosives and a third manuscript, a thorough investigation into the decomposition of 
ions from several nitrate and nitrite explosives.
Prior years were devoted to re ining the method and technology and describing capabilities.

D.  Milestones

There are four categories of explosives or explosives-related materials which have been laboriously identi-
ied or classi ied through experimentation.  No explosives in any of these four categories has been evaluated 

and should be.
Additionally, no improvised explosives have been studied and some present known dif iculties in detection 
by IMS.  These too should be explored to bring the project to a full standing as a complete work of research 
and discovery.

E.  Future Plans

In the next year, we wish to:
1. Undertake studies with our new LC ESI kinetic IMS for substances such as PETN, which are thermal-

ly labile and are not suitable to our GC kinetic IMS.
2. Extend the studies into improvised explosives such as TATP with the GC kinetic IMS.
3. Rebuild the kinetic IMS to reach 250°C to measure the “too” stable explosives.
4. Place a kinetic IMS in a cold bath to measure the “too” unstable explosives.
5. Explore ion stability of interferences that are commonly encountered.
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Points 1 to 3 are already, in principle, at a mature level or near completion.  Point 4 will require new instru-
ment building and Point 5 will require the con idence of DHS personnel.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Student Internship, Job or Research Opportunities

One PhD graduate, Dr. Rajapakse is currently completing two manuscripts from his PhD work while remain-
ing at NMSU as a postdoctoral fellow on an industrially sponsored explosives detection project.

B. Other outcomes that relate to educational improvement or workforce development

3 undergraduate staf ing for academic years. One of the students has been accepted into graduate studies, 
an MS program.  Two other students are remaining in the research team for additional semesters or years.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The challenge of our project has been to provide a comprehensive understanding of the foundations of re-
sponse in ETDs and establish this new knowledge for a next generation ETD users and commercialization 
partners.  Our metric has been the achievement of building the database of thermochemical parameters for 
explosives and explosives-related materials for use by the DHS security enterprise.

B. Potential for Transition

We can envision new designs of ETD, which are driven by our understandings (particularly in Fig. 3).  The 
indings should be included in thinking and plans for next generation ETDs.

C. Data and/or IP Acquisition Strategy

We are planning some exploratory studies on drift tube concepts that follow from these discoveries.  Details 
of these are still regarded as team sensitive.

D. Transition Pathway 

We are funded to explore some concepts associated with these discoveries.  The funding does not allow fur-
ther thermochemical measurement yet does allow development of the ideas suitable for a commercialization 
partner (Morpho Detection LLC).  Thus, at least one pathway has started.  There may be other pathways and 
other thoughts that low from these discoveries and the team is open to exploring those as time and strength 
are materialized.

E. Commercialization Partner Connection

Dr. Stefan Lukow, Morpho Detection LLC, Andover MA.
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V. PROJECT DOCUMENTATION 

A. Peer Reviewed Journal Articles 

1. R.M.M.Y. Rajapaksea, G.A. Eiceman, J.A. Stone, An experimental and theoretical study of the thermal 
decomposition of the ethylene glycol di-nitrate chloride adduct ion, International Journal of Mass 
Spectrometry, 2014, 371, 28–35

Pending-

1. R.M Rajapaske, J.A. Stone, P.E. Fowler, G.A. Eiceman, The Formation Enthalpies of Chloride Adducts of 
Nitrate and Nitrite Explosives by Ion Mobility Spectrometry, J. Phys. Chem. 2015, submitted.

B. Other Conference Proceedings

1. R.M Rajapaske, J.A. Stone, G.A. Eiceman, The gas phase kinetics for the thermal decompositions of 
the chloride adducts of explosive ions by ion mobility spectrometry, 23nd International Conference 
for Ion Mobility Spectrometry July 25-31 2014, Asheville, NC.

2. G.A. Eiceman, Stability of Gas Ions of Explosives from Kinetic Ion Mobility Spectrometry Studies: 
Understanding Spectral Response, Trace Explosives Workshop, Pittsburgh, PA, May 2015.

C. Student theses or dissertations produced from this project

1. R.M Rajapaske, An experimental and theoretical study of the thermal decomposition of chloride ad-
ducts of the nitro- and nitrate- containing explosives in an ion mobility spectrometer, 30th March 
2015, PhD, Chemistry. 
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R2-B.1: Orthogonal Sensors for Trace Detection

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Otto J. Gregory PI University of Rhode Island gregory@egr.uri.edu

Michael J. Platek Research Engineer University of Rhode Island platek@ele.uri.edu

Alan Davis Research Professor NUWC/URI davis@ele.uri.edu

Anthony Fascia Research Engineer/Scientist Hope High School, Providence RI afascia@gmail.com

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Mitch Champlin BS University of Rhode Island 5/2015

Jimmy Chan BS University of Rhode Island 5/2015

Elizabeth Shokunbi BS University of Rhode Island 5/2016

Zach Caron MS University of Rhode Island 5/2016

Vivek Patel BS University of Rhode Island 5/2017

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

The use of improvised explosive devices (IEDs) has dramatically increased over the past decade, and thus, 
there is a “real” need to reliably detect explosives and/or explosive precursors in venues, where public safety 
may be compromised. Currently, a small-footprint, handheld explosives trace detection (ETD) system, capa-
ble of continuously monitoring a wide variety of threats, is not available. Therefore, providing such a capa-
bility to the Department of Homeland Security (DHS) and its stakeholders is a primary goal of this research. 
In addition to lowering the detection limit while maintaining adequate selectivity to potential threat mol-
ecules, other challenges face this ALERT research project. Among these is that the ETD system should be 
adaptable and should not signal false positives and false negatives.  That is, as the nature of the “threat” 
changes and new explosives become threats, the sensor system must detect these new threats.  Our sensor 
does so simply by identifying a catalyst for a particular analyte and adding this characteristic response to the 
existing library of responses. Combinatorial chemistry techniques were used for the rapid screening of new 
catalysts, and a number of new catalyst-analyte pairings were developed as part of the ALERT project. Our 
approach not only advances the current state of threat detection for explosives but builds upon a core tech-
nology comprised of two robust sensing platforms: a thermodynamic sensing platform and a conductometric 
sensing platform.

B. State-of-the-Art and Technical Approach

Our thermodynamic platform is somewhat unique in that it can detect both nitrogen and peroxide based 
explosives [1], [2] and [3]. For example, TATP, 2,6-DNT and ammonium nitrate can be detected at the “single” 
ppb level in a single pass. This is accomplished by measuring the heat effect associated with the interaction of 
a speci ic target molecule with a metal oxide catalyst. Speci ically, a catalyst coated microheater is thermally 
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scanned over a selected temperature range using a digital control system and the electrical power difference 
due to catalytic activity is measured, similar to that in a microcalorimeter [1].  However, the catalyst plays 
a key role in that it ampli ies the signal and sharpens the response, improving both sensor sensitivity and 
selectivity [1], [2], [3]. No other sensor platform that we are aware of incorporates a catalyst into the sensor 
platform to achieve these levels of sensitivity and selectivity necessary for the detection of threat molecules 
at trace levels. Chen and Bannister [4] were able to differentiate energetic (explosive) materials from non-en-
ergetic materials using microthermal analysis. They used a microcalorimetry approach for detection, where 
changes in a material as it is heated generate a thermal “ ingerprint” due to decomposition. They obtained 
different characteristics for explosives vs. non-explosives. Our approach relies on the catalytic decomposition 
of the analyte molecule, which is a ine-tuned version of Chen and Bannister’s method [4] and thus, has a 
much more speci ic response.  When this approach is combined with high surface area catalysts (metal oxide 
nanowires), the sensitivity to explosive materials is in the ppb range and thus, on the same order of magni-
tude as that of an electronic nose [5].
A complementary conductometric sensor platform was added to our thermodynamic sensor platform to si-
multaneously monitor electrical conductivity changes in the same metal oxide catalyst when it is exposed to 
the same target molecule [3]. The premise here is that analyte-speci ic thermodynamic and electrical conduc-
tivity changes induced during catalytic decomposition of the target molecule allow for ultra-high-resolution 
detection of explosives vapors using orthogonal modalities that minimize false positive signals. Thus, the 
sensor provides a “signature”, which allows the user to determine which explosive is present and uniquely 
differentiates each explosive.
Our thermodynamic sensor consists of two microheaters that are dynamically controlled: one microheater is 
coated with a metal-oxide catalyst and a second microheater is left uncoated (see Fig. 1). As the heaters are 
thermally scanned, the catalyst-coated microheater detects any sensible heat effects plus the heat effect as-
sociated with catalyst-analyte interactions; whereas the uncoated microheater detects only the sensible heat 
effects.  By subtracting the two signals, any extraneous heat effects are cancelled out, producing a response 
that is due only to catalytic activity.

B.1.  Surface area effects

Given that the metal oxide catalyst plays a critical role in the performance of our thermodynamic sensor, the 
effect of catalyst surface area on sensor response is dramatic. Figure 2, on the next page, shows the response 
of a SnO catalyst to various concentrations of TATP, using a porous vs. a non-porous catalyst support. A SnO 

Figure 1: Schematic of dynamically controlled thermodynamic sensor platform with pre-concentration. Upon thermal 

desorption, the explosive vapor is delivered from the pre-concentrator to the active sensor elements. 
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catalyst was sputtered onto an alumina support in both cases, but the sensor response and detection limit ob-
tained using the higher surface area alumina support was dramatically improved. A dynamically controlled, 
dual sensor protocol was used in both cases, and suggests that catalyst surface area is the single most import-
ant variable for sensitivity and selectivity.  With this in mind and an expectation to transition the thermody-
namic sensor to a MEMS based platform in the near future, surface area of the active sensor elements could 
be dramatically increased using nanotechnology [10], [11], [15]. To meet this challenge, zinc nanowires were 
hydrothermally grown in an autoclave and subsequently deposited onto the active sensor elements to serve 
as catalyst and/or catalyst support. With the addition of zinc oxide nanowires, sensor responses to trace 
explosives were increased by nearly 300% and the detection limits were reduced into the “single” ppb range 
(see Fig. 3). Here, the zinc oxide nanowires added an additional catalytic activity not previously seen with 
the sputtered catalyst ilms. With further improvement, oxide nanowire catalysts have the potential to lower 
detection limits into the ppt range.

Figure 2: Eff ect of SnO catalyst surface area on the response to various concentrations of TATP.  A detection limit of 

134ppb was achieved with the greater surface area catalyst; sensor response using porous catalyst support is in blue 

and sensor response with a non- porous support is in red.

Figure 3: Response of two identical sensors to 2,6-DNT; response of sensor employing a tin oxide catalyst sputter-de-

posited onto ZnO nanowires (red) and response of sensor employing a sputter-deposited tin oxide catalyst (blue).
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B.2.  Pre-concentration

A pre-concentrator was added to the sensor platform as a means of increasing the sensitivity of the orthog-
onal sensor used for the detection of trace explosives [6]. The pre-concentrator used for explosives vapors, 
employs a polymer sorbent that relies on an optimized adsorption/desorption duty cycle to deliver a highly 
concentrated pulse of explosive vapor to the active sensor element. An order of magnitude improvement in 
detection limit was demonstrated using 2, 6-DNT as the analyte vapor [6]. 
Prior work on pre-concentration outlined by Camara et al [7] used microchannels fabricated out of single 
crystal silicon in conjunction with single wall carbon nanotubes as the adsorbent. Even though they were 
using volatile organic compounds (VOCs) as the analytes, they failed to recognize the importance of desorp-
tion processes on duty cycle time; i.e. just because a material has excellent adsorption properties, it may not 
be ideally suited for pre-concentration if the analyte is not effectively desorbed. Moshen et al [8] also used a 
micro luidic platform for pre-concentration and found that zeolites and mesoporous carbon were the most 
effective sorbents for explosive simulants. Unlike Moshen et al [8] and Ras et al [9], we have characterized a 
number of polymer sorbents based on their adsorption/ desorption characteristics, using actual explosives 
and not explosive simulants. 
The pre-concentrator is comprised of a spin-coated polymer that is located upstream from the active sensor 
elements, as shown in Figure 1. The incoming vapor stream is passed over the pre-concentrator for 180 sec-
onds, allowing time for collection of the explosive molecules. The pre-concentrator is then heated to desorb 
the explosives molecules, delivering a high concentration burst of analyte to the active sensors downstream. 
A similar pre-concentration system is typically employed in e-noses or electronic noses [5].
Figure 4 illustrates the difference in signals obtained after thermal desorption of explosive molecules (2, 
6-DNT) from the polymer sorbent. The response (signal) when the pre-concentrator was placed upstream 
from the active sensor element was nearly double that of the sensor without a pre-concentrator for col-
lection. This result suggests that an increase in signal (power difference for an endothermic reaction) had 
occurred between the analyte and the catalyst, consistent with other tests using the same analyte. Further 
experiments were conducted to determine the gas low that optimizes the overall signal response, collection 
time and polymer ilm thickness and the role they play in the adsorption/desorption kinetics [6]. 

C. Major Contributions

The most recent contribution to the overall goals of the ALERT project was to improve the surface area of 
the catalyst and/or catalyst support, which was realized through nanotechnology. Speci ically, zinc oxide and 

Figure 4: Pre-concentration duty cycle showing (1) start of 2-6 DNT vapor delivery to the active sensor element, (2) 

thermal desorption step and (3) the end of pre-concentration cycle when the upstream microheater is turned off . 
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copper oxide nanowires were grown in a controllable and reproducible manner such that they could be in-
corporated directly into the sensor platform. Zinc oxide nanowires were deposited onto the microheater sur-
face using a multi-step process. High-purity zinc foil was initially cleaned using acetone, methanol, and water 
and then submerged in a Te lon crucible containing a 3.5M solution of ethylene-diamine, and autoclaved for 
10 hours at 146°C [10], [11]. Figure 5 shows SEM micrographs of the growth sequence of zinc oxide nano-
wires formed on zinc foil as a function of time at temperature.  In parallel efforts, zinc was deposited onto 
the microheater surface and the same hydrothermal process [10] was repeated.  After forming nanowires 
on the surface of the active sensor elements, a thin layer of SnO was sputter-deposited onto the zinc oxide 
nanowires, thereby taking advantage of the additional surface area provided by the ZnO nanowires.  Figure 
6 shows SEM micrographs of a sputtered zinc oxide ilm and zinc oxide nanowires grown by hydrothermal 
means [10]. Here, the sputtered zinc oxide ilm is almost featureless compared to the hydrothermally grown 
zinc oxide and the difference in surface area between the two different zinc oxide preparations can be readily 
seen from the SEM micrographs. Note that even though the orientation of the zinc oxide nanowires is some-
what random, the bene it in terms of surface area enhancement is still realized for the hydrothermally grown 
zinc oxide. 

 Figure 5: SEM micrographs showing the growth sequence of zinc oxide nanowires formed on zinc foil as a function of 

time at temperature.  The nanowires were grown hydrothermally at 146°C in an autoclave. 

Figure 6: SEM micrographs of a sputtered zinc oxide catalyst fi lm (left) and a zinc oxide nanowire catalyst taken at the 

same magnifi cation (right).
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More recently, copper oxide nanowires were formed directly onto the active sensor elements [10]. Sputtered 
copper oxide catalysts have been successfully used for the detection of TATP and ammonium nitrate using 
our thermodynamic sensor and thus, CuO was a logical choice for integrating nanowires into our existing 
sensor platform. In addition to having the desired chemistry, CuO nanowires possess attributes similar to 
those of ZnO, but can be readily fabricated onto the microheater surface in a single step. To accomplish this, 
a copper ilm was sputtered onto the serpentine of the microheater and oxidized in ambient air at 410°C for 
6 hours.  Figure 7 shows SEM micrographs of CuO nanowires grown on the surface of a nickel microheater.  
It should be noted that the nickel microheaters were pre-coated with an aluminum oxide layer for electrical 
insulation, prior to the deposition of the copper.  

Based on the SEM micrographs of the ZnO and CuO nanowires shown in Figures 6 and 7, and their character-
istically large aspect ratios, it was not surprising that their effect on sensor response was signi icant. Figure 
8 shows the response of our thermodynamic sensor to various concentrations of TATP, using a SnO catalyst 
and no catalyst.  The sensor without a catalyst behaves very similar to that of a microcalorimeter [4], where-
as the sensor with a metal oxide catalyst exhibits much greater response (ampli ication) without sacri icing 
speci icity.

Figure 7: SEM micrograph of CuO nanowires formed on the surface of a nickel microheater.

Figure 8:  Eff ect of TATP concentration on thermodynamic sensor response, with a SnO catalyst (blue) and without a 

catalyst (red).
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In addition to increasing the surface area by 5-6 orders of magnitude over our existing sputtered catalyst, 
and thus, increasing sensor response, the ZnO nanowires also improved the conductometric sensor response. 
Other researchers [15] have determined that explosives molecules stick readily to and are adsorbed onto 
the surfaces of nanostructured oxides. This results in a change in surface chemistry and thus, a change in 
electrical conductivity. Figure 9a shows the response of an orthogonal sensor to 0.5 ppm 2,6-DNT using a 
ZnO catalyst at 410 °C. The analyte vapor, 2,6-DNT, was introduced into the system for 60 sec. and both the 
thermodynamic and conductometric signals showed a large, rapid response (response time < 10 sec). 
However, the two orthogonal sensor platforms appear to have different time constants; i.e. compared to the 
conductometric response, the thermodynamic response takes a longer time to reach equilibrium. Additional 
tests of the orthogonal sensor using SnO2 as the catalyst and 2,6-DNT as the analyte were conducted.  The 
purpose of these additional tests, was to determine the effect of vapor concentration on recovery time (see 
Fig. 9b). Here, the thermodynamic response was linear with respect to 2,6-DNT vapor concentration, where-
as the conductometric response remained relatively constant as the 2,6-DNT vapor concentration was de-
creased beyond a certain level.

D. Milestones

A number of milestones have to be met before the orthogonal sensors developed for ALERT can be delivered 
to DHS and its stakeholders. First and foremost, ield-testing of the orthogonal sensor will be completed in a 
mock cargo container within the next 10-15 months.  The sensor testing to date has been done using bench 
level experimentation, under controlled laboratory conditions. Moving the existing sensor platform out of 
the laboratory and into the ield represents a major undertaking. The testing apparatus has to be packaged 
so that it is not only robust but lightweight and portable as well. A cargo container will soon become avail-
able to ALERT for sensor evaluation. It should be an ideal venue for ield-testing purposes. Humidity and 
temperature effects on sensor performance will have to be taken into account during ield trials. We will also 
continue our efforts to reduce the thermal mass of sensors, by transitioning from a solid-state platform to a 
MEMS-based platform. This transition will eventually lead to a fully functional, handheld device.  Completion 
of the MEMS-based sensor will take place over the next 10-20 months. To accomplish this, we will build upon 
the successes of our earlier versions of the MEMS platform using free-standing silicon nitride diaphragms to 
support microheaters and nanowire catalysts, thereby creating the necessary thermal isolation on a micro-
scopic platform.  We will also continue our efforts to build a library of sensor responses (or signatures) for 
speci ic catalyst-analyte combinations, and at the same time lower the detection limits for the threat mole-

Figure 9: Thermodynamic sensor response (blue) and conductometric sensor response (red) to 2, 6-DNT at 410 °C (a) 

and response of same orthogonal sensor to diff erent concentrations of 2, 6-DNT in the vapor phase at 410 °C using a 

SnO
2
 catalyst (b).
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cules.  New oxide nanowire catalysts will be developed over the next 24 months and inally, we will continue 
to investigate other explosives that have even lower vapor pressures than those energetic materials we have 
successfully detected to date.

E. Future Plans
Since September 11, 2001, the screening of cargo containers for chemical weapons at ports of entry has been 
a priority for DHS. However, a rapid, cost effective screening method for explosives and explosive pre-cursors 
does not currently exist [12], [13], [14]. Since the vapor space above the cargo in these containers can contain 
detectable concentrations of explosive vapor, our ETD sensing technology could be used to probe the space 
for potential threats. Thus, our future plans will focus on developing a portable sensing device (using an air 
pump to induce air low) that will effectively draw vapor from the head-space over the sensor elements, to 
enable real time detection. A cargo container will soon become available to ALERT for sensor evaluation. It 
should be an ideal venue for ield-testing purposes. A small air pump will allow us to sample the head-space 
within cargo containers through small vents now mandated by the US government on every container.   In 
this way, the “threat molecules” vaporized within the containers will be concentrated enough to allow for 
detection. Sampling with an air pump will also allow us to operate our detection system under different en-
vironmental conditions, including both humidity and temperature. 
Great progress has been made in the pursuit of unique signatures or sensor responses to speci ic catalyst-an-
alyte interactions, using our dynamic scanning protocol (see Fig. 1). Here, a second reference microheater 
was used to eliminate unwanted sensible heating effects, which form the background signals. The detection 
limits have been signi icantly lowered using our dynamic scanning protocol and high surface area catalyst 
supports. We will continue to pursue lower detection limits for both nitrogen and peroxide based explosives 
using our high surface area catalyst and dynamic scanning protocols in the coming year. At the same time, 
we plan to transition our thermodynamic sensor platform from a solid-state device to a MEMS-based device, 
now that we have addressed the issue of reduced surface area for the active sensor elements (catalyst-coated 
microheaters) in the MEMS, which would have a considerably smaller footprint. To address this reduction in 
sensor footprint, zinc oxide nanowires and copper oxide nanowires will be employed as the catalyst and/or 
catalyst support in the MEMS platform. Since we are eventually planning to develop an integrated MEMS de-
vice (with electrical measurement unit) on a custom integrated circuit, this will serve as a platform for multi-
ple catalysts, thermal measuring devices and reference microheaters. Using the MEMS platform, a handheld 
version of our ETD system is envisioned.
To develop a portable, handheld ETD system, our existing microheater-based sensor will be re-con igured to 
a MEMS platform using free-standing silicon nitride diaphragms to support microheaters and nanowire cat-
alysts, thereby creating the necessary thermal isolation in a microscopic platform. A photograph of an array 
of free-standing diaphragms, fabricated on a silicon wafer is shown in Figure 10 on the next page. Partnering 
with the US Army Electronics Laboratory (Maryland) and the US Naval Undersea Warfare Center (NUWC), we 
are developing a MEMS version of our orthogonal gas sensor that will serve as the enabling technology for a 
portable explosives trace detection system that is both self-contained and capable of continuously monitor-
ing a wide variety of threat molecules. 
Long term, we intend to use custom integrated circuit design techniques and MEMS sensors, whereby the 
acquisition of the signals derived from the detectors can be automatically screened for threat molecules. 
NUWC has considerable expertise in the development of MEMS devices, custom integrated circuit design, 
device packaging and air low issues. The premise here is that analyte-speci ic thermodynamic and electrical 
conductivity changes induced during adsorption by a metal oxide catalyst allow high-resolution detection of 
explosives vapors using orthogonal modalities that minimize false positive signals. The long term goal for the 
Navy is to develop sensor arrays; i.e. arrays comprised of an integrated MEMS and electrical measurement 
unit on a custom integrated circuit, which can serve as a platform for multiple catalysts, thermal measuring 
devices and reference microheaters.
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III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

This ALERT research project addresses one of the challenges for DHS in that both nitrogen-based and non-ni-
trogen-based explosives can be detected at trace levels.  This would assist the DHS enterprise, since a number 
of commercial ETD systems that can reliably detect nitrogen-based explosives are unable to detect perox-
ide-based explosives. Our sensor system is equally pro icient in detecting TATP and 2,6-DNT at the ppb levels 
but our goal is to lower the detection limits for both nitrogen- and peroxide-based explosives.   Another major 
concern for the DHS enterprise is false alarms; i.e. false positives and false negatives. A potential confuser for 
TATP using our thermodynamic sensor platform is acetone, which is the decomposition product of TATP in 
the absence of any catalyst [16]. However, the catalytic decomposition of TATP using our sensor results in the 
formation of hydrogen peroxide and not acetone [1], [2]. Thus, those confusers that may be anticipated in the 
absence of a catalyst may not be an issue at all with our ETD system, since our sensor depends on catalytic 
decomposition.  In our case, hydrogen peroxide would be more of a confuser than acetone. In addition, our 
project speci ically addresses the issue of false positives and negatives by employing orthogonal sensor mo-
dalities that are somewhat unique in that the metal oxide catalyst is simultaneously interrogated using two 
different sensing protocols. The result is a built-in redundancy consisting of both a thermodynamic signature 
and a conductometric signature. The metric for the orthogonal modalities is to lower the detection limit for a 
given analyte-catalyst combination using each type of sensor platform.  The metric for the MEMS-based sen-
sor platform is to reduce the sensor footprint relative to the solid-state sensor without sacri icing capability; 
i.e. without sacri icing the current sensitivity and selectivity of the solid-state sensor.

B. Potential for Transition 

We have discussed our technology with several end-users including Delta Airlines and the Port Authority 
of Savannah, Georgia (Savannah is the second largest seaport on the east coast). The Port Authority was 
interested in “monitoring” potential threats emanating from containerized cargo ships and tankers contain-
ing toxic gases that could threaten the public. Since the Port Authority saw a potential application for our 
device in regards to leaks of toxic gas such as chlorine at low levels, they were favorably impressed with our 
research. We later demonstrated for The Port Authority that we could detect chlorine gas at trace levels with 
our sensor.  Delta Airlines was looking for ways to improve security across airport venues.

    (a)      (b)

Figure 10: Micrograph of an array of MEMS sensors formed on single crystal silicon; each MEMS sensor contains four 

free-standing diaphragms with microheaters (a), and an expanded view of an individual MEMS sensor with a free 

standing diaphragm, microheater and thermocouple (b).
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C. Data and/or IP Acquisition Strategy

We have a number of patent disclosures and have iled two full US patent applications this past spring, includ-
ing U.S. Patent App. No. 14/719,400, “Systems and Methods for the Detection of Compounds”, O.J. Gregory, Z. 
Caron, D. Mallin, and M. Champlin, May 22, 2015 and U.S. Patent Application (June 10, 2015), “Systems and 
Methods for Distributed Chemical Sensors Using Optical Fibers”, O.J. Gregory, T. Wei and J. Oxley. Our patent 
strategy is to license all or a portion of our sensor technology to the manufacturers of detection equipment, 
such that it will broaden the capabilities of their existing detection equipment.

D. Transition Pathway

We have been working with potential commercialization partners, SensorTech Inc., and users Savannah, GA 
and NUWC to explore venues for ield-testing our sensor technology. Field-testing will be a high priority over 
the next two years and collecting data in the ield and processing the data in “real time” will go a long way 
toward satisfying the needs of potential end users. SensorTech Inc. has offered their services to assist us in 
ield-testing but we were not yet prepared to complete testing in the manner and venues they desired. Before 

transitioning to a full-scale venue, we intend to do a few more scale-up experiments beforehand. Our latest 
effort along these lines includes the addition of an air pump to our testing protocol to emulate how the sen-
sor would be used in a “real testing environment”. The use of an air pump for testing will allow us a proof of 
concept for sampling in various environments.
In addition to the above collaborators, we have continued to pursue potential commercialization efforts with 
other industrial partners, primarily the manufacturers of detection equipment including Smiths Detection, 
FLIR and Raytheon. FLIR, for example, visits our laboratory several times a year to see the progress made and 
new technologies that have been incorporated into our sensor platform. They are interested in technologies 
that could possibly bene it their FIDO detection system. One of our critical milestones, pre-concentration, is 
of great interest to FLIR, as is our microheater design, which can operate at temperatures high enough to de-
compose almost any threat molecule or narcotic. A partnership with FLIR would complement their existing 
capability with FIDO, especially as it relates to peroxide based explosives. In doing so, they could capture a 
much larger cross section of potential threats than currently available.

E. User Partner Connections

NUWC and URI have entered into a Co-operative Research and Development Agreement (CRADA- NUWC-
DIVNPT-13-801) to assist in the design and implementation of a MEMS-based sensor platform. Dr. Theresa 
Baus, Technology Transfer Chief, is our technical contact at the Naval Undersea Warfare Center.

V. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

Pending-
1. Caron, Zachary, C. and Gregory, Otto, J., “Oxide Nanowire Catalysts for Gas Sensors”, Nanoletters, 

submitted.
2. Caron, Zachary, C., Mallin, Daniel, Champlin, Mitchell, and Gregory, Otto, J., “A Pre-Concentrator for 

Explosive Vapor Detection”, Electrochemical Society Transactions, in press. 
3. Chu, Yun, Mallin, Daniel, Amani, Matin, and Gregory, Otto, J., “Detection of Explosives Using Orthogo-

nal Gas Sensors”, IEEE Sensors Journal, in press.
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B. Peer Reviewed Conference Proceedings

1. 227th Electrochemical Society Meeting, Chicago, IL, May 2015, “A Pre-Concentrator for Explosive 
Vapor Detection”, Zachary Caron, Daniel Mallin, Mitchell Champlin and Otto Gregory  

2. 250th American Chemical Society National Meeting, Boston, MA, August 2015, “Trace Explosives 
Detection using Zinc Oxide Nanowires”, Zachary Caron, Daniel Mallin, Mitchell Champlin and Otto 
Gregory 

3. Federation of Analytical Chemistry and Spectroscopy Society – FACSS/SciX Conference, Providence, 
RI, September 2015, “Trace Explosive Detection using Zinc Oxide and Copper Oxide Nanowire Cata-
lysts”, Zachary Caron and Otto Gregory

4. SPIE Scanning Microscopies 2015, SPIE Scanning Microscopies Symposium: Santa Barbara, CA, (Oct. 
2015), “A Compilation of Cold Case Investigations using Scanning Electron Microscopy ”, O.J. Gregory 
and M.J. Platek

5. TESSA02 Workshop, Northeastern University, Boston, MA, August 5, 2015, “Orthogonal Sensors for 
Vapor Residue”, Z.Caon, V. Patel, D. Meekins, M. Platek and O.J.Gregory

C. Other Presentations

1. Poster Sessions
a. AIChE Northeast Regional Student Poster April 2015 Contest, “Orthogonal Detection of Explo-

sives and Explosive Precursors”, M. Champlin, J. Chan, Z. Caron, and O. J. Gregory
b. 2015 URI Chemical Engineering Graduate Student Symposium Poster Contest, “Dynamic Sens-

ing for Trace Explosives Detection”, April 2015, Z. Caron, M. Champlin, J. Chan, and O. J. Gregory

D. Student Theses or Dissertations

1. Daniel Mallin, “Increasing the Selectivity and Sensitivity of Gas Sensors for the Detection of Explo-
sives”, December 2014, M.S. in Chemical Engineering.

E. Technology Transfer/Patents

1. Inventions Disclosed
a. “Systems and Methods for the Detection of Compounds”, URI patent disclosure February 2015, 

O.J. Gregory, Z. Caron, D. Mallin, and M. Champlin.
2. Patent Applications Filed

a. U.S. Patent iled on May 22, 2015; App. No. 14/719,400, “Systems and Methods for the Detection 
of Compounds”, O.J. Gregory, Z. Caron, D. Mallin, and M. Champlin. 

b. U.S. Patent Application iled on June 10, 2015, “Systems and Methods for Distributed Chemical 
Sensors Using Optical Fibers”, O.J. Gregory, T. Wei and J. Oxley.
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 R2-B.2: Portable, Integrated Microscale Sensors 

(PIMS) for Explosives Detection

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Jeff rey F. Rhoads Co-PI Purdue University jfrhoads@purdue.edu

George T.-C. Chiu Co-PI Purdue University gchiu@purdue.edu

Andrew B. Sabater Post-Doc Purdue University andrew.sabater@gmail.com

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution  Month/Year of Graduation

Nikhil Bajaj Ph.D. Purdue University 8/2015

Allison K. Murray BS Purdue University 12/2015

Brittney J. Scifres BS Purdue University 5/2016

Jeff rey N. Hickey BS Purdue University 5/2017

Lillian F. Miles BS Purdue University 5/2015

Trevor M. Fleck BS Purdue University 12/2015

Keaton Reed BS Purdue University 5/2018

II. PROJECT DESCRIPTION 

A. Overview and Signi icance

To successfully deter and detect explosives threats, a multimodal technical approach based upon an ar-
ray of orthogonal or near-orthogonal sensing technologies (e.g. spectroscopic systems, imaging systems, 
swab-based sensors, etc.) is essential.  The present effort seeks to develop a sensing system that can ad-
dress one such detection vector, namely portable, integrated, microscale sensors (PIMS) that are suitable 
for vapor-phase explosives detection.  These small-scale, cost-effective sensing systems are ideally suited 
for integration into existing baggage, cargo, and passenger screening portals, building ventilation systems or 
handheld portable devices, and, as subsequently described, exhibit performance metrics (e.g. false positive/
negative rates, sensitivities, and power consumption metrics) that are expected to compare very favorably 
when integrated in operational environments.
The PIMS devices being developed within the context of ALERT are based on so-called bifurcation-based 
mass sensing principles, wherein vapor-phase target analytes chemomechanically interact with a functional 
layer (typically a polymer) deposited upon the oscillating surface of a microscale electromechanical resona-
tor.  This interaction renders a change in the resonator’s effective mass, eliciting a shift in natural frequency 
and, given that the system is driven into a nonlinear response regime with two stable response branches, a 
marked change in amplitude (see Fig. 1 on the next page).  Because this approach utilizes a nonlinear mech-
anism and a threshold technique for sensing, the associated control electronics can be greatly simpli ied (in 
comparison to sensors based solely on resonance-shift principles), which signi icantly aids the development 
of portable sensors with reduced form factors and favorable power consumption metrics.  In addition, the 
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sensitivity of the system can be widely tuned, as it is not based solely on the underlying physics of the device.  
In prior work by the investigators, which focused on vapor-phase alcohol sensing, bifurcation-based mass 
sensors were shown to yield superior performance metrics (i.e. false positive/negative rates, sensitivity and 
power consumption metrics) in laboratory environments and compared favorably to their more convention-
al counterparts [1, 2].

  
Given the investigators’ prior research related to PIMS, the present effort is speci ically focused on: 
• Developing a new class of cost effective and tunable bifurcation-based mass sensors which are suitable 

for vapor-phase explosives detection.  Though not included in the original statement of work, this task 
became essential when the commercial platform that the investigators had repurposed as a bifurca-
tion-based mass sensor in prior work, the Veeco DMASP probe shown in Figure 1, was discontinued 
shortly before the onset of the initial performance period.

• Developing a new inkjet-based functionalization system which is capable of rapidly and precisely depos-
iting functional surface layers on the sensors developed herein.

• Developing new, low-power control and signal processing electronics, designed to enable portable func-
tionality, while maintaining performance.

• Validating sensor performance with real energetic materials within both laboratory and operational 
(wherein the impinging luid low becomes important) environments.

• Characterizing pertinent sensor metrics (e.g. false positive/negative rates, sensitivities, power consump-
tion, etc.) and benchmarking these metrics against alternate sensing platforms.

• Overcoming the basic research challenges associated with integrating all of the sensing system’s constit-
uent pieces in a single, portable platform.

• Modeling the complete sensing system with an eye towards predictive design, performance optimization 
and, ultimately, technology transition.

Figure 1: (left) Frequency response of a typical bifurcation-based sensor with a softening nonlinearity, before (blue) 

and after (red) adsorption of mass onto the electromechanical resonator’s surface. The stable response solutions are 

represented by solid lines, while the unstable response solutions are represented by dashed lines. Points A’ and A 

represent the resonant amplitudes prior to and post adsorption, obtained when the system is excited at a constant 

excitation frequency. As the mass adsorbs onto the resonator’s surface, the frequency response shifts to the left, re-

sulting in a sudden jump in the response amplitude (the inset shows the time response as the system moves across 

the bifurcation point). This transition, induced by chemomechanically-induced shifts in the natural frequency of the 

resonator, can be correlated to a mass detection event [1, 2]. (Right) Scanning electron microscope image of a repre-

sentative functionalized Veeco DMASP probe – the fi rst bifurcation-based sensor developed by the investigators [1, 2].
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B. State-of-the-Art and Technical Approach

Chemical and biological sensors based on resonant micro- and nanoelectromechanical systems (MEMS and 
NEMS) have garnered considerable research attention over the past two decades [3-5]. Since the initial 
demonstrations of microscale resonant mass sensing in water vapor and mercury detection, the ield has 
expanded to encompass a wide variety of applications ranging from medical diagnostics and environmental 
safety to national security and public safety [6-11]. Resonant mass sensors typically utilize chemomechani-
cally-induced shifts in the frequency response of an isolated electromechanical resonator or an array of elec-
tromechanical resonators for analyte detection [7, 12, 13]. This approach has in fact been used with varying 
degrees of success in explosives sensing contexts in prior work [10, 14-21].  While a number of researchers 
have demonstrated the distinct utility of this approach in terms of both sensitivity and application space, 
sensors that exploit nonlinear behaviors have the potential to: (1) render improved performance metrics; (2) 
offer tunable sensitivities; and (3) simplify inal device implementations and thus reduce power consump-
tion and form factor metrics by eliminating the need to employ frequency tracking hardware, which is often 
attendant to conventional microscale mass sensor designs [1, 2, 22-25]. 
The present effort seeks to build upon the latter body of research by developing PIMS based upon the bifur-
cation-based sensing principles described above.  This technical approach is markedly different from other 
known research, a possible exception being that research described in [22], in that it is focused on: (1) the va-
por-based detection of explosives; (2) an engineering-based technical solution that emphasizes overcoming 
the hurdles associated with developing a cost-effective sensor platform capable of detection in operational 
environments, rather than solely performance metric enhancement; and (3) developing a scalable sensing 
solution which is suitable for technology transfer.

C. Major Contributions

C.1.  Second performance period: 2014-2015

In the second period of performance for this project, research efforts focused on three key fronts: (1) re-
inement and characterization of the nonlinear feedback control underlying the PIMS platform; (2) sensor 

functionalization; and (3) characterizing sensor performance in laboratory environments.  Technical details 
related to recent and ongoing research in each of these respective areas is delineated below.

C.1.a.  Re inement and characterization of the nonlinear feedback control

As noted above, though it was not included in the original statement of work, it became imperative for the 
investigators to develop a new bifurcation-based sensor platform in the irst year of effort because the 
commercial platform originally intended for repurposing and use as a resonant sensing element, the Veeco 
DMASP probe shown in Figure 1, was discontinued by the manufacturer shortly before the start of the initial 
performance period.  To this end, the PIs, working in conjunction with their research assistants, developed a 
simple control strategy dubbed “feedback nonlinearization” (see Fig. 2 on the next page), which could morph 
the commercially-designed-for, linear frequency response structure of any quartz or MEMS resonator (e.g., 
those depicted in Fig. 3 on the next page) into the nonlinear frequency response structure required for bi-
furcation-based sensing.  While this control strategy was successfully implemented near the end of the irst 
performance period, it became clear during testing that additional re inement was needed in the second year 
of the effort.  To this end, the analog circuitry paired with the resonators went through a series of design 
iterations, eventually yielding the circuit design depicted schematically in Figure 4 on the next page and pic-
torially in Figure 5 on the following page. While a complete set of technical details related to the design and 
implementation of this system can be found in Reference [26], for present purposes suf ices to note that this 
system contains three main subsystems: (1) the actuation and sensing subsystem, which is used for resona-
tor transduction; (2) the iltering subsystem, which is used for on-chip signal conditioning; and (3) the cubic 
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feedback generation system, which is used to realize the desired nonlinear frequency response characteris-
tic. When properly designed and implemented on-chip, these subsystems provide the functional backbone 
necessary for bifurcation-based sensing.

Figure 2: Schematic representation of the fi nal feedback control concept.

Figure 3: Examples of quartz tuning fork devices: (left) Epson FC-135 and (right) Abracon AB38T.

Figure 4: Detailed circuit diagram of the bifurcation-based sensing platform. Note that power supply lines are omitted 

aside from ground, as are buff er operational amplifi ers from the output connections and decoupling capacitors.
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Following the development of the aforementioned closed-loop system, its frequency response behavior was 
characterized using forward and backwards sweeps of the input excitation.  Key results from this study are 
included in Figure 6.  As evident from this igure, the feedback nonlinearization strategy is not only capable 
of developing the desired softening frequency response characteristic but is capable of doing so in a tunable 
fashion (the saddle-node or cyclic-fold bifurcation can be moved with increasing excitation amplitude). Fur-
thermore, even in the absence of tuning, the control system is capable of producing the desired structure 
in multiple devices of the same variety and, though the results are not included here for the sake of brevity, 
devices of multiple varieties. The control architecture also was found to provide an additional capability to 
enhance the robustness of the PIMS platform against non-target analytes and external disturbances, as need-
ed to reduce false-positive events. Given these positive results, the PIs determined that the newly-developed, 
closed-loop resonator platform was suf icient for implementation in a PIMS platform and, as such, the PIs 
redirected efforts in the remaining portion of the performance period towards sensor functionalization and 
laboratory characterization.  

Figure 5: Implementation of the design depicted in Figure 4. The resonant sensing element can be seen on the smaller 

PCB (on the right), along with the drive and transimpedance amplifi ers.

Figure 6: (left) Demonstration of the tuning of the Duffi  ng-like frequency response in the softening feedback mode, 

with a fi xed gain and increasing excitation amplitude. (Right) Softening responses of three diff erent AB38T tuning fork 

crystal devices, with their respective linear responses shown as well. These devices were excited with the same fi xed 

feedback gain (for the softening case) and the same input excitation.
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C.1.b.  Sensor functionalization

With a robust resonator platform in hand, research efforts shifted to sensor functionalization.  As detailed 
below, in the irst year of this research effort, the PIs, working in conjunction with their research assistants, 
developed a customized inkjet functionalization system (see Fig. 7 and Table 1) capable of depositing pi-
coliter-scale drops of functional polymers with micron-level accuracy and precision.  Accordingly, research 
efforts in the second period of performance focused on the development and selection of appropriate surface 
chemistries as well as deposition process control and optimization.

Being cognizant of both nitroaromatic and organic peroxide threats, surface chemistries suitable for the de-
tection of both classes of compounds were explored in conjunction with the Boudouris Group in the School 
of Chemical Engineering at Purdue University.  With regard to the detection of nitroaromatic explosives, such 
as trinitrotoluene (TNT), the PIs and their partners leveraged the wealth of existing chemistries developed in 
prior work, including those that reversibly bind to speci ic molecules due to hydrogen bonding interactions 
(see, for example [27]), as well as self-assembled monolayers of 4-mercaptobenzoic acid (4-MBA) and 6-mer-

Figure 7: The investigators’ customized inkjet functionalization system fabricated as part of this research eff ort.  Key 

metrics of this system are highlighted in Table 1. 

Table 1: Performance metrics of the inkjet functionalization system developed as part of this eff ort.
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captonicotinic acid (6-MNA), which provide carboxylic acid end groups that can reversibly bind with the nitro 
groups on analytes such as TNT [28].   Likewise, for organic peroxide sensing, the PIs and their partners have 
leveraged the fact that the weak O-O bond in these molecules breaks down into free radicals that are highly 
reactive.  Accordingly, it is believed that these radicals can be easily detected through the interaction with 
another radical bearing species, speci ically a radical polymer. Radical polymers are macromolecules bearing 
a stable radical site on the pendant groups of a non-conjugated carbon backbone [29]. The radical site on 
these polymers will react with the radicals generated from organic peroxide molecules to irreversibly bind 
them to the sensor. The radical polymer currently under investigation is poly (2, 2, 6, 6- tetramethylpiper-
idinyloxy methacrylate), abbreviated PTMA, which has been synthesized through RAFT polymerization in 
the Boudouris Group [30].  
For each of the diverse chemistries detailed above, the PIs have worked in conjunction with their partners 
to develop ink-like solutions through the careful selection of solvents and solids loading.  While the technical 
merit of the “inks” can only be determined through extensive testing, the PIs believe that the underlying sci-
ence is suf iciently mature for these to be a success. Accordingly, recent research efforts have focused on the 
rapid deposition of these chemistries onto a wide array of resonator platforms (see Fig. 8) as well as further 
re inement of the inks themselves.

C.1.c.  Characterizing sensor performance in laboratory environments

With the electromechanical development of the PIMS platform effectively complete, efforts in Q4 of 2014 fo-
cused on characterizing the PIMS’ performance in a laboratory environment, with an eye towards transition 
to the ield.  Given the desire to further leverage Purdue University’s extensive experience with real energetic 
materials and the PI’s more recent experience with this same class of materials, signi icant effort was expend-
ed to certify a new laboratory building, secure magazine for explosives storage and certify a subset of asso-
ciated staff and research assistants in safe chemical and explosives handling.  Likewise, signi icant effort was 
expended to develop two new scaled test chambers (see Fig. 9 on the next page), each of increasing volume, 
which could be used to scale up the sensor’s operational environment from a few milliliters to > 50,000 ft3 
open room.  This was done with the belief that if the sensor platform failed to meet key performance metric 
thresholds in the low-volume test environments, it was sure to fail in a larger opens space, even with proper 
sensor placement and low control.

Figure 8: A PIMS platform being functionalized with PTMA.
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Though sensor testing is still in a nascent stage, preliminary results are promising.  Figure 10, for example, 
highlights the result of one PIMS test conducted using the test environment depicted in the center of Figure 9. 
Here, a small amount of TNT (approximately ive lakes) has been placed within a warmed beaker to create a 
vapor source.  This vapor is then mixed via precision mass low controllers with ambient air and fed into the 
test chamber. As evident from the acquired results, a positive detection event was recorded, albeit not at the 
temporal rate desired by the PIs due, in part, to the non-ideal nature of the employed pentacene chemistry.  
As noted below, current efforts are squarely focused on building upon this result and others like it, develop-
ing statistically-signi icant performance data and characterizing pertinent performance metrics.

C.2.  First performance period: 2013-2014

In the irst period of performance, research efforts focused on three key fronts: 

Figure 9: The investigators’ test environments ranging in volume from a few milliliters to > 50,000 ft3.

Figure 10: A representative, preliminary result obtained during a positive detection event.
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C.2.a.  Development of a new, low-cost bifurcation-based sensor platform

As noted above, though it was not included in the original statement of work, it became imperative for the in-
vestigators to develop a new bifurcation-based sensor platform at the onset of this project.  Fortunately, with 
challenge comes opportunity, and this temporary barrier allowed the investigators to explore and, ultimately, 
select a new resonator platform which compared very favorably in terms of both cost (retail costs are on the 
order of a few cents in comparison to more than $75) and device-to-device repeatability.  
The selected platform, two examples of which are depicted in Figure 3, was a repurposed quartz tuning fork 
originally designed to be a timing reference in commercial electronics.  This electromechanical system, which 
utilizes piezoelectric mechanisms for both actuation and sensing, offers exceptional stability and is widely 
understood when operated in conventional (linear) modalities.  Though prior works have explored the use 
these tuning forks as sensors, all known works have exploited linear sensing principles akin to those de-
scribed above, wherein shifts in one or more of the system’s resonances are used to signal a detection event.  
For purposes of this effort, the investigators explored the frequency response characteristics of a series of 
representative resonators and determined that the irst torsional mode of vibration most frequently exhib-
ited the nonlinear frequency response characteristics requisite for bifurcation-based mass sensing (see Fig. 
1) when driven beyond the typical excitation range; a softening nonlinearity with a notable jump in response 
amplitude as the system transitions across the sub-critical bifurcation point.  Unfortunately, this nonlinear 
response was found to vary appreciable from resonator to resonator; a likely a by-product of the fact that 
these devices, as originally conceived, are designed to operate within a linear response regime.  

C.2.b.  Development of new control and signal processing electronics to enable portable functionality 

To overcome the device-to-device variability in the systems’ nonlinear frequency response noted above, and 
to ensure that any randomly-selected resonator would exhibit the desired frequency response structure, the 
investigators developed a simple control strategy dubbed “feedback nonlinearization”.  The antithesis of a 
feedback linearization system [31], this controller ensured that any quartz or MEMS resonator, designed to 
exhibit a linear frequency response structure, exhibits the softening nonlinear frequency response structure 
required for bifurcation-based sensing (additional details can be found above).  The effectiveness of this nov-
el control approach is clear from the results presented above.

C.2.c.  Development of a new inkjet functionalization suite capable of rapidly and precisely depositing func-
tional surface layers on the sensors developed herein

The transition from resonator to functional sensor is not only dependent on signal processing and control 
electronics, but also sensor functionalization.  Speci ically, the resonant mass sensors described herein re-
quire a functional surface layer to detect explosives vapors.  To facilitate precise and rapid material depo-
sition, the investigators fabricated, tested and implemented a customized inkjet functionalization system 
(see Fig. 7).  This system, consisting of a inkjet nozzle, precision positioning stages, a measurement camera 
and associated control electronics is capable of depositing picoliter-scale drops of functional polymers with 
micron-level accuracy and precision (see Table 1).  This system enables the investigators to deposit various 
functional materials on the surface of the bifurcation-based sensors or any other ALERT sensor platforms in 
a highly-controlled fashion. 

D. Milestones

The following key milestones must be achieved for this project to reach its full potential:
• Validate sensor performance with real energetic materials (solid and liquid) within both laboratory and 

operational (wherein the impinging luid low becomes important) environments.
• Characterize pertinent sensor metrics (e.g. false positive/negative rates, sensitivities, power consump-
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tion, etc.) and benchmark these metrics against alternate sensing platforms.
• Investigate advanced inkjet-based functionalization strategies, new ink formulations and their in luence 

on performance metrics.
• Overcome the basic research challenges associated with integrating all of the sensing system’s constitu-

ent pieces in a single, portable platform.
• Collaborate to develop a luid delivery strategy to ensure vapors reach the sensor.
• Model the complete sensing system with an eye towards predictive design and performance optimization.

E. Future Plans

As noted above, the irst two years of the present effort focused on the development of a new, low-cost bi-
furcation-based sensor platform, the development of a new inkjet functionalization suite that is capable of 
rapidly and precisely depositing functional surface layers on the sensors developed herein, the development 
of new control and signal processing electronics that are designed to enable portable functionality, and pre-
liminary sensor testing with real energetics.  With the irst three of these four efforts largely complete, the 
research focus can shift to the other hurdles that must be overcome to advance the development of PIMS and, 
ultimately, enable technology transfer.  To this end, the next year of the proposed effort will focus on:

1. Continuing to validate sensor performance in a statistically-signi icant fashion with real energetic 
materials (solid and liquid) within both laboratory and operational (wherein the impinging luid 
low becomes important) environments.

2. Characterizing pertinent sensor metrics (e.g. false positive/negative rates, sensitivities, power con-
sumption, etc.) and benchmarking these metrics against alternate sensing platforms.

3. Investigating advanced inkjet-based functionalization strategies, new ink formulations and their in-
luence on performance metrics.

4. Overcoming the basic research challenges associated with integrating all of the sensing system’s 
constituent pieces in a single, portable platform.

5. Collaborating to develop a luid delivery strategy to ensure vapors reach the sensor.
6. Modeling the complete sensing system with an eye towards predictive design and performance op-

timization.
To accomplish the irst three tasks, the investigators will work hand-in-hand with other ALERT research-
ers, as well as the Boudouris Group at Purdue University, to select appropriate surface chemistries, leverage 
previous experimental protocols developed for vapor-phase alcohol sensing to validate sensor performance 
and develop quantitative performance metrics.  Integration and modeling will present a more open-ended 
challenge but are necessary to ensure the evolution of PIMS from laboratory to practice.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

Since its initiation in September 2013, the impact of this project from an education and workforce devel-
opment perspective has been tangible.  Cognizant of the fact that our long-term deliverable is well-trained 
students with homeland security expertise, the project has incorporated two graduate students and six un-
dergraduate students. To date, one of these graduate students (Dr. Andrew B. Sabater) has graduated.  He 
subsequently assumed a position at the US Navy’s Space and Naval Warfare Systems Command (SPAWAR), 
working in the area of advanced sensor development. Likewise, one of the project’s undergraduate students 
(Lillian Miles) has completed her studies, and based on her positive undergraduate research experience, has 
decided to pursue graduate studies at Oregon State University.  Of note here, all of the ive remaining un-
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dergraduate students have expressed a keen interest in graduate studies and two (Trevor Fleck and Allison 
Murray) are slated to rejoin Purdue University as graduate students in the spring of 2016.
Apart from the graduate and undergraduate research experiences highlighted above, the project has also 
strived for impact through the classroom, or perhaps more accurately the virtual classroom.  To this end, new 
educational modules have been developed for the PI’s graduate-level course on the Mechanics of MEMS and 
NEMS, which are related to micro/nanoscale transduction and sensing, and subsequently released via the 
Purdue NExT online portal: http://purduenext.purdue.edu/. Since being released in early 2015, 25 students 
across the globe have taken the course (for credit), deepening their skills in this emergent technical area.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

As noted above, to successfully deter and detect explosives threats, a multimodal technical approach based 
upon an array of orthogonal or near-orthogonal sensing technologies (e.g. spectroscopic systems, imaging 
systems, swab-based sensors, etc.) is essential.  The present effort seeks to develop a sensing system which 
can address one such detection vector, namely PIMS that are suitable for vapor-phase explosives detection.  
These small-scale, cost-effective sensing systems are ideally suited for integration into existing baggage, 
cargo, and passenger screening portals, building ventilation systems or handheld portable devices, and are 
expected to exhibit performance metrics (e.g. false positive/negative rates, sensitivities and power con-
sumption metrics) that compare very favorably when integrated in operational environments to their more 
conventional counterparts.
Our present goal is to develop a sensing system capable of:
• < 0.5% false positive/negative rates
• < 50 pg/Hz sensitivity
• Operating for > 24 hours using its own household battery or power from a host platform
• Fitting within a package measuring < 2 in3

It is important to note that, though the proposed sensors are being developed with vapor-based explosives 
detection in mind, the underlying technology could plausibly be used for a wide variety of DHS-relevant 
missions, including the detection of hazardous chemicals, contraband, etc.  In essence, only the functional 
surface layers added to the resonating sensor elements need to be changed to enable the detection of a new 
substance or class of substances.

B. Potential for Transition

The PIs believe that the transition potential of the sensing platform described herein is high.  To this end, the 
PIs recently competed for and subsequently received $50,000 of support from the Purdue Research Foun-
dation’s TRASK Innovation Fund. This support, which is speci ically allocated to support the direct costs of 
applied research that is complementary to existing basic research, will be used to push PIMS down the tran-
sition pathway through: (1) the evaluation of sensor performance with respect to a much wider variety of ex-
plosive vapors than originally proposed in this basic research effort; (2) the integration of the sensing system 
with a mock screening portal (which is being developed with TRASK support); and (3) the development of a 
more re ined prototype PIMS system than would be achievable given the inancial constraints of the present 
effort.  The PIs hope that through this march down the transition pathway there can be greater engagement 
with end users to ensure that the inal prototype(s) will truly meet their needs.
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C. Data and/or IP Acquisition Strategy

The PIs hold all intellectual property relevant to this study.  With respect to data, over the next 18 months of 
the study, the PIs hope to gather information related to key sensor performance metrics from DHS partners 
to ensure that those realized with the PIMS platform are both appropriate and acceptable.

D. Transition Pathway 

As detailed above, the PIs are pushing the PIMS platform down the transition pathway through engagement 
with the Purdue Research Foundation.  This process, which started in June 2015, is designed to produce a 
start-up company or licensable technology within approximately 18 months of effort.  It should be noted that 
the Foundation has deep, working relationships with DHS and the Department of Defense, which are being 
leveraged to ensure the success and relevance of this technology.

V. PROJECT DOCUMENTATION 

A. Peer Reviewed Journal Articles 

1. N. Bajaj, A. B. Sabater, J. N. Hickey, G. T.-C. Chiu, and J. F. Rhoads. Design and Implementation of a Tun-
able, Duf ing-Like Electromechanical Resonator via Nonlinear Feedback. Revisions submitted to the 
Journal of Microelectromechanical Systems. 2015. 

B. New and Existing Courses Developed and Student Enrollment

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student Enrollment

Existing Course Mechanics of MEMS 
and NEMS

New online modules on MEMS/
NEMS transduction principles 
and sensing were developed for 
this course, which was released 
to select institutions worldwide 
in 2015 via Purdue University’s 
NExT platform: http://purduen-
ext.purdue.edu/

25 students 

C. Technology Transfer/Patents

1. Inventions Disclosed
a. J. F. Rhoads, G. T.-C. Chiu, N. Bajaj, and A. B. Sabater. Nonlinear Mass Sensors Based on Electronic 

Feedback and Methods of Using the Same.  Disclosed to Purdue Research Foundation. December 
17, 2014. 

2. Patent Applications Filed (Including Provisional Patents)

a. J. F. Rhoads, G. T.-C. Chiu, N. Bajaj, and A. B. Sabater. Nonlinear Mass Sensors Based on Electronic 
Feedback and Methods of Using the Same.  Provisional Patent. Filed: December 18, 2014.  Appli-
cation Number 62093747.
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 R2-B.3: Multi-Functional Nano-Electro-Opto-

Mechanical (NEOM) Sensing Platform

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Matteo Rinaldi PI NEU rinaldi@ece.neu.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Yu Hui PhD NEU 2015

Zhenyun Qian PhD NEU 2017

II. PROJECT DESCRIPTION 

A. Overview and Signi icance

The development of a new technology platform capable of performing multiple chemical analyses in a min-
iaturized footprint is needed for the implementation of portable ield-based analytical tools for rapid and 
reliable trace detection. A new multi-functional detector technology would enable a low-cost, portable and 
high performance trace detection platform. This project addresses the three most important challenges as-
sociated with the development of miniaturized nanoelectromechanical systems (NEMS) sensors suitable for 
the implementation of portable ield-based analytical tools for rapid and reliable trace detection: (1) High 
resolution:  100x that of conventional sensor technologies; (2) Transduction ef iciency:  Ef icient on-chip ac-
tuation and sensing of vibration in ultra-low volume nanomechanical structures with a unique combination 
of electrical, mechanical and optical properties; and (3) Selectivity:  Selective detection of a targeted group of 
chemicals with very low false positive and false negative rates. 

B. State-of-the-Art and Technical Approach

The performance of a sensor system for multiple analyte detection can be improved by increasing the amount 
of chemically orthogonal information acquired by the sensor [1]. This can be achieved by recording the an-
alyte induced variations of several independent physical, chemical and electrical quantities such as mass, IR 
absorption spectrum and temperature. Chemical sensors composed of multiple transducer modules have 
already been proposed but when a compact, portable and low power system is desirable, this hybrid solution, 
composed of a multitude of different transducers, will be cumbersome and inef icient. In this context, the de-
sign of a multi-transducer sensor capable of ef iciently transducing different physical, chemical and electrical 
changes induced by a gas sample would be ground breaking. 
We propose to develop an innovative, Nano-Electro-Opto-Mechanical (NEOM) sensing technology platform 
which integrates, in a small footprint, some of the fundamental chemical analysis typically performed in a 
chemistry laboratory, such as gravimetric analysis, infrared (IR) spectroscopy and thermal analysis (see Fig. 
1 on the next page). The core element of the proposed technology is a Graphene-Aluminum Nitride (G-AlN) 
NEMS resonant multi-transducer detector coupled with an array of quantum cascade lasers (QCL) for chip 
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scale IR spectroscopy and integrated with a nano hot-plate for thermal analysis. The fundamental advantage 
of NEMS resonant sensors over other existing sensor technologies is related to the unique combination of ex-
tremely high sensitivity to external perturbations (due to their very reduced dimensions) and ultra-low noise 
performance (due to the intrinsically high quality factor, Q, of such resonant systems). The proposed tech-
nology overcomes fundamental scienti ic and engineering development challenges, enabling the implemen-
tation of a new generation of trace detectors that provide near real-time detection, high sensitivity and high 
speci icity for a targeted group of explosives (such as Pentaerythritol tetranitrate (PETN), Cyclotrimethylen-
etrinitramine (RDX) and Trinitrotoluene (TNT)) resulting in very low false positive and false negative rates.

Such disruptive improvement in ield-deployable chemical sensor technology is made possible by the follow-
ing key innovations in gravimetric analysis, IR spectroscopy and thermal analysis.

B.1.  Gravimetric analysis

The ultimate performance of a gas sensor is determined by its limit of detection (LOD) or resolution, which is 
the minimum value of analyte concentration that can be detected and depends on both device sensitivity as 
well as the signal-to-noise ratio. For gravimetric gas sensors, the LOD is strictly related to both the sensitivity 
of the device resonance frequency to mass adsorbed per unit area (not absolute mass) and the minimum 
frequency shift (induced by gas molecule adsorption) that can be resolved by the sensor readout. Although 
the device sensitivity is in luenced exclusively by the mass and frequency of operation of the mechanical ele-
ment (hence it is enhanced by scaling the device dimensions), the minimum measurable frequency shift is a 
function of the phase noise of the acoustic oscillator (i.e. sensor readout), hence the power handling and the 
dimensions of the mechanical device. 
Nanoscale resonators, such as nano-beams, tend to exhibit low power handling and therefore poor phase 
noise, which negatively affects the sensor limit of detection. In addition, the greatly reduced dimensions of 
these devices render their transduction extremely dif icult, requiring the use of cumbersome, complex and 
power inef icient read-out techniques, and limiting the area dedicated to the adsorption of the gas molecules, 
signi icantly decreasing the amount of mass adsorbed on the beam surface given a certain concentration of 
the analyte in the environment. This reduction in adsorbed mass per gas concentration limits the perfor-

 Figure 1: Schematic representation (not to scale) of the envisioned sensing technology platform.
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mance of the nano-resonant gas sensors, which should ultimately be evaluated in terms of LOD of adsorbed 
mass per unit area (gas concentration) rather than LOD of total adsorbed mass. In this perspective, optimal 
sensor performance is attained by synthesizing a transducer that occupies a relatively large area (which fa-
cilitates ef icient transduction) and is very thin (which allows fabricating low mass devices with ultra-high 
sensitivity). Suspended membranes with thickness in the nanometer range are therefore desirable [2, 3]. 
In this project, by exploiting piezoelectricity in quasi two-dimensional and ultra-light weight G-AlN mem-
branes, reliable electrical transduction of mechanical vibration will be employed for the making of nano-bal-
ances for gravimetric analysis with sensitivities that are 100x that of conventional sensor technologies [4]. 
The performance of conventional piezoelectric resonant sensors in terms of sensitivity, limit of detection 
and detection speed can be improved by scaling the overall thickness and reducing the overall mass of the 
material stack forming the resonant device while  maintaining, at the same time, high values of Q factor and 
transduction ef iciency [5]. Such performing device scaling is currently fundamentally limited by the need 
to use  an electrically conductive (relatively thick) metal electrode to provide the excitation electrical signal 
to the piezoelectric nano resonator, and by the mass loading effect of chemical interactive material used to 
absorb the analyte on the surface of the device. We propose to develop an ultra-high resolution and fast res-
onant sensor by integrating a 2D graphene layer on top of an AlN resonant nano-plate. Such a 2D graphene 
top layer not only represents the thinnest and lightest conductive electrode ever used to excite vibration in 
a piezoelectric NEMS resonator, but it has also the potential to be used as an effective chemical interactive 
material with the largest possible surface-to-volume ratio [6-8]. Despite the volume scaling, high values of 
quality factor, Q > 2000, will be attained thanks to the elimination of electrical and mechanical loading due 
to the metal electrode. Therefore, low noise performance even at higher frequencies of operation (i.e. ~ GHz) 
will be achieved, enabling the fabrication of resonant sensors with unprecedented resolution (< 10-24 g/m2). 
Furthermore, use of a single atomic layer graphene as a virtually massless and strain-less electrode for AlN 
nano-plate resonators enables an additional chemical sensing capability: the vibration amplitude of the pro-
posed G-AlN Nano-Plate Resonator (NPR) is highly sensitive to the electrical conductivity of the graphene 
electrode. Therefore, any analyte induced variations in the graphene electrode conductivity can be ef iciently 
detected by monitoring the corresponding induced variations in the device vibration amplitude without the 
need of direct electrical probing of the graphene sensing layer. Thanks to this unique feature, two chemically 
orthogonal quantities, such as mass and charge of the analyte, can be simultaneously acquired by the pro-
posed G-AlN NEMS resonant sensor. 

B.2.  IR spectroscopy 

IR spectroscopy is a very well established and highly speci ic method to identify unknown gases and vapors 
[9, 10]. Fourier Transform Infrared (FTIR) [11] can be currently considered the most diffused technique used 
to perform IR spectroscopy but it suffers from fundamental limitations that prevent the implementation 
of compact, lightweight and portable ield-based analytical tools for rapid and reliable identi ication of un-
known hazardous gases and vapors.. The challenge in bringing FTIR spectroscopy out of the laboratory and 
into the ield is due to the fact that the maximum attainable spectral resolution (in cm units) of the system is 
inversely related to the maximum retardation (in length units) produced by the interferometer. As a result, 
high-resolution FTIR spectrometers require high retardation and, thus, a large amount of travel in the mov-
ing mirror of the interferometer. For example, resolving spectral features with 100 MHz resolution would 
require a mirror travel of 3 m. Such a fundamental limitation makes FTIR inadequate for the implementation 
of miniaturized and high-resolution ield-based spectrometers. 
We propose to miniaturize IR spectroscopy by coupling a compact, low power and tunable (7-10 m range) 
QCL array to the G-AlN NEMS multi-transducer detector. The IR absorption spectrum of the gas molecules 
attached to the chemically interactive graphene layer will be readily detected by measuring the absorbed 
heat induced resonant frequency shift of the G-AlN nanomechanical resonator. Such a nanomechanical reso-
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nant structure has all the fundamental features necessary for the implementation of a thermal detector with 
unprecedented performance.  Very high sensitivity to temperature, because of material properties of G-AlN, 
temperature coef icient of frequency, TCF ~ 100 ppm/K, can be achieved. An extremely low thermal mass, 
given the nanoscaled dimension of the G-AlN nano plate, the mass of the resonant structure, is < 100 pg and 
the corresponding thermal capacitance is Cth < nJ/K. Since the resonant nano plate is released from the silicon 
substrate and connected to it only through two nanoscale anchors, there is excellent isolation from the heat 
sink and thermal resistance Rth ~ 106 K/W, can also be achieved. Extremely low noise performance is possible 
by taking advantage of the high quality factor, Q > 2000, of the nanoscale resonant system; it is also  possible 
to implement frequency sources with short term frequency stability fmin ~ ppb. For High IR absorptance, 
while conventional metal electrodes make the resonant structure highly re lective at IR wavelengths, the 
transparent nature of the atomically-thin graphene electrode employed in our proposed device enables ef-
fective absorption of the incident IR radiation in the vibrating body of such structure (the graphene, AlN and 
Pt stack provides a Fabry-Perot like resonance). Thanks to this unique combination of thermal and electro-
mechanical properties, the proposed G-AlN technology can deliver thermal detectors that can far exceed the 
state-of-the-art performance of un-cooled IR sensors [12], and rival those utilizing bulky, heavy, expensive 
and inconvenient to use cryogenically cooled semiconductor photodetectors [13]; Time Constant,   μs and 
Noise Equivalent Power, NEP  pW/Hz1/2. 

B.3.  Thermal analysis 

Differential thermal analysis (DTA) is a technique widely used in chemistry laboratories to identify and quan-
titatively analyze the chemical composition of substances by observing the thermal behavior of a sample as 
it is heated [14]. Such DTA systems have fundamental limitations in terms of size (a furnace is typically em-
ployed), power consumption (10s W for the furnace) and measurement speed (typical heating rates in the 
order of 0.001 – 10 C/s) that prevent performing such thermal analysis of gas samples out of the laboratory 
and into the ield. We propose to enable compact, low power (mW) and ultra-fast (ms) chip-scale thermal 
analysis by integrating a nano-scale heating element with the G-AlN NEMS multi-transducer detector. The ul-
tra-miniaturized dimensions of the nanomechanical structure guarantee ef icient heating, temperature rise 
factor 10s ~ 100s C/mW, and ultra-fast heating rate ~ 106 C/s of the of the gas molecules attached to the 
chemically interactive graphene layer. At the same time, the very high sensitivity to temperature and the ex-
tremely low noise performance (as described in the previous section) of the G-AlN NEMS resonator allows 
observation of thermal behavior of the gas sample with unprecedentedly high resolution in the order of ~ 
μK/Hz1/2. As in conventional macro-scale DTA systems, the thermal signature of the gas sample will be mea-
sured relative to that of an adjacent inert device that is not exposed to the gas sample (packaged reference 
NEMS device, Fig. 1).

C. Major Contributions 

C.1.  Preliminary results - G-AlN NEMS resonator 

PI Rinaldi has recently been able to demonstrate a irst prototype of a G-AlN NEMS resonator [15, 16]. For 
the irst time, a 2-dimensional (2D) electrically conductive graphene layer was integrated on top of an ul-
tra-thin (500 nm) AlN nano-plate and excited into a high frequency contour-extensional mode of vibration 
by piezoelectric transduction (see Fig. 2 on the next page). The resulting ultra-thin, low mass and high fre-
quency G-AlN nanomechanical resonator showed high values of the electromechanical coupling coef icient 
(kt2≈1.8%) and quality factor (Q≈1000) which enabled the implementation of a low phase noise (-87 dBc/
Hz @ 1kHz offset and -125 dBc/Hz loor) single transistor oscillator as a direct frequency readout. This irst 
prototype is characterized by reduced mass (~53%) and volume (~20%), increased sound velocity, hence 
resonant frequency (~36%), and an improved device igure of merit (kt2⋅Q≈18) compared to a conventional 
AlN NPR device (kt2⋅Q≈12) based on the same core design but employing a 150 nm thick gold top electrode 
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instead of the single atomic layer graphene. Further improvement is expected by employing only-graphene 
electrodes (no metal).

C.2.  Preliminary results - AlN nano-plate resonant IR detector

PI Rinaldi has recently been able to demonstrate a irst prototype of an ultra-high resolution (~371 pW/Hz1/2) 
uncooled infrared (IR) detector based on a high frequency (136 MHz) Aluminum Nitride (AlN) piezoelectric 
resonant nano-plate completely released from the substrate and supported by two nanoscale Platinum (Pt) 
anchors.  For the irst time, fully metallic tethers were employed to support the freestanding vibrating body 
of a piezoelectric resonator and provide electrical connection to it (the device anchors are conventionally de-
ined in the piezoelectric layer) (see Fig. 3a). Such innovative design, with minimum anchor cross section, en-

abled the implementation of an uncooled resonant thermal detector with ultra-high thermal resistance (~105 

K/W) and electromechanical performance (mechanical quality factor, QM ≈ 3133 in air, and electromechanical 
coupling coef icient, kt

2 ≈1.86%). Such a unique combination of high sensitivity (~2.1 Hz/nW), low noise per-
formance (~0.78 Hz/Hz1/2) (see Fig. 3b) and high resonator igure of merit (FOM=kt

2Q•≈ 58.3) resulted in the 
irst complete and compelling prototype of a low power (~11 mW) and high performance MEMS-CMOS res-

onant uncooled IR detector with detection limit pushed in ~100s pW/Hz1/2 range (see Fig. 3). This prototype 
demonstrates the working principle of the proposed miniaturized uncooled G-AlN NEMS thermal detector 
for IR spectroscopy (see Fig. 3c). Further improvement in NEP and time constant are expected in the case of 
the proposed G-AlN device given the reduced dimensions and lower thermal mass of the structure.

Figure 2: (a) Schematic of the G-AlN NPR oscillator. (b) Picture of the G-AlN NEMS die wire-bonded to the oscillator cir-

cuit and SEM image of G-AlN NPR. (c) Measured phase noise showing improved noise performance for the G-AlN device 

compared to a conventional AlN resonator.

Figure 3: (a) The AlN nano-plate IR sensor connected to a self-sustained CMOS oscillator circuit for direct frequency 

readout. (b) Measured Allan Deviation of the sensor output signal showing an ultra-low noise induced frequency fl uc-

tuation of only ~33 ppb (NEP~371 pW/Hz1/2). (c) Sensor response for IR absorbed power of ~238 nW.
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C.3.  Preliminary results - AlN MEMS resonator with integrated nano-hot plate

PI Rinaldi has demonstrated a new technology platform in which an AlN MEMS resonator and a monolithical-
ly integrated nanoscale heating element are perfectly overlapped and separated by a sub-micron air gap [17, 
18]. By placing the nanoscale heating element out of the resonant body of the device (but suspended over it), 
the electromechanical performance of the resonator (Q=2305 at 1 GHz) was not affected by the heater and the 
materials employed to implement it. Meanwhile, ef icient (~20 K/mW) and fast (time constant ~ 350 μs) heat 
transfer from the heating element to the resonator was achieved by scaling the air gap between them (see 
Fig. 4). This prototype demonstrates that nano-scale heating elements can be effectively integrated with AlN 
based MEMS technologies without affecting the electromechanical performance of the device (hence noise 
performance of the sensor) and enabling the implementation of the proposed compact, low power (mW) and 
ultra-fast (ms) thermal analysis on chip. 

D. Milestones

Future milestones to be accomplished will include the following:  
• The demonstration of ef icient on-chip actuation and sensing of vibration in ultra-low volume nanome-

chanical structures with properly tailored electrical, mechanical and optical properties. 
• The design and fabrication of multi-functional NEMS resonant sensors. 

E. Future Plans

• Demonstrate and characterize G-AlN NEMS resonators sensors with enhanced sensing capability.
• Demonstrate and characterize spectrally selective NEMS resonant IR detectors (spectral range 8-10 m, 

compatible with EOS Photonics’ tunable QCLs).
• Demonstrate low power electronic readout.

Figure 4: (a) SEM of the fabricated device. (b) Measured admittance curve and BVD fi tting showing high Q. (c) Measured 

temperature variation of the AlN resonator for diff erent power levels supplied to the nano hot-plate. (d) Measured dy-

namic response of the device to change in the nano hot-plate temperature showing an ultra-fast time constant.

ALERT 
Phase 2 Year 2 Annual Report 

Appendix A: Project Reports 
Thrust R2: Trace & Vapor Sensors 

Project R2-B.3

246



III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Tutorial

Piezoelectric Resonant MEMS Devices for Radio Frequency Communication and Sensing Applications, IEEE 
International Frequency Control Symposium 2015, Denver, USA, April 12th, 2015.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS enterprise

• New multi-functional sensing technology platform is being developed which integrates, in a small foot-
print, some of the fundamental chemical analysis typically performed in a chemistry laboratory, such as 
gravimetric analysis, infrared (IR) spectroscopy and thermal analysis. 

• By ef iciently transducing different physical, chemical and electrical changes induced by a gas sample, the 
proposed technology will lead to the development of low-cost, portable and high performance (i.e. 100x 
that of conventional sensor technologies) trace detection platforms.

• Heterogeneous integration of this multi-functional detector technology with state-of-the-art QCLs will 
enable the fabrication of ultra-miniaturized and power ef icient frequency domain IR spectrometers 
which will lead to disruptive improvement in ield-deployable systems for trace detection and imaging.

B. Potential for Transition

Proof of concept will be shared with the identi ied potential customers to explore technology transition. 
Although this is a newly initiated project and solid connections have not been made yet, potential users and 
commercialization partners are identi ied in the following lists.
• DHS
• DARPA Microsystems Technology Of ice, Troy Olsson, Dev Palmer
• Air Force Of ice of Science Research, Kenneth Goretta, Gernot Pomrenke, and Harold Weinstok
• Analogic Devices, Inc.
• Qualcomm
• RF Micro Devices, Inc.
• Eos Photonics
• Avago
• Apple
• Google

C. Data and/or IP Acquisition Strategy

The PI holds intellectual property of the technology relevant to the project: a patent application has been 
iled under the Patent Cooperation Treaty (PCT), application no. PCT/US14/35015, January 2015. A US pro-

visional patent application has been iled, application no. 62/132,755, March 2015.

D. Transition Pathway 

Proof of concept will be shared with the above list of potential users and commercialization partners to ex-
plore technology transition.
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E. User and Potential Commercialization Partner Connections

See section IV.B above. Although this is a newly initiated project and solid connections have not been made 
yet, potential users and commercialization partners have been identi ied (see section IV. B. of this document).

V. PROJECT DOCUMENTATION 

This is a new project as of January, 2015. Documentation related to this project but not supported by it in-
cludes: 

A. Peer Reviewed Journal Articles 

1. Y. Hui and M. Rinaldi, “Fast and High Resolution Thermal Detector Based on an Aluminum Nitride 
Piezoelectric Microelectromechanical Resonator with an Integrated Suspended Heat Absorbing Ele-
ment”, Applied Physics Letters, 102, 093501 (2013).

B. Other Publications

Pending- 

1. Y. Hui and M. Rinaldi, “MEMS Resonant Infrared Sensors”, in Encyclopedia of Nanotechnology, Spring-
er, 2015, B. Bhushan, Ed., ed: Springer, 2015, in press.

C. Peer Reviewed Conference Proceedings

1. Z. Qian, R. Vyas, Y. Hui and M. Rinaldi, “High Resolution Calorimetric Sensing Based on Aluminum 
Nitride MEMS Resonant Thermal Detectors”, Proceedings of the 2014 IEEE Sensors Conference, Va-
lencia, Spain, November 2-5, 2014.

2. Y. Hui, Z Qian, G. Hummel and M. Rinaldi, “Pico-Watts Range Uncooled Infrared Detector Based on a 
Freestanding Piezoelectric Resonant Microplate with Nanoscale Metal Anchors”, Proceedings of the 
2014 Solid-State Sensors, Actuators and Microsystems Workshop (Hilton Head 2014), Hilton Head 
Island, 8-12 June 2014, pg. 387-390.

3. Y. Hui and M. Rinaldi, “Aluminum Nitride Nano-Plate Resonant Infrared Sensor with Self-Sustained 
CMOS Oscillator for Nano-Watts Range Power Detection”, Proceedings of the 2013 IEEE Internation-
al Frequency Control Symposium (IFCS 2013), Prague, Czech Republic, July 21-25, 2013, pg. 62-65.

4. Z. Qian, Y. Hui, F. Liu, S. Kar and M. Rinaldi, “245 MHz Graphene-Aluminum Nitride Nano Plate Reso-
nator”, Proceedings of the 17th International Conference on Solid-State Sensors, Actuators and Mi-
crosystems (Transducers 2013), Barcelona, Spain, 16-20 June 2013, pg. 2005-2008.

5. Z. Qian, Y. Hui, F. Liu, S. Kar and M. Rinaldi, “Single transistor oscillator based on a Graphene-Alu-
minum Nitride nano plate resonator,” in European Frequency and Time Forum & International Fre-
quency Control Symposium (EFTF/IFC), 2013 Joint, 2013, pp. 559-561.

6. Y. Hui and M. Rinaldi, “Fast and high resolution thermal detector based on an aluminum nitride 
piezoelectric microelectromechanical resonator with an integrated suspended heat absorbing ele-
ment,” Applied Physics Letters, vol. 102, pp. 093501-4, 2013

D. Other Presentations 

1. Matteo Rinaldi, Piezoelectric Resonant MEMS/NEMS Devices for Sensing Applications, IEEE Sensors 
2014, Valencia, Spain, November 2nd, 2014 [Invited Tutorial].
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2. Matteo Rinaldi, Intrinsically Switchable and Programmable MEMS Filter Array, DARPA Review Meet-
ing on Radio Frequency-Field Programmable Gate Arrays (RF-FPGA) hosted by Dr. Roy (Troy) Ols-
son, Dallas, TX, October 14th, 2014 [Invited Talk].

3. Matteo Rinaldi, Piezoelectric NEMS Resonant Nano Plates for Multi-functional and Recon igurable 
Wireless Sensing Platforms, University of Illinois at Urbana-Champaign, September 2nd, 2014 [In-
vited Seminar].

4. Matteo Rinaldi, Piezoelectric NEMS Resonant Nano Plates for Multi-functional and Recon igurable 
Wireless Sensing Platforms, 6th International Symposium on Functional Materials (ISFM 2014), Sin-
gapore, August 4th-7th, 2014 [Invited Talk].

5. Matteo Rinaldi, Piezoelectric Resonant MEMS Devices for Radio Frequency Communication and 
Sensing Applications, IEEE International Frequency Control Symposium 2014, Taipei, Taiwan, May 
19th, 2014 [Invited Tutorial].
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Elizabeth Kohr PhD URI 5/2019

Yoomin Chung PharmD URI 5/2018

Hui Qi Zhang BS URI 12/2014

II. PROJECT DESCRIPTION 

A. Overview and Signi icance

Detection of trace quantities of explosives in the gas phase is a pressing societal issue, of special importance 
to homeland security and a signi icant challenge to analytical chemistry. The low vapor pressure of most ex-
plosives, in the parts per billion (ppb) to parts per trillion (ppt) ranges at room temperature, pushes the lim-
its for most methods. Modern luorescent techniques are capable of detection in this range [1-3] and this has 
been adapted in a variety of ways for explosives detection for many years [4-33]. Improved methods for trace 
explosives detection is desirable, and studies to improve the sensitivity by enhancing the luorescent signal 
or to improve selectivity by using arrays of luorophores have been reported [18, 34-38], but all of these ap-
proaches require expensive or generally unavailable materials. Thus, our objective is to design sensors that 
can detect explosives in the gas phase at natural vapor pressures while using readily available components.

B. State-of-the-Art and Technical Approach

We had discovered that xanthene dyes interact with a variety of explosives and related molecules in dimethyl 
formamide (DMF) solution and these can be detected by changes in the emission. The xanthenes were chosen 
because they are readily available and inexpensive laser dyes with high quantum yields. Concurrently, we be-
gan testing one of the xanthene dyes, rhodamine 6G (Rh6G), on various substrates to explore the possibility 
of using this class of materials for gas phase sensing. To our surprise, we found that by using a three layer 
system of substrate, transparent polymer and luorophore, the emission signal could be enhanced by 2 or 3 
orders of magnitude, depending on the speci ic structure. This makes detecting changes in the luorescence 
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more reliable and increases the sensitivity enormously. One of the challenges is that the interaction between 
the xanthenes and the analytes appears to be irreversible.
An array approach to detecting a variety of explosive analytes and related molecules is being developed. We 
use a three layer structure consisting of a glass substrate, two different polymers (polymethylmethacrylate 
(PMMA) and polyvinylidene di luoride (PVDF)) and ive different xanthene dyes. The PVDF polymers are 
deposited with different thickness and this changes the observed response. All of the sensors are exposed 
to room temperature analytes and the responses are much stronger than observed in DMF solution, with 
changes ranging from 100 % quenching to greater than 100 % enhancement of the luorescent signal. The 
luorescence difference spectrum of each of the analytes is unique, allowing identi ication of several common 

explosives, including TNT, RDX, HMX, PETN and TATP. The combined sensitivity and selectivity is unique.

C. Major Contributions

Scheme 1 on the next page shows the general structure of the three layer sensor. A mechanical substrate, a 
glass slide about 1 mm thick, is spin-cast with a transparent polymer to give a layer that is a few hundred 
nm thick. The spin-coater was kept under a nitrogen atmosphere to reduce the humidity levels, which is 
known to affect the surface roughness of the polymer [39]. Then the luorophore was spin-cast onto the 
polymer layer, which was a few nm thick. The structures of the dyes and polymers are also shown in Scheme 
1. Two polymers were chosen, PMMA and PVDF. PVDF can form in at least three different phases and the 
structures of the nonpolar -phase (where the C-C single bonds alternate between s-trans and s-gauche) and 
the ferroelectric -phase (where all of the C-C bonds are s-trans) are shown in Scheme 1. -PVDF, the third 
common phase, is polar and the C-C chain is a sequence of three s-trans bonds and one s-gauche bond.  The 
spin-casting method does not control the phase of the PVDF and with these very thin ilms, it is possible that 
any of the three phases are formed. Direct observation of the polymer phase by infrared (IR) spectroscopy 
is inconclusive because the diagnostic peaks are obscured by absorption by the glass substrate. Therefore, 
two thicknesses of PVDF were used; the irst is very thin and might have a mixture of phases; and the other is 
thicker and should be primarily -phase. The xanthene dyes have a similar chemical structure but the charge 
varies: Rh6G and Rh560 are cationic; SRhB and Rh640 are zwitterionic; and Fl548 is anionic. 
For samples with PMMA, the polymer layer was about 450 nm, with a sample-to-sample variance of ±40 nm. 
This was measured by the fringing pattern in the absorption spectra and itting the optical constants of the 
re lection spectra. For the samples with PVDF, two layer thicknesses were used: 380 nm (variance±40 nm) 
and 440 nm (variance ±100 nm). The PVDF samples had a strong scattering pro ile in the absorption spec-
trum and no fringing, so the thicknesses were obtained solely from the re lectance reliable spectrum. The 
luorophore thicknesses could not be reliably measured but are estimated to be on the order of 1 – 10 nm 

thick. The lower limit of thickness measurements from the re lectance spectra are typically 10 – 20 nm and 
these ilms were thinner than that. The thickness could not be determined by AFM since a step-edge could 
not be formed. The baseline corrected absorbance spectra (vide infra) had absorption maxima in the 0.005 to 
0.01 range. While none of the solid-state absorption coef icients are known for these chromophores, a typical 
estimate for a -* transition is 105 – 106 cm–1. Thus, thicknesses in the 1 nm range are expected for these 
samples. For these thicknesses, the xanthene dyes are no more than 1 or 2 monolayers thick.
Typical absorption spectra (baseline corrected) for each sample are shown in Figure 1 on the following page. 
In each case, the xanthene dye was spin-cast from a 1×10–4 M solution with the same spinning parameters 
onto the polymer layer. The substrate has varying effects on each dye. For Rh640, the polymer layer has mini-
mal in luence on the absorption spectrum, as all of the spectra overlay. In contrast, the polymer layer changes 
both the intensity and the line shape of Rh6G and SRhB. In the cases of Fl548 and Rh560, the underlying poly-
mer induces small but measurable changes. All of the absorption spectra were it to a sum of two Gaussian 
peaks (except Rh560, where a single Gaussian gave acceptable its). A minimum of 10 different samples were 
it for each composition and the it parameters are given in Table 1 on the following page. In general, the 
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higher energy peak was found to be broader and the lower energy peak, narrower. The standard deviations of 
the intensity parameters were typically around 10%, which is probably accounted for by the reproducibility 
of the spin-coating method. The thickness of the PVDF layer had a signi icant effect on Rh6G, where the peak 
maxima shifted more than 20 nm to the red for the thicker ilm. Whether this is due to the phase composition 
of the PVDF or some other reason is not known.

Scheme 1: General structure of the three layer sensor.
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Figure 1: Typical absorption spectra (baseline corrected) for each sample. 
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Sample 
1
  (nm) 

1
 (nm) a

1


2
 (nm) 

2
 (nm) a

2

Fl548/450 nm PMMA 478 (2) 16 (3) 0.0004 

(0.0001)

513 (9) 41 (4) 0.00103 

(0.00002)

Fl548/380 nm PVDF 474 (2) 29 (3) 0.00199 

(0.00017)

509.4 (0.4) 13.5 (0.7) 0.00152 

(0.00015)

Fl548/440 nm PVDF 474 (1) 25 (1) 0.00190 

(0.00007)

509.6 (0.7) 13.7 (0.5) 0.00166 

(0.00011)

Rh560/450 nm PMMA 512 (5) 28 (4) 0.00481 

(0.0041)

Rh560/380 nm PVDF 504 (2) 26 (2) 0.00899 

(0.00092)

Rh560/440 nm PVDF 501.3 (0.8) 37 (1) 0.00593 

(0.00018)

Rh6G/450 nm PMMA 500 (1) 12 (2) 0.00307 

(0.00053)

535.5 (0.4) 18.7 (0.6) 0.0138 

(0.0004)

Rh6G/380 nm PVDF 498 (7) 26 (8) 0.0077 

(0.0027)

529 (1) 20 (2) 0.0167 

(0.0022)

Rh6G/440 nm PVDF 520 (2) 29 (1) 0.00891 

(0.00028)

553 (1) 14 (1) 0.0029 

(0.0011)

SRhB/ 450 nm PMMA 546 (4) 38 (2) 0.0183 

(0.0024)

561.4 (0.4) 13 (1) 0.0145 

(0.0017)

SRhB/380 nm PVDF 535 (1) 34 (1) 0.01100 

(0.00034)

574 (1) 17.9 (0.5) 0.0096 

(0.0011)

SRhB/440 nm PVDF 528 (9) 25 (5) 0.0083 

(0.0013)

570 (4) 22 (3) 0.0143 

(0.0041)

Rh640/450 nm PMMA 530 (3) 15 (3) 0.00095 

(0.00024)

573.6 (0.7) 22 (1) 0.00389 

(0.00030)

Rh640/380 nm PVDF 538 (4) 26 (5) 0.00146 

(0.00014)

574.9 (0.8) 19.7 (0.5) 0.00370 

(0.00030)

Rh640/440 nm PVDF 539 (5) 27 (10) 0.00196 

(0.00068)

576 (2) 19 (1) 0.0045 

(0.0020)

The emission spectra are given in Figure 2 on the next page. The substrate can affect either the emission in-
tensity or the maximum peak position. Although the luorophores are all nominally the same thickness, the 
intensity can vary by as much as a factor of 4 for different substrates. A signi icant shift of the emission max-
imum (~20 nm) is observed for Rh560 on PMMA compared to PVDF. Rh6G showed unusual behavior in that 
the emission maximum shifted not only between PMMA and PVDF substrates but also was different for the 
different thicknesses of PVDF; for the thin PVDF layer (380 nm), the emission maximum was 564 nm, 15 nm 
higher than the maximum for the thick PVDF (440 nm), where the maximum was found at 550 nm. All of the 
emission spectra could be deconvoluted into two Gaussian components. The results for these its are given in 
Table 2 on the following page. All of the luorophores have a narrower high energy peak corresponding to the 
observed emission maximum and a wider lower energy peak. 

Table 1: Fit parameters for the absorption spectra of the fi ve xanthene dyes on diff erent substrates. 
1 

are the absorp-

tion maxima, 
1
 are the half-width at half-height and a

i
 are the intensities. The values in parentheses are the standard 

deviations found from a minimum of 10 diff erent samples for the indicated composition.
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Figure 2: The emission spectra for each sample. 
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Sample 
1
 (nm) 

1
 (nm) a

1


2
 (nm) 

2
 (nm) a

2

Fl548/450 nm PMMA 538.1 (0.3) 14.8 (0.3) 1.5×105 

(0.2×105)

558 (1) 40.6 (0.7) 1.4×105 

(0.2×105)

Fl548/380 nm PVDF 533.0 (0.4) 13.1 (0.5) 2.1×105 

(0.3×105)

548 (2) 38 (1) 1.5×105 

(0.3×105)

Fl548/440 nm PVDF 532.7 (0.7) 12.1 (0.7) 4.1×104 

(0.7×104)

539 (4) 42 (2) 4.8×104 

(0.6×104)

Rh560/450 nm PMMA 528 (1) 17.9 (0.3) 1.8×105 

(0.4×105)

555 (2) 34.5 (0.4) 8.1×104 

(1.9×104)

Rh560/380 nm PVDF 507.9 (0.5) 17 (3) 6.4×105 

(1.3×105)

517 (5) 43 (1) 7.9×105 

(1.7×105)

Rh560/440 nm PVDF 507.6 (0.6) 11 (2) 7.2×105 

(3.4×105)

497 (5) 55 (5) 1.3×105 

(0.4×105)

Rh6G/450 nm PMMA 570.5 (0.5) 17.1 (0.2) 2.0×106 

(0.5×106)

599.2 (0.8) 38.3 (0.5) 1.1×106 

(0.3×106)

Rh6G/380 nm PVDF 564.0 (0.5) 29.1 (0.5) 7.0×106 

(1.3×106)

588.7 (0.9) 57.6 (0.9) 3.1×106 

(0.7×106)

Rh6G/440 nm PVDF 549.5 (0.8) 33.8 (0.4) 4.2×106 

(0.2×106)

575 (1) 64.2 (0.5) 2.0×106 

(0.1×106)

SRhB/ 450 nm PMMA 583.5 (0.3) 15.3 (0.1) 2.4×106 

(0.4×106)

607.7 (0.3) 44.6 (0.3) 1.3×106 

(0.2×106)

SRhB/380 nm PVDF 586.5 (0.6) 15.2 (0.2) 9.3×105 

(3.9×105)

610 (1) 45.2 (0.7) 5.2×105 

(1.6×105)

SRhB/440 nm PVDF 584.2 (0.6) 15.4 (0.4) 3.2×106 

(2.5×106)

608 (1) 44.4 (0.8) 1.6×106 

(1.2×106)

Rh640/450 nm PMMA 600.6 (0.5) 17.5 (0.1) 6.8×105 

(1.8×105)

635 (2) 39 (2) 2.4×105 

(0.6×105)

Rh640/380 nm PVDF 595.4 (0.8) 16.8 (0.5) 7.4×105 

(5.9×105)

623 (4) 59 (10) 3.4×105 

(3.1×105)

Rh640/440 nm PVDF 598 (2) 17.3 (0.2) 2.5×106 

(3.5×106)

630 (4) 46 (3) 9.4×105 

(1.4×106)

Each of the polymer/ luorophore combinations was exposed to 11 different analytes composed of explosives 
or explosive-related molecules. The sensing was done at room temperature with no heating of the analyte. 
Exposure times varied between 10 minutes and 24 hours but no changes were observed after 10 minutes. 
After the exposure, the absorption and emission spectra for each sample were re-measured. Most of the 
emission spectra exhibited intensity changes after exposure to an analyte. The normalized emission differ-
ence spectra are shown in Figure 3 on the next page.
The majority of the emission spectra show signi icant intensity changes upon exposure to the analytes. The 
difference spectra displayed in Figure 3 on the next page show both quenching and enhancement. While pre-
vious work in DMF solution [18] suggested that these emission changes should occur, the unexpected result 
is that the gas phase exposure gives much larger changes than the solution phase exposure. In DMF solution, 
the emission changes were typically a few percent or less, except for TNT and TNB, which showed large 

Table 2: Fit parameters for the emission spectra of the fi ve xanthene dyes on diff erent substrates. 
1 

 are the emission 

maxima, 
1
 are the half-width at half-height, and a

i
 are the intensities. The values in parentheses are the standard de-

viations found from a minimum of 10 diff erent samples for the indicated composition.
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changes because they reacted with the solvent. The results here show that the emission changes are typically 
on the order of a few tens of percent. This is despite the fact that, in the solution, the relative concentration 
of the analyte was orders of magnitude higher than the gas phase exposures presented here. The pattern of 
responses across the array is unique for each analyte except 2, 3-DNT and 3, 4-DNT, which both either quench 
or have no response with each luorophore/polymer combination.

The mechanism of the luorescence response must be an excited state interaction, at least in most cases, since 
the absorption spectra are generally not in luenced by the presence of the analyte. Whether this excited-state 
interaction is through the gas phase analyte or a particulate on the surface is not known. Clearly, the nature 
of the interface is important; in many cases, the same luorophore on a different polymer substrate changes 
the response. For example, 4-NT causes Rh6G to quench when placed on PMMA but enhances the Rh6G emis-
sion on PVDF. Even the thickness of the PVDF can cause a change in the response. For example, TNT causes 
quenching of Fl548 on a thin layer of PVDF but causes enhancement of Fl548 on a thicker layer of PVDF. 
While the causes for these observations need further study to understand, it does provide a simple method 
to create an array of sensors that can distinguish a large number of analytes using only a few components.
Initial investigations of the mechanism of the sensing responses have begun. A detailed study of Rh6G on a 
glass substrate has revealed that the maximum luorescence response is found from the thinnest ilms, as 
shown in Figure 4 on the next page. As the average thickness is reduced to below ~1.3 nm (denoted by the red 
arrow on the inset of Fig. 4), the emission intensity increases dramatically. A thickness of 1 – 1.4 nm consti-
tutes a monolayer (depending on the speci ic geometry of the Rh6G on the surface); so for ilms greater than 
1.3 nm, the Rh6G is self-quenching, leading to the decreased emission. This is ideal for a sensor application. 

Figure 3: The emission diff erence spectra, showing both quenching and enhancement. 
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When the nominal thickness is ~0.5 nm, about 40 – 50 % of the surface is covered and the emission signal is 
maximized. When an analyte molecule interacts with the luorophore on the surface, the relative change in 
the signal is large because a large percentage of the surface molecules are affected.
The thicker ilms can also be exploited for sensing. If the ilm is one monolayer thick and an analyte impinges 
on the ilm, it is possible that the analyte disrupts the self-interaction between the luorophores. If this case 
occurs, then the emission intensity will increase. This may explain the luorescence enhancements observed 
in some cases.

D. Milestones

Two major objectives need to be achieved:
• Understanding the mechanism of the sensing activity.

Details of the transducing mechanism will allow for optimization of the sensor. Evaluation of the struc-
tural and chemical parameters for each luorophore/polymer combination will provide a predictive tool 
for determining the sensitivity and selectivity of the sensor array.

• Creation and testing of an array of sensors on a single substrate.
Currently, each sensing event is done with individual sensors that are evaluated one at a time. A working 
system needs to be formed as an array with simultaneous detection of every pixel. This is the design cri-
terion required for a real-time device.

E. Future Plans

The sensor platform being developed has three components: substrate, polymer and luorophore. None of 
these have been optimized and each needs to be. The sensor currently consists of individually fabricated 
structures, and an array containing all of the pixels needs to be designed and developed.

Figure 4: Emission intensioty as a function of Rh6G thickness. The inset shows an expanded view of the low thickness 

region. The arrow indicates the thickness of one monolayer.
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E.1.  Optimization of the substrate

Our current research has used glass substrates primarily because they are inexpensive and easy to use. We 
know from previous research [17] that lat silicon surfaces give greater luorescence signals but the origin 
of this is unknown. We also need to consider other substrates that can be used for commercialization. The 
sensor array will need to be printed using a chemical printer and glass and silicon are not ideal substrates for 
this. Better options would be paper or light stock cardboard so these substrates will be investigated.

E.2.  Optimization of the polymer layer

A series of questions about the polymer layer need to be answered:
• What is the best thickness for the polymer layer?
• Are there more than one optimal polymer thicknesses?
• Does the polymer thickness depend on the chemical composition of the polymer? If so, how?
• Does the surface roughness of the polymer matter? If so, can we control this?
• Does the phase of the polymer matter?
• Is it better for the polymer to be crystalline or amorphous?
Spin-coating the polymer under different conditions (primarily the concentration of the polymer deposition 
solution or the spinning speed) allows us to control the polymer thickness to ±50 nm. The chemical composi-
tion and phase of a polymer can be determined by FTIR spectroscopy. In the case of PVDF, we can control the 
phase composition by the use of metal salts, which induce -phase formation. The role of surface roughness 
has not been investigated previously but this parameter can be controlled by the deposition conditions; the 
gas phase humidity in luences the surface roughness in PVDF [39]. The surface roughness is also related to 
the real surface area, so the amount of luorophore that can be deposited onto the surface can be changed, 
which may affect sensitivity.

E.3.  Optimization of the luorophore layer

Similar questions can be asked about the luorophore layer:
• What is the best thickness for the luorophore?
• Does each luorophore have a different optimal thickness?
• What is the structure of the luorophore on the polymer surface? Does this matter?
• What are the best excitation and emission wavelengths for detection?
• Can all of the different luorophores be excited with a single source wavelength?
• What causes quenching vs. enhancement? Can this be controlled?
We use three methods to deposit the luorophore onto the polymer layer: spin-coating, dip-coating and 
drop-coating. Spin-coating and dip-coating give the most uniform layers and the deposition parameters can 
be used to control the amount of luorophore. Determining the optimal spectroscopic wavelengths will be ac-
complished by measuring absorption, emission and excitation spectra for structures with different polymer 
thicknesses and luorophore thicknesses, with polymer thicknesses ranging from ~100 nm to ~1000 nm and 
luorophore thicknesses ranging from < 1nm to ~10 nm. This will provide the data to create an empirical 

model to determine the optimum conditions. Establishing the luorophore surface structure and how this 
might in luence the sensing characteristics is more challenging. The electronic spectroscopy demonstrates 
that there are differences in surface structure, especially when transitioning from sub-monolayer to multilay-
er ilms. Exploiting this for sensing will be done by exposing different structures to various analytes.
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E.4.  Sensor array

Once optimum conditions for the various luorophore/polymer combinations are determined, then a sensor 
array can be created. This will be done using a chemical printer that can deposit polymer or luorophore 
onto a substrate at controlled locations and with controlled thicknesses. However, the deposition conditions 
(primarily, solution concentrations) for printing may be different than for spin-coating, so these will need to 
be determined. Once this is done, the pixel size for each sensing element will need to be established. The goal 
is to ind the smallest pixel size that still gives suf icient signal-to-noise for the optical detection. As the pixel 
size becomes smaller, more pixels can be put onto a substrate, which gives the array better selectivity and 
adaptability for new analytes.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The objective is to create a sensor system that is: (1) sensitive enough to detect explosives at or below their 
natural room temperature vapor pressure; (2) selective enough to distinguish a variety of threats; (3) adapt-
able enough to be trained for new threats; and (4) inexpensive. The system could be developed as a handheld 
device for use by personnel or as part of a passive system integrated into portals or HVAC systems.

B. Potential for Transition

Successful transition will be the development of a handheld, or smaller device capable of detecting a broad 
spectrum of explosives.  The results of the research have been revealed to two companies, under nondis-
closure agreements: FLIR and DetectaChem. Both felt that the results were promising but required further 
development.

C. Transition Pathway 

Transition to customers will require an interest by a detection company to transform the detection concept 
into a device. The results of the research have been revealed to two companies, under nondisclosure agree-
ments: FLIR and DetectaChem. Both felt that the results were promising but required further development.

D. Customer Connections

Initial discussions with DetectaChem and FLIR were initiated. Both felt that the results were promising but 
required further development. No follow up has occurred. 
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R2-C.2: Multiplexed Mid-Infrared Imaging 

of Trace Explosives

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Scott Howard PI University of Notre Dame showard@nd.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Tahsin Ahmed PhD University of Notre Dame 6/2017

David Benirschke PhD University of Notre Dame 6/2019

Bruna Liborio BS Duke University 6/2017

Zechariah Pfaff enberger BS Indiana Wesleyan University 6/2018

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

The overall goal of this project is to develop technology to enhance the ALERT research programs by pro-
viding lower cost, wide-bandwidth, mid-infrared (MIR, λ=4-12 μm) laser sources and developing MIR la-
ser-based imaging technology for the detection of trace explosives. ALERT projects are already exploring the 
MIR region of the spectrum and identifying features unique to explosives, and ALERT industrial partners are 
producing commercial MIR laser arrays. However, these efforts are restricted by technological questions: 
(1) how do you perform sensitive spectroscopic imaging in a wavelength range that lacks robust and widely 
available focal plane arrays and optical components; and (2) how do you combine several high-cost laser 
chips into a single module for sensitive imaging and detection? This project seeks to answer these questions 
through novel semiconductor fabrication techniques and laser-scanning/coded aperture imaging technol-
ogy. This will enhance ongoing ALERT efforts be enabling higher resolution imaging technology to detect 
signatures characterized by other ALERT thrusts, provide a technology to enhance the commercial offerings 
of ALERT industrial partners and provide new spectroscopic tools that could be useful to the security en-
terprise as well as other ields where MIR technology is employed, such as medical diagnostics, industrial 
process control, environmental monitoring and pharmaceutical process analytical technology.
The MIR region of the electromagnetic spectrum contains unique absorption “ ingerprints” corresponding to 
vibrational modes of molecules. ALERT projects led by Hernández (R3-C), Hoffman (R2-C.3), Rinaldi (R2-B.3) 
and ALERT industrial collaborator, EOS Photonics, are using mid-infrared light to identify molecular inger-
prints corresponding to trace amounts of explosives. For example, two MIR lasers tuned to relevant on-and-
off resonant wavelengths (e.g., 1348 cm-1 on and 1370 cm-1 off resonance for TNT) can be used to measure the 
differential absorption of light between those two frequencies attributed to the presence of an explosive. The 
ability to detect explosives with MIR light is limited by the availability of high-performance MIR laser sources 
and imaging platforms. MIR lasers, especially lasers that can identify many unique explosives simultaneously, 
are very expensive. Additionally, imaging platforms are dif icult to produce since few MIR “cameras” exist (or 
are very expensive).
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This project develops technology that will make it cheaper to produce laser systems that can identify multi-
ple explosives at the same time, as well as a complementary imaging platform. Thus, this project serves as a 
translation layer between fundamental spectroscopic characterization and deployable detection platforms. 
This is done through two complimentary efforts: (1) the development of an MIR spectroscopic imaging plat-
form that overcomes the technical limitations in MIR imaging and a lack of cost-sensitive MIR imaging devic-
es; and (2) the integration of low-cost, and highly robust devices geometries with new MIR imaging platforms 
to form a single integrated wide-bandwidth single-output-port high-power-spectral-density sources.
Sensitive MIR spectroscopic detection platforms have been limited due to a lack of strong signal-to-back-
ground detection. This is due to the common use of larger spectroscopy systems (i.e., Fourier transform in-
frared spectrometers, FTIR), which have low power-spectral-density at a given wavelength, as well as a lack 
of MIR imaging systems that require large-area sampling. Thus, systems attempt to detect a narrow trace 
explosive spectral bandwidth and small sample size amongst an excessively large spectrometer bandwidth 
and beam spot size. We address these challenges by employing laser spectroscopic and spatial frequency 
multiplexed imaging to obtain high power spectral density and high resolution imaging, respectively.
To obtain high power spectral density and high resolution imaging, a high spectral power density light source, 
such as a laser, must be employed. Quantum cascade lasers (QCLs) are ideal devices for MIR imaging; how-
ever, widely tunable QCLs require external cavity tuning and are, thus, susceptible to mode-hopping insta-
bilities and mechanical failure, which severely limits performance. EOS Photonics has overcome these issues 
by developing QCL arrays where each device in the array has a unique output wavelength. To maintain high 
signal-to-background contrast with small trace samples on substrates, high resolution imaging is required. 
In these imaging systems, however, each of the lasers in the array must follow the same beam path, which is 
not possible from laser waveguide arrays. This project also develops integrated wide-bandwidth single-out-
put-port high-power-spectral-density sources by developing new micro-fabrication techniques to build a 
system which combines the light out of several expensive MIR lasers together into an inexpensive silicon 
based chip. The light can then be used for imaging or possibly for detection of explosives in small quantities.
Both of these technologies form an integrated MIR explosives imaging platform unlike any that is currently 
available. Additionally, this platform is modular and can be extended for rapid development of further ad-
vanced screening and detection systems.

B. State-of-the-Art and Technical Approach

This project is investigating two complimentary technical advancements: (1) on chip heterogeneous integra-
tion of widely disparate wavelength MIR lasers and (2) MIR coded aperture imaging technology.

B.1.  On chip heterogeneous integration of widely disparate wavelength MIR lasers

The most commonly used and commercially available semiconductor MIR light source is a QCL [1]. QCLs are 
made into widely tunable devices that can have large ranges over the entire absorption bands of explosives 
residues using external cavity (EC) feedback. These devices, known as EC-QCLs, select wavelength by rotat-
ing the incident angle of light on a diffraction grating. Such a system has been of particular interest, recently, 
to detect trace explosives residues on various targets [2–4]. These systems require moving parts and manual 
assembly; integration would be preferred for simplicity, lower cost and to improve mechanical reliability. 
Arrays of lasers can be fabricated in such a way that the lasing wavelength of adjacent lasers is slightly offset, 
thus producing a discretely tunable source by selectively turning on and off individual lasers [5]. This is the 
basis of the technology of EOS Photonics. These lasers have a lateral offset, and thus can use external free 
space optics to combine the beams into a single output [6]. External beam combining, while not requiring 
moving parts, requires free space optics and alignment, which adds complexity and renders the devices sus-
ceptible to mechanical instability.
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The technical approach we are employing is to combine laser arrays on a single chip and on separate chips 
into a single module using a novel inter-chip alignment and optical coupling technique.  In this technique, 
individual laser chips are fabricated with extending copper nodules. The chip with nodules is combined with 
similar chips to form a quasi-monolithic “quilt,” from which the name “Optical Quilt Packaging” (OQP) is de-
rived (see Fig. 1).

The proposed OQP leverages advances in electronic quilt packag-
ing, a novel technique developed at the University of Notre Dame 
(UND) for high speed electronic interconnections. Electronic quilt 
packaging integrates diverse electronic device technologies into 
a quasi-monolithic module by connecting separate die with solid 
metallic contacts along the vertical faces for both mechanical and 
electrical connection (see Fig. 2). Research at UND has demonstrat-
ed the world-record low inter-die insertion loss of less than 0.1 dB 
from 50 MHz to 100 GHz [7] with submicron alignment.

B.2.  MIR spectroscopic imaging of trace explosives

To increase signal-to-background detection of trace samples of explosives, we will employ MIR spectroscopic 
imaging. MIR imaging arrays are prohibitively expensive, so we are exploring time and frequency multiplexed 
imaging with the laser modules developed in this project to improve speed (frame rate) and sensitivity (min-
imal detectable concentration) of differential re lection spectroscopy by replacing the relatively high-noise 
infrared detector array with a more sensitive (and less expensive) single element photodetector. MIR trace 
explosives imaging systems typically employ bolometer (i.e., thermal) or semiconductor detector (i.e., pho-
tonic) Focal Plan Arrays (FPAs). Bolometer-based FPAs can be prohibitively slow for many differential mea-
surement schemes of moving objects. Semiconductor detector arrays exhibit a wavelength dependence on 
the material; materials useful in the MIR tend to be prohibitively expensive for multipoint distributed sens-
ing. We propose increasing the speed (frame rate) and sensitivity (minimal detectable concentration) of MIR 
differential re lection spectroscopic imaging by replacing the relatively slow or expensive infrared detector 
array with a more sensitive and less expensive single element photodetector while intensity modulation mul-
tiplexing our differential measurement signal to acquire images at multiple wavelength simultaneously. Spa-
tial information is obtained by scanning the laser spot over the sample or by using a coded aperture scheme. 
The coded aperture is obtained by fabricating a linear spatial light modulator (SLM) where each point in the 
line is modulated at a distinct modulation frequency. High modulation rates are required to resolve multiple 
distinct points along the line. Commercially available linear SLMs with the required pixel numbers cannot 
modulate at such high speeds. Therefore, we created a free-space optical chopper [8] (see Fig. 3, top dashed 
box on the next page) that can modulate an array of point sources at MHz rates by scanning a line-focused 

Figure 1: Illustration of “Optical Quilt Packaging”.

Figure 2: SEM micrograph of interlocking 

quilt packaging nodule structure.
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laser beam over a small (10-20 μm period) mirror grating on a photolithography mask (see Fig. 3, right). Each 
horizontal line on the photolithography mask has a different spatial frequency. The re lected light is then des-
canned by the same scan mirror, and is imaged onto the sample by the line scanning microscope. Examples 
of raw and processed data from [8] are presented in Figure 4. This technology would allow for MIR spectro-
scopic imaging without needing MIR detector arrays. Trace explosives imaging and detection will allow for 
real-time standoff and targeted interrogation of objects of interest to give authorities accurate and speci ic 
information on the type and extent of possible threats.

Figure 3: Coded aperture MIR illumination scheme with CL: cylindrical lens; BS: beam splitter; SM: scan mirror; PD: pho-

todiode; PMT: photo-multiplier tube; and OL: objective lens. Inset: Illustration of the spatial light modulator.

Figure 4: Coded aperture data processing and image reconstruction. Original (a-top) and processed (b-bottom) data of 

a refl ection image of a 1951 Air Force test target. The smallest features are 2.2 μm x 11.0 μm. The inset of (a): raw data 

corresponding to three lines in the image. The sample was illuminated with a 780 nm laser and detected by a single Si 

photodiode.
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MIR spectroscopic imaging has been demonstrated to be a powerful tool for trace explosives detection by 
several groups (e.g., [4, 2, 3, 9]), including ALERT researcher Samuel Hernandez-Rivera (R3-C). Prof. Hernan-
dez-Rivera employs QCL systems that have been used to deliver high-spectral-energy-density radiation onto 
highly energetic materials (HEM) deposited on complex substrates. Through standard preprocessing (2nd 
derivative, standard normal variate, and multiplicative scatter correction) and principal component analysis 
(PCA) or linear regression analysis, PETN and TNT can be detected on wood, cardboard and aluminum sub-
strates. We leverage previous advances by employing the successful techniques within our imaging systems. 
Additionally, we explore extending these techniques to include polarimetric imaging [10] or elipsometry [9].
We will also participate in the R2 Trace Explosives Sensing test-bed at Purdue University by developing our 
imaging platform so that it is compatible with the new conveyer-belt test system. A line-scanning imaging 
system will interrogate targets passing through a ield. Performance (speed, resolution, sensitivity) will be 
evaluated; results will be used to further optimize system design.

C. Major Contributions

C.1.  Summary

This project has completed its second year. In the irst year, we received lower funding levels while students 
transitioned onto the project. Two students are involved in the project: Tahsin Ahmed has been working 
full-time since 1/2014 (1.5 years); and David Benirschke is a US domestic PhD student that was recruited to 
work on this project and started working full-time on this project on 6/2015. The project is supported both 
by ALERT funds, a graduate-student fellowship external to ALERT and internal support from the Notre Dame 
Center for Nanoscience and Technology.

C.2.  Year 2

C.2.a.  On chip heterogeneous integration of widely disparate wavelength MIR lasers

C.2.a.i.  Fabrication of OQP packaged modules

Ge-on-Si waveguide structures were coupled via OQP with a chip-
to-chip distance of ~10 μm. To reduce the chip-to-chip distance, a 
new design was proposed and Ge-on-Si waveguide OQP modules 
were fabricated and aligned via OQP with inter-chip distance, and 
was reduced from 10 μm to 4.6±1.1 μm and lateral misalignment of 
920±150 nm (see Fig. 5). Waveguide facets are prepared by deep 
reactive ion etching (DRIE), which at the same time releases the 
extended part of the Cu nodules used for the alignment. Cu nod-
ules show great stability in the etching process, with 50.2±0.7 μm in 
width (designed as 50 μm) and 52.9±0.7 μm spacing between nod-
ules (designed as 54 μm).

C.2.a.ii.  OQP characterization

To experimentally determine the optical coupling ef iciency of an aligned Ge-on-Si OQP chip, we used an FTIR 
system as the mid-infrared source of light. The FTIR has a broadband MIR global source and the emission 
coming out of it could be coherently guided from one of the side ports of the system. We used ZnSe plano-con-
vex lenses to focus the MIR beam to the facet of the Ge-on-Si waveguides. An image of the measurement set-
up is shown in Figure 3. A 3-axis manual translation stage was used to move the OQP sample so that the FTIR 
beam can be aligned properly to the facet of the waveguide. A mercury-cadmium-telluride (MCT) detector 

Figure 5: Separate Ge-on-Si waveguide 

chips aligned via OQP into a quasi-mono-

lithic integrated chip.
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was used to collect the light coming out of the other facet of the OQP chip, and the response of the detector 
was fed back to the FTIR system. The beam we used was a Gaussian, with a full width half maximum spot size 
of ~350 μm. To ensure we were only collecting coupled light, a 90 degree bend was incorporated in the Ge-
on-Si waveguide so scattered light and guided light exit the waveguide array perpendicular to each other. The 
bend loss has been modeled (see Fig. 6), and the device is currently under test to determine OQP coupling 
loss across arrays of waveguides.

C.2.b.  MIR spectroscopic imaging of trace explosives

We have recently begun MIR characterization and spectroscopic imaging of trace explosives samples. To be-
gin developing the MIR imaging system, we irst seek to optimize our system for peak sensitivity by perform-
ing MIR spectroscopic imaging using FTIR. Spectral analysis of the complete explosive (energetic material, 
binder and plasticizer) will yield the required laser spectra, tuning ranges, power spectral density and imag-
ing speeds for a required sensitivity and speci icity.
Trace samples (gloved thumbprints) of C4 (91% RDX) and Semtex-1A (76% PETN, 4.6% RDX) were deposit-
ed on bare car-body aluminum, car-body aluminum with car paint and clear coat and low-re lectivity plastic. 
Samples were provided by ALERT researcher Steve Beaudoin (R2-A.1 and D.1) at Purdue University. While 
the HEM components of C4 and Semtex (PETN and RDX) are commonly characterized in the MIR [4] on sim-
ilar substrates [11] and C4 is well characterized in laboratory settings [9], we seek to establish performance 
parameters of composite explosives on realistic substrates.
The experiment was set up so that the sample was illuminated at 45o by the FTIR and collected onto the MCT 
detector. Alignment was done by maximizing the output of the analog-to-digital converter (ADC) from the 
MCT. The sample used was C4 on a substrate of aluminum covered in automobile paint. The incoming beam 
from the FTIR was focused by a 1.5’’ lens to an elliptical spot with a major axis length of ~450 um and minor 
axis length of ~350 um. The FTIR spectrum was then obtained for the sample and normalized to bare alu-
minum.  Results are consistent with identical experiments previously published (see Fig. 7 on the next page) 
and is the irst step towards developing an imaging platform.

Figure 6: Normalized transmission for varying waveguide width.
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C.3.  Year 1

C.3.a.  On chip heterogeneous integration of widely disparate wavelength MIR lasers

C.3.a.i.  Fabrication process

In Year 1, we established the fabrication process for MIR OQP; a simpli ied wafer-scale fabrication low for 
alignment only is presented in Figure 8 on the next page. Deep wells formed at the die boundaries are illed 
with electroplated copper (see Fig. 8a-b). The copper overburden is removed via chemical mechanical pol-
ishing (CMP) (Fig. 8c). Ridge or rib waveguides are lithographically de ined and etched (Fig. 8d) and then 
die boundaries are de ined using deep reactive ion etching (DRIE) (Fig. 8e), exposing metallized contacts 
protruding from the edge facets (Fig. 8f). A second deep etch pattern forms narrow perforations along which 
subsequent die cleaving will occur, forming optically lat waveguide facets (Fig. 8g). Cleaving of waveguides 
is a commonly employed method for forming facets and we expect no special problems with carrying out this 
step. Use of perforations to guide the cleave line is not commonly done but is not unheard of [12] and has 
been done successfully at UND. The cleave line is positioned such that the nodules extend past the optical 
lats, enabling a nearly perfect coupling of the waveguides between sensor components. This is the central 

innovation of this proposal, and to our knowledge is unique to the UND process. 
Sensor die components can then be mated to each other for optical coupling and soldered for mechanical 
stability (see Fig. 8h). All processing steps are compatible with conventional semiconductor processing tech-
nologies that are already available at the Notre Dame Nanofabrication Facility (NDNF).

Figure 7: C4 on bare aluminum car door from this project (left) and screenshot of custom MIR explosives chemometric 

analysis and imaging tool developed by this project (right).
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Proof-of-concept devices on Si have been fabricated to determine minimum experimental tolerencing. Fig-
ure 9a shows a top-down view of two combined OQP modules. Lateral alignment between waveguides on 
separate chips results in a tolerance of ~ 1 micron. Processing Ge-on-Si waveguides and deep (> 50 micron) 
etched facets (Alcatel 601E inductively coupled plasma reactive ion etch (ICP-RIE)) has been demonstrated 
in Figures 9a and b.

C.3.a.ii.  OQP simulations 

Optical waveguide coupling requires precise lateral, vertical and axial alignment for high ef iciency coupling. 
Additionally, heterogeneous coupling between QCL waveguides and semiconductor rib waveguides with dif-
ferent mode geometries poses an additional challenge to direct waveguide coupling via OQP. To evaluate the 
proposed concept, estimate maximum coupling and develop a research strategy, OQP calculations were per-
formed using the inite-difference time-domain (FDTD) method [13]. This was achieved using MEEP, a freely 
available software package [14]. The results of these calculations are presented in [15] and summarized 
further herein.

Figure 8: Process fl ow for OQP: (a) defi ne trenches; (b) electroplate copper; (c) chemical mechanical polish (CMP) cop-

per; (d) lithographically defi ne and etch optical components; (e) expose nodules via DRIE; (f) place perforation for 

cleave with DRIE; (g) cleave to separate die; and (h) mechanically combine chips.

Figure 9: Example proof of concepts microfabricated OQP structures fabricated at UND. (a) Two separate OQP wave-

guide modules combined into a single quasi monolithic integrated device (see Fig. 3h for reference). (b) Front facet of 

a Si-on-Ge waveguide structure. (c) Demonstration of Si wafer surface (dark) and DRIE etched facets (light) with surface 

roughness << λ.
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C.3.a.iii. Dependence of waveguide coupling ef iciency on axial gap distance

Transmission between a typical QCL ridge waveguide [16] and  a 
single mode, Ge-on-Si rib waveguide [17] was simulated for λ = 8 
μm light. The inter-chip separation varied from 0 (contact) to 10 
μm. Coupling ef iciency was de ined as the ratio of lux at the output 
of the Ge-on-Si waveguide normalized to that of a continuous QCL 
waveguide of length equal to that of the two waveguides combined. 
Simulations include re lections at all interfaces, modal mismatch 
between waveguides and beam divergence. The results of the cal-
culations are shown in Figure 10. Transmission, as a function of 
the inter-chip gap, shows a sharp decrease in coupling ef iciency 
as the waveguide separation increases from 0 to 2 μm. Please note 
that even with a gap of up to 4 μm, which we expect to be easily 
achieved, the worst loss will be 6 dB, a value that is at least as good 
as conventional off-chip coupling schemes that are sensitive to me-
chanical instabilities and require external free-space optics [18]. 
Coupling ef iciency can be further increased by illing any gap with a material that reduces the air-semicon-
ductor index of refraction mismatch. Arsenic trisul ide (As2S3) chalcogenide glass (index of refraction of ~2.4 
in the MIR [19]) is a popular optical material in the MIR  [20–25] and is compatible as a spin-on material. Cal-
culations show illing a 10 μm gap between a QCL and Ge-on-Si waveguide with As2S3 glass results in a 600% 
improvement in coupling ef iciency. As2S3 spin-on glass is compatible with the OQP process and provides a 
conformal coating on waveguides. Combining these two technologies yields high-ef iciency, direct coupling 
between two different waveguides on separate die.

C.3.a.iv. Dependence of the waveguide coupling ef iciency on the lateral/vertical alignment

Conventional QP offers the precise lateral alignment necessary for OQP. Calculations show that the lateral 
alignment tolerance between a QCL and silicon-on-insulator (SOI) waveguide may be as high as ~3-4 μm and 
should be similar for other types of waveguides. This is easily within the range of QP, which recent unpub-

lished results at UND have demonstrated alignment on the order of 
0.5 μm. Although the alignment tolerance of OQP is already accept-
able for the project, waveguide mode shaping can render the cou-
pling ef iciency less sensitive to alignment issues. For example, Fig-
ure 11 shows simulations of a λ = 8 μm QCL waveguide coupled to 
a Ge-on-Si ridge waveguide normalized to zero lateral offset. With 
no mode shaping, a lateral offset of ~2.5 μm would produce 1 dB 
of loss, while a horn-shaped geometry has a tolerance of 3.5 μm for 
1 dB of loss. Both are within the tolerance limits for sensors based 
on OQP, and waveguide mode shaping serves as a complementa-
ry strategy to decrease coupling loss. Vertical alignment is also 
crucial to high coupling ef iciency. Simulations show that vertical 
alignment tolerance must be < 2 μm for 1 dB insertion loss and is 
within the tolerance of precision polishing of the chip substrates or 
epi-down (i.e., “upside down”) packaging.

D. Milestones

The following milestones still need to be achieved for the project to reach its objectives.

Figure 10: Coupling effi  ciency versus gap 

distance from a λ=8 μm InP QCL to a Ge-

on-Si waveguide.

Figure 11: Coupling effi  ciency versus hori-

zontal misalignment for a λ=8 μm InP QCL 

to a Ge-on-Si waveguide.
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D.1.  On chip heterogeneous integration of widely disparate wavelength MIR lasers

1. Year 3: Demonstration of ef icient chip-to-chip coupling of passive MIR waveguide arrays.
2. Year 4: Demonstration of chip-to-chip coupling of MIR QC laser arrays (from EOS Photonics) to pas-

sive MIR beam combining arrays.
3. Year 4: Characterization of beam quality of integrated modules. Proof of concept demonstration as a 

single on-chip spectrometer suitable for trace explosives detection.
4. Year 5+: Development of translational toolkit for commercialization in collaboration with industrial 

partners Indiana Integrated Circuits (quilt packaging) and EOS Photonics (MIR laser manufacturer).

D.2.  MIR spectroscopic imaging of trace explosives

1. Year 3: Microspectroscopic imaging of trace explosives using FTIR. PCA to determine spectral ranges 
for ef icient detection using laser-based system and establish preliminary con idence intervals, sen-
sitivity and speci icity using explosives samples on realistic substrates.

2. Year 3: Time multiplexed (laser scanning) and frequency multiplexed (spatial frequency scanning) 
imaging with QCL system using analysis established with FTIR studies. Incorporate frequency mul-
tiplexed microscopy [8] and/or spatial frequency modulation for imaging [26].

3. Year 4: Incorporation of OQP MIR laser modules with time and frequency multiplexed imaging sys-
tem.

4. Year 5: Development of ield testing of devices within ALERT.
5. Year 5+: Development of translational prototypes in collaboration with Tanner Research, EOS Pho-

tonics, Morpho Detection.

E. Future Plans

Over the next year, we will undertake the following research plan to achieve the above milestones.

E.1.  On chip heterogeneous integration of widely disparate wavelength MIR lasers

1. Regarding the demonstration of ef icient chip-to-chip coupling of passive MIR waveguide arrays, we 
will continue device characterization by coupling broadband MIR light from an FTIR and light from a 
λ~8 micron QC laser into a passive Ge-on-Si MIR waveguide. Coupling ef iciency will be determined 
by measuring the quality factor of the Fabry-Perot fringes produced at the OQP interface as well as 
comparing to identical waveguide structures without OQP.

2. For the demonstration of chip-to-chip coupling of MIR QC laser arrays to passive MIR beam combin-
ing arrays, the laser arrays provided by EOS Photonics will be packaged via OQP to Ge-on-Si wave-
guide arrays using fabrication techniques developed in this project. Beam quality will be character-
ized; new output facet geometries will be developed to optimize beam quality for trace explosives 
imaging (e.g., three-dimensional horn geometry). 

E.2.  MIR spectroscopic imaging of trace explosives

1. Regarding microspectroscopic imaging of trace explosives using FTIR, PCA will determine spectral 
ranges for ef icient detection using laser-based system and establish preliminary con idence inter-
vals, sensitivity and speci icity using explosive samples on realistic substrates. We will continue to 
employ hyperspectral microscopic imaging of trace explosives samples and perform previously es-
tablished analysis techniques to determine the PCA components most relevant to MIR hyperspectral 
imaging. 

ALERT 
Phase 2 Year 2 Annual Report 

Appendix A: Project Reports 
Thrust R2: Trace & Vapor Sensors 

Project R2-C.2

274



2. Time multiplexed (laser scanning) and frequency multiplexed (spatial frequency scanning) imaging 
with QC laser system using analysis established with FTIR studies will incorporate frequency mul-
tiplexed microscopy [8] and/or spatial frequency modulation for imaging [26]. We will build and 
characterize the spatial light modulation system described above to be used with a QCL. The QCL 
will be chosen to operate in the speci ied wavelength band from our preliminary studies and consis-
tent with previous literature and ALERT collaborator indings. We will test the MIR imaging system 
on spectroscopic markers (acetone, methanol) on substrates.

3. Preliminary test-bed imaging will occur in collaboration with Prof. Jeffery Rhodes (R2-B.2). Imaging 
systems will be designed for evaluation within the conveyer-belt test-bed. This con iguration will 
require a line-scan imaging while targets are translated normal to our illumination line.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Course, Seminar or Workshop Development

EE60568: “Fundamentals of Photonics” has been signi icantly reworked to include several lectures on the 
fundamentals of absorption spectroscopy, re lection based imaging and polarimetric imaging. Enrollment is 
now 15 graduate students from several departments including electrical engineering, mechanical and aero-
space engineering, chemical engineering and chemistry. Both ALERT students in this project and the students 
working with Prof. Anthony Hoffman (R2-C.3) have taken this course.

B. Interactions and Outreach to K-12, Community College, Minority Serving Instituion Students or Faculty

As part of the “National Robotics Week” event on April 27, 2015, at the University of Notre Dame, our group 
organized and ran an exhibit on infrared remote sensing and spectroscopy for each year of ALERT funding 
(see Fig 12). There, we made various musical instruments out of infrared range inders to demonstrate the 
concepts of infrared light and sensing to >500 middle school students and their parents.

C. Other outcomes that relate to educational improvement or workforce development

Two PhD graduate students in electrical engineering are progressing towards graduation and are supported 
by this project. David Benirschke is a second-year, domestic PhD student speci ically recruited for this pro-
ject. Although he only joined the group a few months ago, he has taken on a leadership role in this project. He 
has coordinated acquiring trace explosive residue samples, developed and characterized MIR spectroscopic 
imaging platforms and has written chemometric analysis tools for MIR explosives imaging. He has devel-
oped a speci ic interest in tackling the dif icult technological challenges and has shown initiative developing 

Figure 12: National Robotics Week outreach event.
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his own solutions. Additionally, Tahsin Ahmed is a ifth-year PhD student developing expertise in photonics 
semiconductor fabrication and device characterization to develop optical sources for MIR spectroscopic im-
aging of explosives. By leveraging his expertise, the fabrication component project was accelerated.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

1. Detection of trace explosives on a variety of substrates. Detection of ilms less than 500 micron thick, 
on the order of few millimeter wide.

2. Development of electronically tunable, wide bandwidth, narrow spectral line sources for MIR im-
aging and sensing. Single output port span 100 wavenumbers in the MIR with sub 1 wavenumber 
resolution.

B. Potential for Transition 

End user applications include incorporation of both the laser module and imaging systems in a variety of 
screening locations. Portable (deployed with security personnel) and ixed device (e.g., integrated with docu-
ment scanners, cargo/luggage processing) are being developed to both quickly identify potential threats and 
to aid in the detailed diagnostic of potential threats.

C. Data and/or IP Acquisition Strategy

No outside data required; we have access to required IP.

D. Transition Pathway

Research will reach the end users through commercialization of both MIR laser sources (to be applied to 
several security enterprises, including gas detection, as in R2-C.3 led by Prof. Anthony Hoffman) as well as in 
the MIR imaging platform technology. We are currently collaborating with two commercialization partners 
that are in the defense and homeland security space: Indiana Integrated Circuits and EOS Photonics. Indiana 
Integrated Circuits is licensing the OQP technology and has submitted several DoD SBIR/STTR calls to further 
commercialize OQP for a variety of defense and security applications. We anticipate integration of OQP with 
EOS Photonics laser arrays for MIR characterization of explosives. Due to our existing partnerships, OQP MIR 
modules can be provided within a relatively short time frame (< 3 years) upon successful demonstration and 
characterization. Scanning imaging systems require more development and have additional technical risk, 
and thus require additional time before being available to end users (>5 years).

E. Customer Connections

• Indiana Integrated Circuits, LLC. Contact: President Jason Kulic. jason.kulick@indianaic.com. Monthly 
meetings.

• EOS Photonics. Contact: President Mark Witinski witinski@eosphotonics.com. Quarterly conference call
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V. PROJECT DOCUMENTATION

A. Other Presentations

1. Poster Sessions
a. Ahmed, Tahsin, et. al, “Optical Quilt Packaging for Integrated Hyperspectral Sources” Adv. Diag-

nostics and Therapeutics, (2015).

B. New and Existing Courses Developed and Student Enrollment

New or 

Existing

Course/Module/

Degree/Cert.

Title Description Student                    

Enrollment

Existing Course Fundamentals of 

Photonics

Graduate course in photonics, includ-

ing the fundamentals of absorption 

spectroscopy, refl ection based imag-

ing, and polarimetric imaging

15

C. Technology Transfer/Patents

1. Patent Applications Filed
a. “Method and Device for Highly Accurate, Self-aligned Inter-chip Optical Waveguide Coupling”, 

United States Utility Patent Applications S/N 14/158,079 and S/N 14/158,156; January 18, 
2015, licensed.
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 R2-C.3: Chaotic Cavity Gas Cell for Optical Trace 

Explosives Detection

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Anthony J. Hoff man PI University of Notre Dame ajhoff man@nd.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution  Month/Year of Graduation

Galen Harden BSEE/PhD University of Notre Dame 5/2019

Luis Enrique Cortes Herrera BS/REU Tecnologico de Monterrey 5/2016

Owen Dominguez PhD University of Notre Dame 5/2019

II. PROJECT DESCRIPTION

A. Overview and Signi icance

This project aims to develop compact cavities for mid-infrared (MIR) optical absorption trace gas sensing 
that support long optical path lengths (OPLs) and optical focusing. The research advances the overall ALERT 
research program by modeling, designing and characterizing, rotationally asymmetric cavities (RACs) and 
pairing these cavities with quantum cascade lasers (QCLs) for MIR trace explosives detection.  The societal 
bene its include the development of technologies for MIR sensors that can be deployed in areas not currently 
accessible due to cost, space and personnel limitations, and the training of graduate and undergraduate stu-
dents in technologies relevant to the homeland security enterprise (HSE).  
The cavity plays a pivotal role in the performance, size and cost of a sensor incorporating a multipass cell. 
Cavities with long OPLs are favorable because the light interacts with the gas under test over a longer ef-
fective distance, increasing the amount of absorbed light. Sensors based on optical absorption bene it from 
the longer OPL because the change in the intensity of the optical source is more easily measured. The RACs 
investigated in this project support stable, long OPLs (>5m) by engineering rotational asymmetries in the 
cavity shape. Another favorable aspect of the RACs in this research is that beam can be engineered to focus 
as the light is re lected inside the cavity. This so-called “global focusing time” (GFT) is similar to the focusing 
by a lens or mirror and can be engineered via the cavity design.  The ability to control the GFT is bene icial 
because it results in small beam spots on the surface of the cavity, enabling continuous wave operation of the 
optical source and a reduction in the size of the cavity. 
This project also seeks to achieve gains in sensor performance by using MIR QCLs as the optical source.  MIR 
light interacts strongly with many molecules because photons in this portion of the spectrum can excite the 
fundamental vibrational and rotational modes of many of these molecules. The resonant excitation of these 
modes results in large optical absorption coef icients. The change in the intensity of the light passing through 
the gas depends exponentially on the absorption coef icient and the OPL; increasing the interaction of light 
with the gas under test improves the sensor performance.  Figure 1a on the next page depicts optical ab-
sorption for light passing through a gas under test and Figure 1b is a schematic of the sensor in this project 
incorporating a RAC and a MIR QCL. 
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This research advances the goals of ALERT by developing technologies to detect airborne signatures of explo-
sives including, for example, the vapor from triacetone triperoxide (TATP). The project leverages our exper-
tise in MIR materials, detectors and sources to create optical sensors for this portion of the spectrum.  Our 
work compliments other projects within ALERT that focus on optical detection using MIR QCLs (R2-C.2: Mul-
tiplexed Mid-infrared Imaging of Trace Explosives and R3-C: Standoff Detection of Explosives: Mid-infrared 
Spectroscopy and Chemical Sensing) and bene its from research within ALERT that focuses on other sensors 
for vapor phase detection (R2-B.2: Portable, Integrated Microscale Sensors (PIMS) for Explosives Detection).
The societal bene its of this project include the d evelopment of optical sensing technologies for homeland 
security that have dual use in ields such as law enforcement, medicine, industry and agriculture. A product of 
this research is the dissemination of results to the MIR and broader scienti ic communities via peer-reviewed 
publications. The project includes the training of undergraduate and graduate students in technologies rel-
evant to the HSE. To this end, a relationship with Sandia National Laboratories (SNL) has been cultivated to 
support students from the PI’s research group in internships. Finally, we also engage local students through 
educational outreach events.

B. State-of-the-Art and Technical Approach

B.1.  Introduction

Optical detection technologies are promising for trace gas detection because the overall system can be sensi-
tive, compact, easy-to-operate and inexpensive. Optical detection using MIR light offers improved sensitivity 
because MIR photons excite the fundamental vibrational and rotation modes of many molecules of interest. 
These resonant interactions result in large molecular optical absorption cross-sections at MIR wavelengths. 
The intensity of an optical beam that passes through a gas containing absorbing molecules is exponentially 
reduced due to absorption. The difference between the initial intensity and the inal intensity of the beam 
can be used to quantify the concentration of absorbing molecules in the air sample under test.  Furthermore, 
since the molecules have distinct absorption spectra, the type of molecule can also be determined by using 
many wavelengths of light.  
The change in intensity of the optical beam is also in luenced by the OPL. The Beer-Lambert Law, which de-
scribes the change in intensity for an optical source that passes through an absorbing medium (see Fig. 1a), 
is given by IT = IOe-αL, where IT, IO, α, and L are the transmitted intensity, initial intensity, absorption coef icient 
and OPL, respectively.  The absorption coef icient depends on the attenuation coef icient, a molecular con-
stant and a value that is relatively large in the MIR compared to optical frequencies and the number density.  
This project aims to create cavities with long OPLs so as to enable the detection of a small number of mole-
cules of interest.

Figure 1: (a) Schematic of the change in intensity of an optical beam due to optical absorption. (b) Schematic of a RAC 

used as a sensor based on direct optical absorption sensing.  The optical beam is depicted in blue.  The focusing behav-

ior inside the cavity is a result of the RAC design.
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We estimate that our RAC can achieve better than 1 ppm detection sensitivity of TATP in a RAC about the size 
of a baseball (1.5” cavity radius) and a mid-infrared quantum cascade laser.  Our calculations are based on the 
measured relative intensity noise of a quantum cascade laser and thermoelectrically cooled mercury cadmi-
um telluride detector.  An advantage of the RAC over other gas cells is that this sensitivity can be achieved in 
a small gas cell.  To compare RACs to other multipass cavities, we the ratio of the OPL to the cavity volume as 
a igure of merit (FOM).  A standard Herriott cell has a FOM of 4.7 cm-2 while a custom Herriott cell designed 
for minimal volume exhibits a FOM of 14.7 cm-2.  The RACs in this program should exhibit FOMs greater than 
20 cm-2 and as large as 40 cm-2; an marked improvement over existing technologies.  
The use of MIR light for trace detection is being pursued in many ields. Prior work in the MIR has demon-
strated the potential of optical detection of explosives using QCLs [1-3]. Our approach aims to advance this 
work by developing new multipass gas cells and pairing them with QCLs to realize sensitive detectors capa-
ble of unattended operation.  

B.2.  State of the Art

Cavities similar to the RACs designed in this project are not commercially available. Furthermore, there is 
little prior research in this area. A small body of work that initially demonstrated a rotationally symmetric 
cavity (RSC) and an RAC constitute all prior work [4-6]; there is a larger body of work on 2D chaotic microre-
sonators [7-10]. In the prior work on RSCs and RACs, engineering the cavities and selecting appropriate 
trajectories was primarily exploratory and empirical. Our effort goes beyond the initial demonstration by 
engineering properties of the cavities and quantifying the in luence of cavity geometry on properties such as 
OPL, GFT and stability, and using RACs for the trace detection of explosives. 
Inside of ALERT, this project is unique in that we aim to develop new optical cavities; none of the other 
projects employing optical detection use optical cavities.  At the same time, our project complements oth-
er efforts within ALERT that use optical sensing and MIR technologies. We already work closely with Prof. 
Howard’s group (R2-C.2), as they use equipment in our laboratory and I have trained some of his graduate 
students in MIR measurements.

B.3. Our Approach

Proper modeling of the RACs is essential to achieving long OPLs and commercially available software is not 
appropriate for the cavities explored in this research. To support the objectives of this project, we have devel-
oped design tools for calculating the trajectories of arbitrary cavity shapes. The tools are coded in MATLAB 
and able to scale with the number of available cores on the CPU. Our code includes a primary function to 
calculate the trajectory of a beam given a cavity shape, input position and input wavevector (momentum). 
The design toolbox also includes functions to analyze various aspects of the calculated trajectories, including 
computational error, beam size, eccentricity and OPL.
The optical beam path through the cavity is modeled by calculating each re lection of a beam as it traverses 
the cavity. Unlike most design software, our calculations do not invoke the paraxial approximation, allowing 
for compact cavity designs. At every re lection, the spatial coordinates of the re lection are calculated using 
Newton’s Method and a simple linear transformation is used to calculate the wavevector for the re lected 
beam. Our code calculates the trajectory of 13 rays distributed in a ray bundle. Figure 2a on the next page 
shows the distribution of the ray bundle comprising 12 rays distributed around a central ray.  The 12 rays 
forming the perimeter of a circle allow us to calculate properties of the beam, such as spot size, focusing and 
eccentricity, and to model the behavior of a beam that is converging or diverging as it enters the RAC.  
The cavities examined in this project are spherical cavities with two quadrupole deformations. Figure 2b on 
the next page de ines the angles used to describe the cavities that are given by the equations on the next page.
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Here, ∈yz and ∈xy are the magnitude of the deformations in the yz and xy planes, respectively, and their val-
ues can range from 0 to 1. When both of the deformations are set equal to 0, the equation de ines a sphere 
of radius R0. These general cavity shapes are similar to those used in [4, 5].  Figure 2c depicts the calculated 
trajectory for the central ray in the ray bundle over 200 re lections for ∈yz = 0.02 and ∈xy = 0.07.  

The real space trajectories are useful for visualizing the distribution of light inside of the gas cell and are 
used in the design process to ensure that the beam trajectories do not overlap with the seam between the 
two halves of the fabricated gas cell (the dotted line in Fig. 1b shows the separation between the halves). In 
our models, the real space trajectories are useful for calculating the OPL and the catacaustic—the envelope 
of the rays after many re lections off of the cavity walls. The OPL for the ray trajectory shown in Figure 2c is 
7.2 m for a cavity R0=5.08 cm.
We want to emphasize the effort that we have put into ensuring ef icient and low-error calculations of the 
ray trajectories. Because a principle aim of this project is to study RACs, which have a large design space, it is 
imperative that calculations of the cavity properties be ef icient and accurate. Our code is written in MATLAB 
and uses techniques from Hamiltonian mechanics [11]. Additionally, the code can scale to the number of pro-
cessors/cores available, enabling near-linear scaling with additional computing power. We are able to calcu-
late 1000 re lections for a given cavity geometry in seconds on a desktop computer, enabling us to scan cavity 
parameters such as deformations, input position and input wavevector. Our code also contains subroutines 
to monitor error in the calculated re lection; our error tolerance is typically set to 10-12 deg. in the re lected 
angle. This is noteworthy because our code does not reproduce some published results.  
Our design toolbox also includes phase space representations of the trajectories that are useful for exploring 
the complex design space and understanding the real space catacaustics. Figure 3 on the next page shows 
the phase space representation, called a surface of section (SoS), for 3 cavities with different geometries. The 
SoS comprises 20,000 points from re lections inside the cavity for a range of input conditions (position and 
wavevector). In the plot, χ is the angle of re lection and θ is as depicted in Figure 2b.  

Figure 2: (a) Distribution of the 13 rays in a ray bundle. (b) Defi nition of the direction and angles for a RAC. (c) 3D image 

of the real-space trajectories of a RAC with  ∈xy = 0.02 and ∈yz = 0.07.
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The SoS is helpful because it can be used to identify favorable ray trajectories. The SoS in Figure 3c displays 
two general types of behavior: (1) quasi-continuous curves and (2) distributed points. These two regions 
characterize ordinary and chaotic behavior, respectively. For the work in this project, we select trajectories 
that display ordinary behavior; i.e. a small perturbation in the input conditions result in a small perturbation 
in the output conditions. It is important to note that the even though these trajectories are ordinary in their 
behavior, their properties are in luenced strongly by the cavity design and are very different from those in a 
simple sphere; for example, we can engineer stable trajectories and GFT. The SoS is in luenced by the cavity 
design. Figure 3a-c shows the SoS for several RACs, demonstrating the transition from a perfect sphere with 
no chaotic behavior to an RAC with a phase space dominated by chaotic behavior.
In this project, we studied the ray trajectories in RACs using techniques from dynamical systems theory to 
determine cavity geometries and ray con igurations that result in long and stable optical paths. Distinct ray 
trajectories are possible for any combination of cavity deformation parameters, input position of the beam 
and direction at which the beam is injected into the cavity. An ideal trajectory will have a long OPL inside the 
cavity. Additionally, the beam that is input will remain small compared to the size of the cavity so that it will 
be able to exit through the hole that has been drilled for it. The beam must also remain relatively circular in 
the cross section or else a signi icant portion may not exit. Furthermore, no portion of the input beam should 
exit the cavity before the designed path length has been reached and the trajectory must remain away from 
the gas input and output ports so that these do not interfere with the re lections.   Previous work based on 
RAC multiplass cells, particularly the selection of appropriate ray trajectories, was primarily exploratory and 
empirical. Additionally, little attention was paid to engineering the GFT and spot size/shape. We have devel-
oped a systematic approach to engineering cavity behavior. This work will result in two publications that will 
be submitted during the summer of 2015.
To engineer the OPL and GFT of RACs, we use our design toolbox to calculate trajectories of ray bundles 
comprising 13 beams (see Fig. 2c) for many cavity deformations,  and, and input beam conditions.  This is 
possible because our code is ef icient and we select a subset of all trajectories, an example trajectory is shown 
in Figure 2c, because such trajectories will not scatter off of the seam between the two cavity halves. We irst 
analyze the beam bundles using the real space trajectories to determine cavity deformations that give the de-
sired GFT and evolution of the spot size and shape. Panels (a), (b) and (c) of Figure 4 on the next page depict 
metrics for the GFT, spot area and major axis versus the two cavity deformations.  The white cross indicates 
the selected deformation parameters.

Figure 3: SoS for RACs with diff erent deformations parameters: (a) ∈xy = 0 (a sphere); (b) ∈xy = 0.05; and (c) ∈xy = 0.1.  
The regions fi lled with lines that appear continuous correspond to normal trajectories and the regions fi lled with scat-

tered points correspond to chaotic trajectories.
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With the cavity deformation set, we calculate the SoS and select a quasi-periodic curve (lines that appear 
continuous in the SoS) with a long length in the phase space. Selecting a curve with a long length decreases 
the density of points in phase space and improves the OPL. Once a trajectory is selected, we calculate the orbit 
in real space (see Fig. 5a) and select the entrance port by inding areas with low point density, as in Figure 
5b; we also select an exit port if needed. Selecting the entrance port de ines the position and wavevector of 
the incident beam. Using this procedure, we designed a cavity with a GFT of 300 re lections and an OPL of 
7.2m that would it inside a sphere with a radius of 2.1”. Doubling the cavity dimensions more than doubles 
the OPL because the cavity is able to support more re lections (373 re lections with OPL of ~18m); this is 
one example of the nonlinear behavior that complicates the design and optimization of these cavities. This 
engineering is the topic of a manuscript that will be submitted for publication in July, 2015.

To study the stability of the RAC, we note that light re lecting off the surface of the cavity is very similar to the 
trajectory of a free particle bouncing elastically off of a boundary. This dynamical system can be described 
using the formalism of classical mechanics [12-16]. To study the stability of a selected trajectory, we apply a 
linear stability analysis. Linear stability describes how small perturbations to the original trajectory affect 
how the beam travels through the RAC [13]. This approach allows us to analytically study the relationship 
between the geometry of the cell and the stability of its ray trajectories. A brief summary of our approach 
follows; this technique is the subject of a paper that we plan to publish this summer.
Our implementation of the linear stability analysis relies upon mathematical theorems for a class of time-in-
variant physical systems. Because of these theorems, we are able to signi icantly reduce the complexity of 
the problem by studying the dynamics of a map in the intersection of two hypersurfaces in phase space; the 
two hypersurfaces are de ined by constant energy curves and the re lection coordinates for all re lection 

Figure 4: (a) GFT in number of refl ections versus the cavity deformation parameters. (b) Sum of the beam spot size over 

all refl ections for a total of 400 refl ections. (c) The maximum length of the major axis of the beam over 400 refl ections.

Figure 5: (a) Real-space trajectory plotted for the fi rst 200 points using the azimuthal and polar angles from Fig. 2. (b) 

Density plot of Fig. 5a after 5000 refl ections.
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(bounces) in a given trajectory. This mapping reduces the dimensionality of the dynamics from six (three 
position and three momentum coordinates) to four (two position and two momentum coordinates). The re-
sulting map from this reduction is called the billiard map. It is in this reduced map we build the monodromy 
matrix, a linear operator in the tangent space of the billiard map that de ines how perturbations stretch and 
contract in each bounce. The stability of the trajectory can be quanti ied by studying the eigenvalues and 
eigenvectors of the monodromy matrix. To further simplify this study, we use the fact that the billiard map, 
as in classical mechanics, is symplectic. This means that it preserves an area in phase space under evolution. 
Using this property, we can reduce the study of what would be four independent eigenvalues to only two 
stability parameters, which allows for visual analysis and comparison. Using this methodology, we can then 
systematically compare the stability of speci ic trajectories in an invariant manner.
Using the approaches outlined above, we designed a RAC with ∈xy = 0.02 and ∈yz = 0.07.  The “radius” of 
the cavity is approximately 2” (the longest dimension is slightly larger due to the deformation parameters).  
The designed RAC was input into an AutoCAD and milled into copper using precision milling equipment.  
The inside surface of the RAC was coated using metals (100/300 nm Ti/Au) deposited by electron beam 
evaporation in the University of Notre Dame (UND) Nanofabrication Facility. Optical characterization of the 
RAC was attempted as described below; however, we note that fabrication problems (mainly surface rough-
ness and non-uniform coating of the surface) have prevented proper characterization of the cavity.  We have 
been working with a vendor and are in the process of having a second-generation cavity fabricated by Rocky 
Mountain Instruments, Inc. (RMI). RMI has experience fabricating custom cavities, including the milling of 
the mirror surfaces and high quality coatings. RMI was recommended to us by Eos Photonics, an ALERT In-
dustrial Partner.  The expected delivery date for the cavity is late August.   
The OPL of the cavities are characterized using time-of- light measurements, Figure 6a.  For such measure-
ments, a diode laser is current modulated resulting in a pulsed output.  The amplitude-modulated optical 
beam is focused into the RAC and the output beam after traversing the RAC is focused onto a fast rise-time Si 
detector.  The train of pulses is recorded on a 40 GHz Lecroy digital oscilloscope.  The beam is then aimed at 
the side in the RAC by translating the cavity and focused onto the same detector.  The difference in the time of 
light enables a calculation of the difference in the optical path difference.  Since the external optical path can 

easily be measured, the OPL inside of the RAC can be determined.  Initial characterizations were performed 
using a calibrated OPL of 52 cm.  The Si detector voltage versus time is shown in Figure 6b; the time differ-
ence between paths (1) and (2), Figure 6a, is measured relative to the current source trigger.  We measure a 
time difference of 1.7 ns for the two path lengths, which corresponds to an OPL of 51 cm—in excellent agree-
ment with the known pathlength.

A detailed analysis of our experimental setup gives an error of 2 cm that is limited by trigger jitter.  This error 
is well within a tolerable amount for the purposes of charactering RACs.  The same experimental scheme can 

Figure 6: (a) Schematic of the time-of-fl ight setup.  A pulsed laser has two possible paths (1) and (2) that can be selected 

by translating the cavity.  Path (1) is refl ected off  of the RAC external surface and path (2) transits the RAC.  The output 

from the fast rise time Si detector (15 ns) is monitored on a 40 GHz oscilloscope.  The OPL of the RAC is given by the time 

diff erence between paths (1) and (2) multiplied by the speed of light.  (b) Optical characterization using the method in 

(a) for a calibrated 53 cm pathlength.  The color of the traces correspond to the time delay for the paths shown in (a).
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be used to characterize the cavity with a mid-infrared laser, though very little difference is expected.  Our 
laboratory is equipped with the necessary QCLs, pulsed current/voltage driver, optical elements, and high 
speed detectors for mid-infrared measurements.
We have also characterized a custom QCL for use in this project. Our group has expertise in the de-
sign, fabrication and characterization of QCLs [17-20]. The QCL for this project was designed to emit at 
1200 cm-1. This particular wavelength was selected because there is overlap between absorption features 
due to acetone and TATP, as seen in Figure 7a. The bene it of working at this wavelength is that acetone, a 
precursor to TATP, is readily available in our laboratory for testing and later we can use the same laser to de-
tect TATP. Additionally, this wavelength range is favorable because the region is relatively free of interference 
due to water and CO2 absorption.  
The tested laser has a Fabry-Perot resonator and is capable of emitting at room temperature in continuous 
wave (CW) mode with 100s of mW of output power; 450 mW at 298K on a continuous low liquid nitrogen 
cryostat and ~200 mW on a thermoelectric cooler (TEC) set to 298K. The emission spectrum of the laser 
mounted to a TEC at 298K and operated in CW mode is shown in Figure 7b. We performed these measure-
ments on our custom v80v Bruker vacuum spectrometer using a room temperature DTGS detector.  Near las-
ing threshold, the emission is single-peaked and centered near 1190 cm-1. As the drive current is increased, 
the spectrum becomes multimode. We anticipate that for this project, we will be able to operate the laser at 
currents close to the threshold, thus avoiding multimode emission. To reduce device heating, we can run the 
laser in pulsed mode with a low duty cycle (<0.1%). The advantage of the pulsed mode of operation is that we 
can signi icantly reduce the size of the optical source by removing the TEC. The disadvantage is that the spec-
trum in pulsed operation is multimode, comprising dozens of Fabry Perot modes. If necessary in the future, 
we can fabricate pulsed, single-mode distributed feedback (DFB) lasers that emit at the same wavelength 
using the 100 kV electron beam lithography writer available in the UND Nanofabrication Facility.

Finally, we have also developed an idea to use an MIR QCL with an integrated Schottky diode as both the 
source and detector with the RAC as part of our discussions with Dr. Michael Wanke as SNL.  This unique 
optical device would be able to detect small changes in the phase and amplitude of light that travels through 
the multipass cavity and interacts with a gas under test. Such a device could enable further improvements in 
the detection limits of the optical sensor. Additionally, the device may have other applications within ALERT, 
including use as a handheld sensor for detecting liquid and solid explosives. Dr. Wanke has offered QC mate-
rial to us grown via molecular beam epitaxy. In the upcoming year, we will fabricate and characterize devices 
from this material and explore using this new device with our cavity. We do note that since the material is 
already grown, we will not have control over the emission wavelength; however, our group has experience 
with the design of QCLs and further iterations could be targeted for speci ic wavelengths. Including this new 

Figure 7:  (a) FTIR spectra of TATP and acetone measured using an FTIR from [3]. The vertical, dashed line indicates the 

emission wavelength of the QCL in (b). (b) Emission measured from a QCL operated in CW mode at 298K using a FTIR 

at various drive currents. 
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technology with our RAC leverages our collaboration with SNL and our experience with QCLs. We envision 
transitioning work exploring the uses of this new device beyond RACs into a new ALERT project in the fol-
lowing year, strengthening optical approaches towards detection within the center and improving transition 
of knowledge, technology and students into government laboratories. Through this collaboration, a student 
from our group will have the opportunity to intern at SNL.

C. Major Contributions

The following is a list of contributions that this project has made to the ALERT research program.

C.1.  Year 2

• Designed and characterized custom QCL for MIR trace detection of TATP and acetone. The QCL and all 
of our control electronics and detectors are available to other members of ALERT and reside in our UND 
facility.

• Developed an algorithm and numerical code for linear stability analysis of RACs. The code will be shared 
via the Creative Commons License.

• Designed and fabricated (in progress) a second-generation RAC. The RAC will be valuable for the ques-
tions in this project and accessing the broader ALERT question of: “How do we properly deliver gas sam-
ples to the various detectors being developed in the center?”

• Developed a process for engineering OPL, GFT and RACs. Our work on engineering the GFT was a conse-
quence of a discussion with Eos Photonics, an ALERT Industry Partner.

C.2.  Year 1

• Characterized RAC and identi ied problems with fabrication.
• Created optical setup for characterizing OPL using time-of- light measurements.
• Designed and fabricated irst-generation cavity. 
• Developed models and ef icient algorithms for RACs (available via Creative Commons License). Our soft-

ware and algorithms, useful beyond RACs, are available to ALERT academic partners and the broader HSE 
community. 

D. Milestones

The following is a list of milestones that must be accomplished for this project to reach its objectives:
1. Successfully characterize second-generation RAC using optical laser and QCL, and demonstrate cav-

ity modes with OPLs > 5m, a total cell volume < 150 cm3 and greater than 90% re lected power per 
re lection. The second-generation RAC is in the process of being fabricated and our characterization 
setup is already prepared.

2. Demonstrate and quantify optical sensing using MIR QCL.
a. Demonstrate optical detection with acetone and characterize sensor limits.
b. Demonstrate optical detection with TATP and characterize sensor limits.

3. Investigate methods for sample delivery and sensor deployment.

E. Future Plans

In the next year of the ALERT program, we will continue measuring the designed RACs and characterize the 
optical system for trace gas detection.   
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1. A second-generation RAC is in the process of being fabricated. This cavity is being fabricated by 
RMI to address issues with the irst-generation cavity, primarily surface roughness and non-uniform 
coating of the cavity walls. We will fully characterize the cavity using both optical and MIR lasers.

2. We will use the second-generation cavity to perform trace detection of acetone. We will characterize 
detection limits of the optical sensor. We will also perform trace detection of TATP with the assis-
tance of other ALERT academic partners (primarily the researchers at Purdue). UND’s proximity to 
Purdue enables us to travel to their testing facilities and work with their experts on safely testing for 
TATP if needed.

3. We will design and characterize a third-generation cavity using knowledge that we gain from the 
cavity characterization and trace gas detection. The third-generation RAC will incorporate means for 
integrated the cavity and detector into the RAC design and optimizations to the cavity design.

4. We will use our RAC to explore methods for gas delivery to the multipass cell and characterize the 
RAC sensor in realistic sensing environments.  As part of this effort, we will work with Profs. Jeff 
Rhodes and Steve Beaudoin at Purdue University to test the RAC-based sensors in a near real-world 
scenario using the mock baggage screening station developed by Prof. Rhodes.  As part of this effort, 
the UND graduate student working on this project will travel to Purdue for testing; we have budget-
ed funds in Year 3 for this effort.  The student will transport the sensor and necessary equipment.  
Purdue is about 3 hours from UND by car and we have planned 5 trips as part of our work in Year 3.

5. We will begin working towards developing QCLs with integrated Schottky diodes that can be used 
with the RAC.  Through our collaboration with SNL, we have access to QCL material that can be 
used for this purpose. We will fabricate the devices in the UND Nanofabrication Facility and test the 
sources in my laboratory.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Course, Seminar or Workshop Development

Members of our group, Prof. Hoffman, Owen Dominguez and Galen Harden, traveled to Purdue University 
in March to meet with other members of ALERT, Prof. Steve Beaudoin (Thrust 2 lead) and Prof. Jeff Rhoads 
(R2-B.2) to discuss incorporating Prof. Steve McKnight’s (Education Program co-lead) High Tech Tools and 
Toys Laboratory into our undergraduate curriculum and outreach programs.  A new course that will serve as 
an introduction to electrical engineering to sophomore engineering students will be taught in spring 2016. 
As part of the course development process, faculty were requested to submit potential labs for the students. 
I submitted an optical spectroscopy laboratory incorporating some of the tools and elements presented by 
Prof. McKnight. The actual labs have yet to be selected.

B. Student Internship, Job or Research Opportunities

During the summers of 2014 and 2015, we have hosted an undergraduate, Luis Enrique Cortes Herrera, in 
our laboratory to participate in research directly related to this project. Luis has worked on projects related 
to determining the stability of catacaustics in the RACs and developing ef icient code for calculating the ray 
trajectories. His work will be submitted for publication during the summer of 2015; some of these results are 
included in the technical section of this report.
We have also established a relationship with SNL that will allow students from our group to work as part of 
an internship. We are planning for Galen Harden (upcoming 2nd year graduate student) to intern at SNL in 
2016 after the completion of his Ph.D. qualifying examinations.
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C. Interactions and Outreach to K-12, Community College, Minority Serving Institution Students or Faculty

A component of this project is outreach to K-12 students through developing and hosting 1-day events at 
UND.  The outreach event that we are developing is targeted at students in grades 8-12 and aims to teach the 
students about light and optical spectroscopy by engaging the students via hands-on activities. The outreach 
event is being developed by graduate student Galen Harden and Prof. Hoffman. Prof. Hoffman’s entire re-
search group will run the event. We have already contacted Chelsea Hay at Jackson Intermediate Center and 
the event will take place in the fall semester of 2015.
Our outreach event focuses on helping students develop a scienti ic understanding of light and demonstrates 
uses of optics in modern society, including, optical spectroscopy for homeland defense and medicine. To visu-
alize the electromagnetic spectrum, we will use an Ocean Optics Modular Spectrometer to examine the spec-
trum of various sources (incandescent light bulbs, laser pointers and computer screens).  We will introduce 
to students the concepts of spectroscopy and optical sensing using the spectrometer and by discussing how 
different wavelengths (colors) of light interact differently with materials and how those interactions can be 
used for detection. Working in groups of 3-5, the students will then create a “poor man’s” spectrometer using 
an Arduino Micro, tricolor light emitting diodes (LEDs) and a CdS detector, as seen in Figure 8. Constructing 
the spectrometer involves building simple circuits, high-level programming and calibrating the detector.  At 
the end of the day, the groups will use the devices that they construct in a competition-based exercise to de-
termine who can most correctly measure the color of unknown samples. 

As mentioned above, our group traveled to Purdue University to discuss incorporating Prof. Steve McKnight’s 
High Tech Tools and Toys Laboratory into our undergraduate curriculum and outreach programs.  The proj-
ect above describes our efforts to integrate these ideas into our outreach.  

D. Training to Professionals or Others

I am the UND faculty mentor for the International Society for Optics and Photonics (SPIE). As part of the 
broader scope of this project, I am able to regularly engage graduate students across many disciplines, in-
cluding those studying electrical engineering, chemistry, chemical engineering and physics. In November 
2014, I gave a presentation to the group about MIR technologies and optical sensing. 

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

1. We are developing new multipass gas cells for optical detection of trace amounts of explosives or 
their precursors by analyzing samples of air. Identifying trace amounts of explosives using optical 
technologies is one way to identify explosives on people, bags, vehicles, animals, etc. Our project 

Figure 8:  Photographs of a “poor man’s” spectrometer with the tricolor LED emitting red (left), green (center), and blue 

(right).
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studies the basic science of optics in rotationally asymmetric cavities to design low-volume, multi-
pass cells for trace gas detection. The goal is to demonstrate an RAC with a path-length greater than 
10 meters, a total cell volume less than 50 cm3 and greater than 90% re lected power per re lection.  
This OPL will enable detection of TATP at a sensitivity of 1 ppm with a FOM (OPL/cell volume) great-
er than 20.

2. A challenge related to optical sensing is gas delivery. To address this challenge as a center, ALERT 
conducts research in many modes of detection, including approaches that do not require gas deliv-
ery.  Our project will address this challenge by demonstrating optical detection of trace amounts of 
acetone and TATP using an RAC with a QCL and MIR detector at sensitivity levels better than 1 ppm 
in the laboratory. We will then collaborate with other ALERT academic partners to test the sensor in 
more “real-world” scenarios, enabling testing of various gas delivery methods and strategies. 

B. Potential for Transition

We envision using the RACs for MIR trace gas detection. Relevant to the HSE, we envision using these sensors 
as point sensors or in a distributed network to detect explosives or their precursors. Potential deployment 
could include mounting the sensor into screening stations, such as conveyors for screening baggage or pal-
letized shipping containers, and developing mobile platforms for sampling the headspace of large shipping 
containers that arrive at ports and small shipping containers that are placed on aircraft.  These applications 
mitigate some of the challenges associated with the low vapor pressures of trace gasses of interest because 
the gas is leaving a container and entering a controlled sampling space.  The bene it of optical detection is 
that the sensors can run continuously, provide relevant-time information and detect small concentrations. 
The RACs in this project are compact, reducing the overall instrument size and making installation and mo-
bile deployment easier for the end user.

C. Data and/or IP Acquisition Strategy

The appropriate data to implement the methodology and test the hypotheses and outcomes outlined in this 
project report are all acquired via simulation and measurement in my laboratory.  My lab, which specializes 
in MIR and terahertz photonics, is equipped for the characterization of the RACs and QCLs detailed in this 
report. Optical detection of trace amounts of acetone will also be performed in my lab. For the detection of 
TATP, we will work with other academic partners within ALERT, particularly those at Purdue. We will work 
with Prof. Beaudoin to enable these collaborations. Prof. Beaudoin has already supplied solid samples to UND 
for testing.

D. Transition Pathway 

The transition pathway for this project uses several mechanisms to engage potential customers, including: 
(1) publishing our design tools as open-source software (OSS) via the Creative Commons License; (2) pub-
lishing our work in high impact journals; (3) engaging in conversations with potential end users; and (3) 
training students for the workforce.
As part of this project, we designed custom design tools because commercial software that is appropriate 
for the design of RACs is not available. Our design tools ef iciently solve the trajectories of light rays inside 
of an optical cavity of arbitrary design; most commercial software has restrictions on the cavity design.  Our 
software includes tools for analyzing and studying individual trajectories and caustics, including, OPL, beam 
divergence, beam eccentricity and more. The design software suite is hosted in a repository on Github.
Transition is also accomplished by sharing the results of our work in high impact journals.  Currently, we have 
two manuscripts in preparation. The irst focuses on engineering the OPL and GFT of caustics of RACs. The 
paper is currently in draft form and will be submitted for publication in mid-August. We are also preparing 
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a second manuscript that uses techniques from chaos theory to determine the stability and OPL of caustics. 
This paper is also in draft form and will be submitted in mid-August. Both of these papers are listed in the 
Project Documentation section and are available for download from a hidden folder on our group webpage; 
a link to the document is provided with the manuscript citation.
In a sense, transition has already occurred for this project. Last year we had a conversation with Mark Wi-
tinski, Ph.D., President Eos Photonics, about our RACs. During the conversation, Mark indicated that one of 
the more interesting aspects of our work was to engineer the GFT. After this conversation, we focused on 
improved methods for controlling and engineering the GFT.  This included improving our design tools and 
reexamining our design methods. A new RAC that is designed based on these new ideas and tools is in the 
process of being fabricated.  
Finally, transition occurs via the training of students at both the undergraduate and graduate levels; my stu-
dents are trained to be experts in optical and MIR technologies. All of the students involved in this project are 
aware of the broader scope of ALERT. My students participate in ALERT activities, including industry day and 
educational outreach events. 

E. Customer Connections

We have established a relationship with SNL. We have discussed potential areas for collaboration, including 
the development of a QCL with integrated Schottky diode that enables the optical source to also behave as an 
optical detector.  Such a device could be integrated into our chaotic cavity or serve as a handheld sensor for 
detecting explosives. We have discussed sending my ALERT graduate student to Sandia during the summer 
of 2016 (after the student has inished the PhD qualifying exams) to work in Dr. Wanke’s optoelectronic lab-
oratory. We have also discussed seeking funding through the Center for Integrated Nanotechnology (CINT), 
a US DOE User Facility. Such collaboration would be an excellent means for transitioning technology and our 
work.  Our level of contact has been three conversations and a visit by Dr. Wanke at UND. 
As already mentioned, we have also had two conversations with Dr. Witiniski of Eos Photonics, in the past 
year. Eos Photonics makes tunable QCL arrays and is interested in our work because we are advancing the 
state of the art of MIR sensing.  We have discussed the possibility of acquiring a demo unit of their QCL array 
for testing with our RACs or purchasing one at a reduced cost.  The initial conversation was facilitated by 
Emel Bulat, the ALERT Industrial and Government Liaison Of icer.

V. PROJECT DOCUMENTATION 

A. Peer Reviewed Journal Articles 

Pending – 

1. Harden, Galen; Cortes Herrera, Luis E.; Harter, Michael P.; and Hoffman, Anthony J. “Engineering Op-
tical Behavior in Rotationally Asymmetry Cavities.” To be submitted to Optics Express. 

2. Cortes Herrera, Luis E. and Hoffman, Anthony J. “Linear Stability Analysis of Chaotic Cavities.” To be 
submitted to Optics Express. 

B. Other Conference Proceedings

1. Cortes Herrera, Luis E. and Hoffman, Anthony J. “Engineering optical stability in compact chaotic 
multipass cell.”  NDnano Undergraduate Research Symposium, Notre Dame, IN. July 2015.
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C. Other Presentations 

1. Brie ings
a. Anthony Hoffman, “Mid-infrared Technologies for Optical Trace Detection,” Of ice of Naval Re-

search, January 2015.
b. Anthony  Hoffman, “Mid-infrared Technologies for Optical Trace Detection,” Air Force Of ice of 

Scienti ic Research, December 2015.

D. New and Existing Courses Developed and Student Enrollment

New or 

Existing

Course/Module/

Degree/Cert.

Title Description Student Enrollment

Existing Course Fundamentals of 

Semiconductor 

Physics

Graduate-level course

(description below)

10-15

I instruct the graduate-level “Fundamentals of Semiconductor Physics” course every fall semester.  Since join-
ing the ALERT program, I have included material related to ALERT research in my course, such as quantum 
cascade heterostructures, quantum dots, and absorption spectroscopy.  The course enrollment is typically 
10-15 graduate students.

E. Software Developed

1. Models
a. We have developed models for RACs using the commercial software package Matlab.  The Mat-

lab iles are hosted in a project repository on Github and licensed under the Creative Commons 
License.  The models were developed in Years 1 and 2.

2. Algorithms
a. We have developed algorithms for ef iciently solving for the ray trajectory (without a paraxial 

approximation) in a cavity of arbitrary shape.  The code is written using the commercial soft-
ware package MATLAB and is hosted in a project repository on Github. The algorithms were 
developed in Years 1 and 2.
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R2-D.1: Mechanics of Compounded Explosives for 
Enhanced Checkpoint Detection

I. PARTICIPANTS

Faculty/Staff

Name Title Institution Email

Stephen P. Beaudoin PI Purdue University sbeaudoi@purdue.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution  Month/Year of Graduation

Melissa Sweat PhD Purdue University 12/2015

Andrew Parker BS Purdue University 5/2016

Hannah Burneau H.S. student West Lafayette Jr./Sr. High 5/2016

II. PROJECT DESCRIPTION 

A.	 Overview	and	Significance

This project is an important element of the overall ALERT strategy to enhance air travel security. Like project 
R2-A.1, it is focused on checkpoints by contact sampling of carry-on baggage.  Existing methods for contact 
sampling use traps that are applied manually to extract explosives residue from suspicious bags.  These traps 
are then placed in an ion mobility spectrometer (IMS), where any explosive residue is desorbed from the trap 
when the temperature is raised to roughly 250°C over a period of approximately 8 seconds.  Commercial-
off-the-shelf (COTS) traps are optimized to survive repeated exposure to the IMS desorber, but not to extract 
residue from the surfaces being interrogated.  
Considerable effort has been placed on finding ways to improve the sensitivity, accuracy, and response time 
of IMS tools.  However, these efforts have been undertaken without a great deal of consideration of the essen-
tial first step in residue detection, which is extraction of the residue from the surface of interest.  This project 
directly addresses this key step by pursuing rational trap design intended to optimize trap properties leading 
to superior residue harvesting from surfaces.  This effort involves several steps, including:

1. Investigating the mechanical properties of explosives residues and relating these properties to the 
effectiveness of residue removal from surfaces.  This is the focus of this project.

2. Performing rational trap design to optimize the effectiveness of traps at harvesting residue from 
surfaces. This is the focus of project R2-A.1.

3. Performing rational trap design to develop traps that retain their chemical and mechanical integrity 
at current IMS operating temperatures as well as at envisioned operating temperatures up to 400 °C, 
which will be required to detect emerging homemade explosives (HMEs).  This is the focus of project 
R2-A.1.

4. Development of methods to assess the topography and adhesivity of substrates that are commonly 
screened using traps, to ensure that the new traps are capable of harvesting residues effectively. This 
is the focus of project R2-A.1.
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This new project explores the mechanical properties of compounded explosives, such as C4 and Semtex, for 
several reasons.  First, by understanding the mechanics of these compounds, it is possible to identify the 
controlling processes in contact sampling, which is a critical step in determining effective detection.  Second, 
understanding the mechanics allows optimization of swab design.  Third, understanding the mechanics al-
lows optimization of swabbing protocols.  Finally, understanding the contact mechanics and the mechanics 
under load allows us to develop benign surrogates that can be used in place of live explosives during the 
development of sampling/detection schemes.  This last capability is significant.  At present, the community 
that is developing contact sampling methods is limited substantially by difficulties associated with obtaining 
live explosives to use in their laboratories.  A benign surrogate that presents the proper key behaviors would 
dramatically improve the ability of researchers worldwide to develop best-in-class technology to improve 
trace explosives detection.
Figure 1 shows results collected as part of this proj-
ect, documenting the viscosity of the binders used in C4 
and in Semtex H.  Note the strong reduction in the mea-
sured viscosity with increasing shear rate – the so-called 
‘shear-thinning’ behavior.  This has immediate impli-
cations for the way that contact sampling is performed.  
When the swabs are moved rapidly across a surface being 
sampled, the viscosity of the residue (if it is contacted by 
the swab) will drop due to the high shear and the resi-
due will flow, spread, and be pulled apart.  This will lead 
to sampling of only a portion of a residue.  By the same 
token, if the swabs are moved slowly across the surface 
being sampled, then the residue will retain a very high vis-
cosity.  In such cases, it is highly unlikely to flow, spread, 
or be pulled apart.  This favors a residue being pulled from 
the surface as a unit or in large ‘chunks’.  This will provide 
more complete sampling of the residue and will therefore 
enable better detection.
Figure 2 on the next page shows results documenting the 
stress-strain behavior of a granulated system of silica par-
ticles suspended in polydimethylsiloxane (PDMS).  This 
system has some similarities to the compounded explo-
sives, as follows:
1. The viscosity of the binder (PDMS in this case) is com-

parable (similar order of magnitude) to that of the 
compounded explosives.

2. Aspects of the particle size distribution are similar to 
those of the compounded explosives.

3. The particle-binder adhesion force is inconsequential 
compared to the viscous forces in terms of the con-
trolling forces in the binder behavior.

In Figure 2, the peak flow stress is the maximum in the stress behavior.  This has a value of ~ 5 kPa, and it 
occurs at a strain of 0.05.  

Figure 1: Viscosity of simulated C-4 binder (top) and 
Semtex H binder (bottom) created in Beaudoin lab.  
Note the dramatic drop in viscosity with increasing 
shear rate.   
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Figure 3 shows the effect of the viscosity of the binder on the overall stress response of silica-PDMS com-
pounds of varying viscosity.  In this figure, viscosity was adjusted by varying the viscosity of the PDMS in 
the granule.  The colored bands represent the error in the measurements.  As can be seen, as the viscosity 
increases, the magnitude of the peak flow stress generally increases, and the general shape of the stress 
response curves is consistent.  In this case, the composite contains particles with a monodisperse size distri-
bution and Newtonian binders.  These aspects are different from what is encountered in compounded explo-
sives, for two reasons.  First, the live explosives have bimodal particle size distributions.  Next, the viscosity 
of the binders in the live explosives is non-Newtonian.
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Figure 2: Deformative (in compression) behavior of compounded explosive originally in the shape of a cylinder (bot-
tom left).  Stress-strain curve is shown as solid line (with error regions shown as dotted lines).  Compacts made from 
silica particles (40-150 mesh) in PDMS (60 Pa∙s viscosity) at 10mm/s compression rate. In each pair of images, axial 
images are shown bottom and left, while diametrical are shown top and right.

2,413 Pa·s PDMS
965 Pa·s PDMS
579 Pa·s PDMS
289 Pa·s PDMS

97 Pa·s PDMS
58 Pa·s PDMS
29 Pa·s PDMS
12 Pa·s PDMS

Figure 3: Stress-strain curves (with error regions) for silica particles (40-150 mesh) in PDMS at 10 mm/s compression 
rate.
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Figure 4 shows how the behavior of the compounded surrogate C4 (silica particles suspended within C4 
binder) compares with a surrogate comprised of silica particles suspended within PDMS.  As can be seen, 
there are some general similarities between the observed behaviors, including: 

1. The increase in peak flow stress with increasing compression rate.
2. A reduction in the stress at a given strain at strains above that which induced the peak flow stress.
3. The similar magnitudes of the peak flow stresses at each condition studied.

Due to the non-Newtonian nature of the C4 binder, there is considerably more variation in the stress re-
sponse to a given compressive strain than is seen in the Newtonian system.  

Figure 5 on the next page shows the comparison between the compressive behavior of live C4 and the sur-
rogate (silica particles in C4 binder).  There is a great deal of similar behavior between these two systems, 
including: 

1. The increase in peak flow stress with increasing compression rate. 
2. A reduction in the stress at a given strain at strains above that which induced the peak flow stress.

In this case, however, it would be desirable if the shape of the stress response curves were more similar when 
the surrogate and the live C4 are compared.  At the same time, the magnitude of the peak flow stress for the 
live C4 is much larger than that of the surrogate, at all conditions studied.  It is believed that both of these 
effects result from the fact that the live C4 contains a bimodal distribution of explosives particles, while the 
surrogate contains a unimodal distribution.  Work is underway in the Beaudoin lab to test this hypothesis, 
and preliminary results indicate that when the surrogate is fabricated using a bimodal distribution of silica 
particles, and when this distribution resembles that of the live C4, the stress responses match extremely 
well.  This is an important result.  It means that an effective benign surrogate for a live compounded explo-
sive is one which matches the mechanical properties of the live material, with the particle-binder adhesion 
characteristics being far less important.  For the first time, the community has a realistic hope that a benign 
surrogate for compounded explosives can be created that mimics accurately the sampling behavior of the live 
material.  This will provide a wonderful opportunity for the community to develop contact sampling algorithms 
using benign materials.  

w
100mm/s
10mm/s
1mm/s

Figure 4: Stress-strain curves (with error regions) for silica particles (40-150 mesh) in 29 Pa∙s PDMS (left) compared 
with silica particles (40-150 mesh) in simulated C-4 binder (right) at 1mm/s, 10mm/s, and 100mm/s compression rates.
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B.	 State-of-the-Art	and	Technical	Approach

The state of the art in understanding the behavior of compounded explosives comes from an understanding 
of the behavior of granulated systems, such as those found in the pharmaceutical and food manufacturing 
industries.  In these industries, analysis such as that shown in Figure 6 is the customary path (1).  Figure 6 
shows a classic analysis of the mechanical behavior 
of granulated solid materials under compressive load. 
Granulated materials have very high solids loading 
within a matrix of condensed fluid.  Explosives such 
as C4 and Semtex contain very high loadings of solid 
RDX and PETN dispersed in a complex fluid mixture 
(the binder) which contains lubricants, oils, and plas-
ticizers.  In this analysis,                                       ,  where 
σp = the peak flow stress,  d32 = diameter of particles 
in granule, y = the surface tension of the binder liq-
uid, θ = the contact angle of the binder against the 
particles in the granule, μ = the binder viscosity, and         
     = the strain rate of compression.  Figure 6 shows 
two regions of behavior.  In Region 1, the dimension-
less peak flow stress is independent of the bulk capil-
lary number, while in Region 2 it increases exponen-
tially with changes in this parameter. 
Current military specifications for RDX and PETN list 
ranges of particle diameters from 44 to 2000 µm and 44 µm to 800 µm (2–4).  Due in part to the wide range of 
particle diameters, variability exists regarding the size of particles found in C4 or Semtex on a surface during 
swipe sampling (5–9). Notably, the size of particles deposited by thumbprint on a surface of interest has not 
been fully evaluated, and the ability to recreate a standard print is lacking greatly (5–9).  Further, some swabs 
and substrates are woven materials, leading to an entrapment problem that has not been fully evaluated (6, 
8).
Neither has the development in sampling technique been firmly established (5). For IMS, certain standards 

w
100mm/s
10mm/s
1mm/s

.

Figure 5: Stress-strain curves (with error regions) for live C-4 (left) and silica particles (40-150mesh) in simulated C-4 
binder (right) at 1mm/s, 10mm/s, and 100mm/s compression rates.

Figure 6: Mechanical analysis of the solid dynamics of 
granular solids comprised of glass beads in fluids (bind-
ers) of different viscosity. 
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apply: a swab must effectively remove solid particulates from a surface, withstand temperatures up to 300°C 
as employed by the IMS, and be affordable (5, 6). Most current studies consider either cloth or Teflon-coated 
fiberglass swabs (5–9).
Several parameters are usually not controlled during the development of a successful wiping technique (8). 
In particular, variability exists in the applied force of a swipe, the surface area covered, the swab material, 
the roughness of the swab and substrate materials, and the swipe velocity, among other characteristics (5, 8, 
9). The applied load may range from approximately 3 to 60N (5, 7). The Verkouteren group claims that the 
critical parameters in determining removal efficiency are applied load and the translational force required to 
overcome the frictional resistance to maintain a constant velocity (5).  The group also claims a direct linear 
correlation between increased applied force of swiping and particle removal efficiency (5, 7, 8).  The viscosity 
at the speeds representative of those found in an airport security setting has not been tested. Verkouteren 
reports a swipe speed of 0.7 cm/s, while methods reported by the Environmental Protection Agency indicate 
swipe sampling speeds of 10 and 17 cm/s (5, 10).  Note that the speed of a swipe directly correlates to the 
strain rate, and thus the viscosity of the non-Newtonian binder.
Generally, previous studies have focused on manipulating applied force and attempting to create consistent 
methods to be employed by swab operators (5, 8, 9).  However, the above studies do not typically analyze the 
effects of roughness on the adhesion of a particle to either the swab or the substrate. Overall adhesion forces 
are not fully evaluated, as most tests performed attempt purely to establish a methodology. The deformation 
and failure of the composite are not evaluated. 
Explosives compounds show similar, although slightly different, behavior from the granules in the system of 
Figure 6, for two reasons.  First, the binder in Figure 6 is water, which is a Newtonian fluid, while the binder 
in the compounded explosives is non-Newtonian (shear thinning).  Next, the binder in Figure 6 has a very 
low viscosity (~ 1 Pa s) compared to that of the binder in the compounded explosives (ranging from ~10 to ~ 
3000 Pa s).  Figure 7 shows how the various simulants developed in this study behave when evaluated using 
the approach shown in Figure 6.  As can be seen, these surrogate materials (within the blue circle) behave in a 
manner very similar to that of idealized granular composites (within the blue rectangle).  The shift above the 
idealized curve (solid line) is attributed to the non-ideality of the binder in the surrogates.  As the simulants 
are further refined, through the addition of silica beads with a bimodal size distribution that mimics that in 
real C4, this analysis will be repeated to compare the behavior of the live material to that of the simulants.  

Figure 7: Mechanical analysis of the solid dynamics of granular solids comprised of silica beads in C4 binder and silica 
beads in PDMS (binders) of different viscosity.  
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To develop an authentic benign surrogate to live C4 and Semtex, it is necessary to demonstrate that the sur-
rogate demonstrates the same stress response as the live materials (as shown in Figures 2 – 7), that it has a 
comparable overall viscosity as the live material (as shown in Figure 1), and that it is removed from surfaces 
in the same manner as the live material.  This characterization is performed using a slip-peel tester, which 
wipes across a surface at a known rate with a known applied downforce.  A contaminant of interest is placed 
on the surface and its removal during the controlled wiping is documented.  A key assumption of this work 
is that the adhesion between the binder and the explosive particles is immaterial to the explosives removal 
that will be observed, and that the removal is dominated by the binder adhesion to the substrate on which the 
residue has been deposited.  This will be tested in the future work as outlined below.

C. Major Contributions

Year 2
1. Determined that the behavior of compounded explosive residue on a surface is controlled by the 

properties of the binder and the size distribution of explosives within the binder.
2. Determined that the adhesion between the binder and the explosive particles is irrelevant to the 

behavior of the explosive compound.
3. Determined that a benign surrogate for a live compounded explosive can be fabricated if the particle 

size distribution of the explosive and the mechanical properties of the binder can be matched.
4. Developed a theoretical framework for interpreting the behavior of the compounded explosives and 

for comparing surrogates to live materials.
a. These contributions enable the design of improved swabs for contact sampling.
b. These contributions enable the design of improved swabbing protocols for contact sampling.
c. These contributions enable the design of a benign surrogate for live compounded explosives, 

which will allow the community to work to develop contact sampling methods in a much more 
straightforward manner.

D.	 Milestones

Specific milestones to be achieved in the upcoming year include:
1. Completion of characterization of mechanical properties of C4 and Semtex
2. Final determination of controlling mechanism(s) in removal of C4 and Semtex from surfaces via 

contact sampling
3. Completion of fabrication of benign surrogates for C4 and Semtex for use in contact sampling studies
4. Proof of concept that benign surrogates are appropriate replacements for live C4 and Semtex in 

contact sampling environments

E.	 Future	Plans

The objectives of this project are: 
1. To determine the controlling mechanisms in the removal of compounded explosives from surfaces
2. To develop benign surrogates for compounded explosives so that the community can develop sam-

pling protocols without requiring the use of live explosive
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To complete 1) determination of the controlling mecha-
nisms in removal of compounded explosives from surfaces, 
we will finish the studies on the mechanical properties of 
compounded explosives and surrogates, and will then use 
a slip-peel tester to study the removal of these materials 
from surfaces of interest.  The mechanical properties and 
behaviors of the surrogates and live compounds will then 
be correlated with the removal observed with the slip-peel 
tester.  This correlation will be the basis for determination 
of the mechanism of explosives removal.  If necessary, a 
high-speed camera will be employed to study the deforma-
tion of the residues during the removal process, as indicat-
ed in Figure 8.  We will use this information when we col-
laborate closely with Project R2-A.1.  In that project, swabs 
are designed, fabricated and tested.  What is necessary to drive that project onward is better understanding 
of the mechanical behavior of residues, so that appropriate design decisions can be made.  When we fully 
characterize the mechanical behaviors of live C4 and live Semtex, including characterizing their behavior 
using compression tests and using the slip-peel tester, we will determine the key features in the swab and 
the swabbing protocols that will allow these residues to be efficiently harvested during trace explosives de-
tection.
In order to complete 2) development of benign surrogates for C4 and Semtex, we will characterize the behav-
ior of the surrogates that we have begun to develop, using both the slip-peel tester and the compression tests 
described above.  Based on the performance of these tests, we will modify the binder and particles used in 
the surrogates until we match the mechanical and removal properties of the live residues.  This will provide 
the community with ‘safe’ materials with which to work when developing next generation contact sampling 
protocols.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A.	 Course,	Seminar	or	Workshop	Development

1. Trace Explosives Sensing for Security Applications (TESSA01) workshop – organized and led a work-
shop attended by roughly 100 member of the trace explosive detection community for the purpose 
of developing a common, well-accepted approach for baselining contact sampling effectiveness.

B.	 Interactions	and	Outreach	to	K-12,	Community	College,	Minority	Serving	Institution	Students	or	Faculty

1. Collaborating with Prof. Aschalew Kassu from Alabama A&M on DHS-sponsored summer research 
program.

2. Two high school students participated in research in my lab over the last year.  One student worked 
in the lab over the course of the entire year, the other for the summer of 2015.

C.	 Other	outcomes	that	relate	to	educational	improvement	or	workforce	development

1. Coordinated transfer of High Tech Tools and Toys program to Purdue First Year Engineering Pro-
gram.

  

8 N ↓ Pulled with known speed

Trap with 
specified normal 

load

Residue Glass surface

Camera to record residue removal

Figure 8: Schematic of slip-peel tester modified to 
allow study of residue removal process.
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IV. RELEVANCE AND TRANSITION

A.	 Relevance	of	Research	to	the	DHS	Enterprise

1. Improve detection of trace explosives on luggage and persons through contact sampling/IMS
a. Metrics:  Research in the Beaudoin lab has shown that swab-based contact sampling may miss 

as much as 30% of the residue on a surface.  The goal of this research is to substantially improve 
the detection rate by enabling the design of swabs that effectively interrogate surfaces and har-
vest residues.  To design these swabs, it is essential to understand how the residues adhere to 
themselves and to surfaces.

2. Develop benign surrogate for live compounded explosive that can be used by researchers to develop 
improved methods for contact sampling
a. Metrics: Only a small fraction of interested labs can perform research to develop improved con-

tact sampling methods, as only a small fraction of such labs can receive and handle explosives.  
By developing benign surrogates for live compounded explosives, we wish to double the number 
of labs that are performing research to improve contact sampling. 

B.	 Potential	for	Transition

The recipe for creating the benign residues will be transferred freely throughout the community through 
publications and presentations.  This will enable improved research on contact sampling of trace residues.

C. Transition Pathway 

We share the recipe for the newly-developed benign surrogates, as well as the critical information regarding 
the controlling steps in residue removal from surfaces via conference presentations, reports, and journal arti-
cles.  We use this information to inform project R2-A.1, which is focused on the development of optimal swabs 
and swabbing protocols for residue capture by contact sampling.  The requisite information will be collected 
and transferred to the security enterprise.  

D.	 Customer	Connections

Stefan Lukow at Morpho Detection is making measurements with the swabs from R2-A.1.  As a result, they 
have an interest in this project.  

V. PROJECT DOCUMENTATION 

A.	 Peer	Reviewed	Journal	Articles	

1. Chaffee-Cipich, M, Hoss, D., Sweat, M., and Beaudoin, S., “Contact between Traps and Surfaces during 
Contact Sampling of Explosives in Security Settings”, In Review, Forensic Science International 
(2015).

Pending-

1. Fronczak, S., Thomas, M., Thorpe, J., Cassidy, M., Evans, J., and Beaudoin, S., “Predicting the Effect of 
Roughness on van der Waals Adhesion Forces using the Bootstrap Method”, In Review, Langmuir 
(2015).
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B.	 Other	Publications

1. Beaudoin, S., Jaiswal, P., Harrison, A., Hoss, D., Laster, J., Smith, K., Sweat, M., and Thomas, M., “Funda-
mental Forces in Particle Adhesion”, Particle Adhesion and Removal, 1st Ed., Mittal, K. and Jaiswal, R., 
Eds., Wiley, 1-80 (2015) ISBN 978-1-118-83153-3.

C. Other Presentations 

1. Seminars
a. Beaudoin, S., TESSA 01 Follow-On Workshop, Hosted by NIST, October (2014).
b. Beaudoin, S., TESSA 01 (1st Annual Workshop: Trace Explosives Sensing for Security Applica-

tions), Hosted by DHS-sponsored ALERT Center of Excellence, August (2014).

D.	 Technology	Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. Boudouris, B., Beaudoin, S., Cipich, M., Harrison, A., Lukow, S., Rostro, L., Schram, C., Smith, K., and 

Thomas, M., “Engineered Detection Swab”, Provisional Patent Application 62/052,375, Septem-
ber 18, 2014.

E.	 Requests	for	Assistance/Advice

1. From DHS
Requested to lead the TESSA (Trace Explosive Sensing for Security Applications) activities, including 
the following workshops
a. Beaudoin, S., TESSA 02 (Trace Explosives Sensing for Security Applications), Leadership group 

planning meeting in preparation for 2nd Annual Workshop: Hosted by DHS-sponsored ALERT 
Center of Excellence, April (2015).

b. Beaudoin, S., TESSA 01 Follow-On Workshop, Hosted by NIST, October (2014).
c. Beaudoin, S., TESSA 01 (1st Annual Workshop: Trace Explosives Sensing for Security Applica-

tions), Hosted by DHS-sponsored ALERT Center of Excellence, August (2014).
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 R2-D.2: Optimization of Explosives Sensor 

Placement in Airports

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Qingyan “Yan” Chen PI Purdue University yanchen@purdue.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Wei Lu PhD Purdue University 12/2017

II. PROJECT DESCRIPTION

A. Overview and Signi icance

Effective detection of explosives-related threats is very important to the country and the world. The ob-
jectives of this project are (1) to determine how explosive vapors/particles are transported at an airport 
terminal, (2) to identify strategies that can be used to increase explosive vapor concentrations, and (3) to 
demonstrate how to use the strategies to detect explosives with suitable sensors in airports. In the past, the 
explosives detection community has invested heavily in contact sensing for portal screening. However, they 
are unable to answer the question: “Great sensors, but how do you know the vapors/particles get there?” 
This is because an airport is a large space so the concentration of the vapors/particles of explosives are gen-
erally low. It is dif icult to direct the low concentration of explosive agents to the limited amount of sensors. 
The value of the research to the HSE is that this project uni ies all vapors/particle sensing projects conducted 
within ALERT. The research can provide effective methods to detect explosive vapors in airports. 

B. State-of-the-Art and Technical Approach

Optimal sensor placement has been investigated and applied in multiple areas such as water systems, out-
door air pollution monitoring, structure health monitoring and process line fault detection and diagnosis 
[14]. Table 1 on the next page summarizes the studies relevant to this project in the past 10 years. 
Note that all the past studies considered static (non-movable) single sources. Most of the sources studied 
were gaseous. The past studies used multizone models, zonal models and computation luid dynamics (CFD) 
to predict the dispersion of contaminants. Chen and Wen [5] found that CFD was the best due to its accuracy, 
although it was more computationally demanding. The optimization methods used were genetic algorithms 
(GA), growing and pruning algorithms and exhaustive search. GA had a great advantage in identifying the 
optimal sensor number and location. 
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Author(s) Indoor spaces Source 
strength 

Source type Sensor sen-
sitivity

Research approach

Wen, 2005 Of ice building 5 mg/s Gaseous, 
sarin

0.03 mg/m3 Multizone model 
+ GA

Chen and Wen, 
2006

Of ice and a 
large hall

5 mg/s Gaseous, 
sarin

0.03 mg/m3 Multizone and 
zonal models + GA

Sohn and Loren-
zetti, 2007

Commercial 
building

0.001 ~ 50 g Gaseous 1x10-6 ~ 
1x10-2 g

Multizone model

Zhang et al., 
2007

Aircraft cabin 10-7 ~ 10-5 
m3/s

Gaseous 0.01 ~ 10 
ppm

CFD with RNG k-ε 
model

Xie et al., 2008 Gymnasium 2.5 mg/s Gaseous 0.05 mg/m3 Multizone model 
+ GA

Chen and Wen, 
2008

Commercial 
building

5 mg/s Gaseous, 
sarin

0.03 mg/m3 Multizone model 
+ GA

Liu and Zhai, 
2009

Residential 
dwelling

10 g Gaseous, CO 1.15 mg/m3 Multizone model + 
adjoint probability
method 

Chen and Wen, 
2010

A small of ice, a 
large hall, and 
of ice suite

5 mg/s Gaseous 0.03 mg/m3 Multizone model, 
zonal model, and 
CFD + GA

Arabian and 
Brehob, 2010

HVAC duct 5000 parti-
cles

10 μm parti-
cles

N/A CFD

Vukovic et al., 
2010

Of ice building 1 g/s Gaseous, SF6 N/A Multizone model + 
Growing and prun-
ing algorithms

Chen and Wen, 
2012

Of ice 5 mg/s Gaseous 0.03 mg/s Multizone model, 
zonal model, and 
CFD + GA

Cai et al., 2012 Of ice 50 units/s Gaseous N/A CFD
Eliades et al., 
2013

5-room & 14-
room buildings

0.5 kg/h Gaseous, CO 0.75 g/m3 Multizone model + 
exhaustive search

For this project, the sources of explosives are movable. The explosives in the air can be gaseous or particu-
late. According to the literature review, CFD should also be used in this project due to its accuracy. Since this 
application is for airports, the space is much larger than those in the previous studies. Thus, CFD would be 
very expensive when it is used to ind optimal sensor locations and to identify source positions. Therefore, a 
faster method than CFD is desirable while the accuracy should be maintained.

C. Major Contributions

C.1.  Past work

This research project was based on the success of our past work. Our past work includes investigations on 
CFD modeling of particle transport in an enclosed environment, accelerating of the numerical simulation, 
optimal sensor placement and inverse identi ication of a contaminant source. The following gives a summary 
of our achievements.

Table 1: Summary of previous work on optimal sensor placement in indoor environment.
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Predictions of air lows in indoor spaces by CFD are very challenging because the lows are unsteady with a 
low Reynolds number. The challenge is to identify a suitable turbulence model for CFD. By reviewing more 
than 100 possible models that can be used in indoor spaces, 21 were carefully examined [17]. We evaluated 
the performance of eight turbulence models most suitable for indoor air low [21]. The predicted air veloc-
ity, air temperature, Reynolds stresses and turbulent heat luxes by the models were compared against the 
experimental data from the literature. The study also compared the computing time used by each model for 
all the cases. We were able to identify suitable turbulence models for indoor air low, including the RNG k-ε 
model [16]. The two papers have been cited 378 times according to Google Scholar.
With suitable turbulence models, we compared the two modeling methods for particle dispersion in indoor 
spaces. Both the Eulerian and Lagrangian models were examined based on the same air low ield calculated 
by CFD and the results were compared with the experimental data [18]. The comparison shows that both of 
the methods can predict the steady-state particle concentration distribution as shown in Figure 1, while the 
Lagrangian method was computationally more demanding. The two models were further compared in pre-
dicting the transient dispersion of the particles from a coughing passenger in a section of an airliner cabin. In 
the unsteady state condition, the Lagrangian method performed better than the Eulerian method. This paper 
has been cited 122 times.   

As explosive sources in an airport terminal can be movable, it is very challenging to predict the dispersion 
of the vapors/particles from a moving explosive source. We have developed a moving grid method that can 
simulate a moving source [10]. Figure 2 shows the snapshot of contaminant concentration with a source in 
seat 11E in an airliner cabin when someone walked along the aisle. The results show that the wake behind 
the walking person can carry the contaminant for a long distance. 

We have used a validated CFD program to identify suitable sensor positions in detecting chemical/biologi-
cal contaminant sources in a Boeing 767 aircraft cabin [18]. We examined ive possible sensor locations as 
shown in Figure 3a on the next page. Each passenger in the row was assumed to release a different kind of 
contaminant at 1.0×10-6 m3/s continuously or for 30s. Figure 3b shows the time to reach a concentration of 

Figure 1: A comparison of simulated particle concentration distributions by Eulerian and Lagrangian methods with 

experimental data in a clean room.

Figure 2: Contaminant transport process due to a person walking along the aisle for a contaminant release from seat 

11E.
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0.1 ppm at the ive sensor locations. If only one sensor is used, Figure 3b shows that 5E would be the most 
appropriate position for installing the sensor as it can detect the release of a chemical/biological agent from 
any passenger within the shortest time.

We have also studied the number of sensors re-
quired for detecting an airborne contaminant 
source [9]. By assuming the lease of sources at 
1.0x10-6 m3/m3 for 120s and sensor sensitivity 
of 0.1, 0.01 and 0.001 ppm, respectively, Figure 
4 shows the number of sensors needed. For a 
source at the irst-class cabin (F1), it would re-
quire 1 to 2 sensors, depending on the sensor 
sensitivity. For a source in the business-class 
cabin, the number of sensors required would 
be 3, 2 and 1 if the sensor sensitivity is of 0.1, 
0.01 and 0.001 ppm, respectively. For a source 
in the economy-class cabin, it may require 11 
sensors if the sensor sensitivity is 0.1 ppm. We 
have developed a multiport sensor system that 
can greatly enhance the sensor performance. 
With the system and a sensor sensitivity of 
0.001 ppm, it would just need one sensor for 
the entire Boeing-767 cabin. 
With the information measured by a sensor, we can identify the contaminant source location and strength by 
solving inversely contaminant transport with the quasi-reversibility method [18]. The method replaces the 
second-order diffusion term in the contaminant transport equation with a fourth-order stabilization term. 
By using the air low pattern calculated CFD and the time when the peak contaminant concentration was 
measured by a sensor in downstream, the method solves the backward probability density function (PDF) 
of contaminant source location. The position with the highest PDF is the location of the contaminant source. 
The source strength can be further determined by scaling the nominal contaminant concentration computed 
by CFD with the concentration measured by the sensor. Figure 5, on the next page, shows that we can identify 
the source with accuracy within a half of a seat in a Boeing-767 cabin [19]. The red area stands for the possi-
ble contaminant source location. The actual source location was in the orange circle position.

Figure 4: Number of sensor required under diff erent sensitivities 

in a Boeing-767 air cabin.

Passengers

Ti
m

e/
s

100

101

102

Sensor 1
Sensor 2
Sensor 3
Sensor 4
Sensor 5

5A 5B 5D 5E 5F 5K 5L

(a)                                                                                             (b)
Figure 3: (a) Geometry and sensor locations of the Boeing 767-300 cabin cross section and (b) sensor response time to 

reach 0.1 ppm for source in diff erent seats. 
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The CFD method used in our studies was very 
slow. By solving the Navier-Stokes equations and 
transportation equations for energy and spe-
cies, our study found that the fast luid dynamics 
(FFD) model can provide as detailed information 
as CFD [23]. Compared to the CFD, the FFD is 50 
times faster as shown in Figure 6. The computing 
time of the FFD program can be reduced up to 30 
times by being executed on a graphics processing 
unit (GPU) instead of a central processing unit 
(CPU). Furthermore, the FFD simulation can be 
accelerated by optimizing the GPU code and by 
using multiple GPUs. As a whole, it is possible to 
perform real-time simulation for a moderate-size 
building with 1x107 grids and t = 0.1s using the 
FFD on GPUs that is 1500 times faster than CFD.
Our previous studies have provided proven methods that calculate air low distribution and the dispersion of 
vapors and particles in enclosed spaces. We have also developed a method to consider moving sources. The 
optimal sensor location and the number of sensors have also been determined in our previous investigations. 
With the information from a sensor, we could identify the source location. The computing speed of CFD can 
be reduced very signi icantly by using FFD. 

C.2.  Current work

This is a new project started on January 1, 2015. In the irst six months, our effort was to address the irst ob-
jective of the proposed research. The objective is to determine how explosive vapors/particles are transport-
ed in an airport terminal. Based on the past work of our team, this study irstly calculated the air distribution 
in Indianapolis International Airport. Figure 7 on the next page shows the two spaces under investigation: (a) 
is 1/8 of the check-in counters at the departure hall in the main air terminal and (b) is the pedestrian bridge 
between the garage and the main air terminal. The igure also shows the air-conditioning systems used in 
the two spaces. Figure 8 on the next page shows ive possible routes of potential bad actors who could carry 
explosives in their carry-on baggage. This study assumed that the baggage contained explosives that could 
emit vapors. The vapors could be detected by sensors developed by colleagues from Thrust 2 within ALERT.

Figure 5: Identifi cation ofan airborne contaminant source by using a single sensor in Boeing-767 cabin. 

Figure 6: Comparison of computing speed between CFD and 

FFD.
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Figure 7: Perspective view of (a) the check-in area at the departure hall, and (b) the pedestrian bridge between the 

garage and the main terminal at Indianapolis International Airport.
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Figure 8: Routes of potential bad actors (a) in the departure hall and (b) in the pedestrian bridge.
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This study applied the CFD with RNG k-ε model [16] to predict the low ield and the dispersion of the explo-
sive vapors. The numerical simulations were conducted by using OpenFOAM, an open source CFD program 
that can be used by government agencies without restrictions.
Figure 9a shows the predicted air low in two cross sections in the departure hall, where the front wall with 
three entrances was connected to the curb and Figure 9b shows different sections of the pedestrian bridge. 
The results show that the air low patterns in the two spaces were very complex.

Figure 10 on the next page shows the temporal dispersion of the explosive vapors for route 2 in the departure 
level and route 5 in the pedestrian bridge. The explosive vapors did not disperse much in the large spaces. 
Therefore, the information was important in placing sensors. The best locations should be where sensors can 
measure the highest vapor concentration within the shortest time. The optimal number should allow sensors 
to detect all possible explosive vapors in the departure hall and pedestrian bridge. This study investigated 
the best sensor location by examining 9 possible sensor locations in the departure hall and 11 locations in 
the pedestrian bridge as shown in Figures 7 and 8. Assuming the sensors’ sensitivity was 0.1 ppm and the 
explosive source strength was 1 g/s, Figure 11 on the next page shows the time to reach a concentration of 0.1 
ppm at the sensor locations at the departure hall with different routes and at the pedestrian bridge. Locations 

V [m/s]

(a)

(b)

Figure 9: Predicted airfl ow fi elds (a) in a section of the departure hall and (b) in diff erent sections of the pedestrian 

bridge. 
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1, 4, and 9 were recommended in the departure hall, and location 1 in the pedestrian bridge. However, the 
source strength may not be this strong. The sensors then may not be able to detect the explosive in such large 
spaces. In addition, the time needed to detect the explosive could be too long. Therefore, we conclude that it 
may not be feasible to detect explosive vapors in a large space like airport terminals with the sensitivity of 
existing chemical sensors. Our proposed enriching method may increase the explosives vapor concentration 
by 10 times, which could still be too low to be detected by the sensors. Thus, we recommend not pursuing 
this research direction further.

   

   
   

      

D. Milestones
 June 30, 2015: Evaluate explosive vapor transportation in a departure hall and passage of an airport 

terminal.

E. Future Plans
The results shown in Figure 11, on the next page, were produced with a source strength of 1 g/s. After dis-
cussing with colleagues, it is unlikely the source strength would be so large. The concentration of the explo-
sive vapor could then be too low to be detected by the sensors under development and by using different 
methods to enrich the explosive vapor concentrations. Thus, we request to change our research direction to 
a different area described as follows.
The U.S. maritime system consists of over 300 sea and river ports with more than 3,700 cargo and passen-
ger terminals. The United States and global economies depend on commercial shipping as the most reliable, 
cost-ef icient method of transporting goods, with more than 6 million cargo containers enter U.S. seaports 
annually. The volume of trade creates a desirable avenue for terrorists using water transport to smuggle ex-
plosives for terrorist attacks. Unfortunately, only 2% of the containers are physically inspected by Customs. 
The securing, tracking and inspection of all shipping containers are dif icult tasks. The largest obstacle to 
overcome with cargo and port security is cost; the cost of inspecting the containers and the cost of shipping 
delays from these inspections. A large container ship has the capacity to carry in excess of 3,000 containers, 
making inspection impossible without disrupting shipment, thus allowing for the exploitation of the system 
for terrorist uses. Therefore, it is essential to develop a method that can be used easily for detecting explo-
sives in shipping containers. We began working towards the following research objectives in July, 2015. 
• The development of an effective method that enables air inside shipping containers to be easily extracted 

for explosives vapor detection.

C (ppm) 

(a) t = 20 s (b) t = 30 s

Figure 10: Explosive vapor dispersion (a) in the departure hall and (b) in the pedestrian bridge.
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• To develop a method that can organize the air low within containers so that the explosive vapor concen-
tration can be enriched to a high level for easy detection.

• 
• 

Standard shipping containers usually come factory itted with two or more vents on the two container ends 
for reducing condensation and protecting its contents. This investigation will study how to manage air low 
through those openings for explosives detection. This investigation will also study how to enrich the explo-
sive vapor concentrations through changing the air low inside of containers in order to make the vapor more 
easily detected by a sensor. This research will use combined CFD simulations with experimental measure-
ments. The combination can reduce cost while obtaining accurate results.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Course Development

We intend to revise ME522 “Indoor Environment Analysis and Design” at Purdue University by using the 
research results obtained from this project.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Terrorists have used explosives in the past against civilians. Airports and water ports are attractive targets 
for terrorists. Especially for shipping containers, with only 2% physically examined. The risk is too high for 
us to accept. Our research will produce a method that can easily detect explosives in shipping containers that 
will also not disrupt normal port operations. This will make the United States safer.

B. Potential for Transition

 The explosives detection systems to be developed by this project can be deployed at water ports and air-
ports in the United States and abroad.
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Figure 11: With an explosive source strength of 1 g/s, the time needed to reach a concentration of 0.1 ppm at possible 

sensor locations (a) in the departure level and (b) in the pedestrian bridge is illustrated.
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 This project will provide crucial information for explosives vapor sensor developers.

C. Data and/or IP Acquisition Strategy

The explosives detection systems are to be developed with IP and will be transferred to relevant authorities 
with a suitable agreement to be established by ALERT center.

D. Transition Pathway 

In the irst six months of research, we worked with the airport authority and TSA at Indianapolis Interna-
tional Airport. They would be our ideal customer if this project were continued. Now, we will work with U.S. 
Customs and Border Protection for detecting explosives in shipping containers. Their feedback on our system 
can be used to improve our research. By working with them, we will demonstrate the technologies to be ob-
tained from this research and develop a guide as to how to quickly detect explosives in shipping containers.
We will also work closely with the sensor developers in Thrust 2 so that we can have a better understanding 
of the sensor performance. We can use the sensor sensitivity to design the explosives detection systems. 

E. User Connections

Bill Reardon
TSA Chief
Indianapolis International Airport
317-487-5385
breardon@indianapolisairport.com

Michael Medvescek, A.A.E., A.C.E.
Sr. Director of Operations
Indianapolis Airport Authority
7800 Col. H. Weir Cook Memorial Dr.
Indianapolis, IN 46241
317-487-5024  
mmedvescek@ind.com

U.S. Customs and Border Protection (Details to be obtained)

V. PROJECT DOCUMENTATION 

A. Peer Reviewed Journal Articles 

Pending-
1. Wei Liu, Mingang Jin, Chun Chen, Ruoyu You, Qingyan Chen. “Implementation of a fast luid dynamics 

model in OpenFOAM for simulating indoor air low.” submitted to Numerical Heat Transfer, Part A: 
Applications.

B. Software Developed

1. Model
a. Fast Fluid Dynamics program implemented to OpenFOAM computer program.
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THRUST R3 
BULK SENSORS & SENSOR SYSTEMS

Project 

Number
Project Title Lead Investigator(s)

Other Faculty 

Investigator(s) 

R3-A.1 Millimeter Wave Whole Body Scanning 
Radar Hardware for Advanced Imaging 
Technology (AIT)

Carey Rappaport
Jose Martinez-Lorenzo

Borja Gonzalez-Valdes
Yuri Alvarez
Richard Moore
Dan Busuioc

R3-A.2 Computational Models & Algorithms for 
Millimeter Wave Whole Body Scanning for 
Advanced Imaging Technology (AIT)

Carey Rappaport
Jose Martinez-Lorenzo

Borja Gonzalez-Valdes
Masoud Rostami
Yuri Alvarez
Richard Moore
Ann Morgenthaler

R3-A.3 Multi-Transmitter/Multi-Receiver Blade 
Beam Torus Refl ector for Effi  cient Advanced 
Imaging Technology (AIT)

Carey Rappaport
Jose Martinez-Lorenzo

Borja Gonzalez-Valdes
Masoud Rostami
Yuri Alvarez
Richard Moore
Dan Busuioc

R3-B.1 Hardware Design for “Stand-off ” & “On-the-
Move” Detection of Security Threats

Jose Martinez-Lorenzo
Carey Rappaport

Borja Gonzalez-Valdes
Juan Heredia Juesas
Yuri Alvarez
Richard Moore

R3-B.2 Advanced Imaging & Detection of Security 
Threats Using Compressive Sensing

Jose Martinez-Lorenzo
Carey Rappaport

Borja Gonzalez-Valdes
Juan Heredia Juesas
Yuri Alvarez
Richard Moore

R3-C Standoff  Detection of Explosives: Infrared 
(IR) Spectroscopy Chemical Sensing

Samuel P. Hernández-
Rivera

Leonardo C. Pacheco-
Londoño
Pedro M. Fierro-
Mercado
Maria L. Ospina-Castro
Joaquin A. Aparicio-
Bolaño
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R3-A.1: Millimeter Wave Whole Body Scanning 

Radar Hardware for Advanced Imaging 

Technology (AIT)

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Carey Rappaport Co-PI NEU rappaport@neu.edu

Jose Martinez Co-PI NEU jmartine@ece.neu.edu

Borja Gonzalez-Valdes Post-Doc NEU bgonzale@ece.neu.edu

Yuri Alvarez Visiting Faculty NEU yurilope@gmail.com

Richard Moore Consultant MGH Moore.Richard@mgh.harvard.edu

Dan Busuioc Consultant NEU db.ipaq@gmail.com

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Matthew Nickerson BS NEU 5/2016

Nigil Lee BS NEU 5/2017

Scott Pitas BS NEU 5/2015

Thurston Brevett BS NEU 5/2018

Michael Woulfe BS NEU 5/2018

Matthew Tivnan BS NEU 5/2017

Andrew Mello BS NEU 5/2017

Sara Davila BS NEU 5/2017

Zamir Johl BS NEU 5/2018

Abeco Jean Claude Rwakabuba REU Middlesex CC 5/2016

Kurt Jaisle REU NEU 5/2019

Jacob Messner REU NEU 5/2019

Lingrui Zhong. NSF Young Scholar Lexington HS 6/2016

Shiva Nathan NSF Young Scholar Westford Academy HS 6/2016

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

As people enter secure areas, it is important that they be scanned to ensure that they are not entering with 
weapons or explosives.  In addition to airport departure gates; of ice buildings, stadiums and arenas must 
have fast, accurate, non-intrusive means of detecting threats concealed under clothing. 
The R3-A.1 Whole Body Imaging project developed an improved multi-modality, portal-based passenger 
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screening system.  The system developed with millimeter-wave (mm-wave) near ield imaging radar in the 
56-64 GHz frequency band makes use of the patented Blade Beam re lector transmitting antenna, along with 
a multistatic array of receiving antenna for artifact-free imaging.  The Blade Beam produces a narrow target 
illumination to allow accurate stacked 2D reconstructions of the 3D surface. 
Mm-waves pass though clothing readily, but can identify dangerous objects attached to the body.  Current 
state-of-the-art millimeter wave portal imaging systems are mostly based on monostatic radar. Although 
these systems are inherently fast, they present some disadvantages, including reconstruction artifacts, such 
as dihedral effects and misrepresenting sudden indentations and protrusions due to the monostatic nature 
of the collected electric ield data, and a lack of quantitative range of depth information display. 

B. State-of-the-Art and Technical Approach

The industry-standard AIT scanner uses multi-monostatic low mm-wave frequency radar and decades-old 
algorithms to provide images of body surfaces with af ixed objects [1, 2]. It cannot characterize dielectric 
materials, provide surface depth information, and suffers from dihedral artifacts and non-specular drop-
outs. Research in R3-A.1 addresses these de iciencies by employing multiple receivers for a single high-gain 
illuminating transmitter [3-6].  Results of this project show that artifacts are eliminated, depth information 
is readily available and extremely useful, and weak dielectric objects are characterized by well-reconstructed 
depressions in the body surface. Due to the fact that specular drop-outs have not been solved with the em-
ployed re lector geometry, this project will end in December 2015 and be merged with project R3-A.3, which 
uses multiple transmitters.
We designed a custom re lector-based antenna for focusing the ield on a narrow vertical slit to provide for 
two dimensional illumination [7-10]. This reduces both the hardware and algorithmic load for AIT sensing. 
By stacking individually reconstructed slices, we avoid the simultaneous computation of ield contributions 
from multiple height, which speeds up data acquisition and imaging by several orders of magnitude. We em-
ployed a moving receiver, which acted like a synthetic aperture radar, with multistatic array sensing to avoid 
dihedral artifacts from body crevices and reduce false alarms. The multistatic con iguration also extends im-
aging performance by giving multiple views of each body surface pixel. Our radar hardware uses inexpensive, 
Commercial Off-The-Shelf (COTS) communication modules repurposed for near ield imaging.  This further 
reduces the cost of mm-wave AIT and make it possible to build an advanced system for general purpose se-
curity use.

C. Major Contributions

Using the hardware developed during Year 1, we have conducted an extensive experimental campaign to 
determine the capabilities and limitations of the Blade Beam.  Although the single transmitter con iguration 
limits the tilt or curvature of the target object, there was still some reasonable success at imaging relevant 
3D objects by stacking 2D images. Also, we experimentally validated the dielectric object characterization 
algorithm developed in R3-A.2.
An example of this capability involves the target shown in Figure 1 on the next page. This target is a lat metal 
box surface with two square cross-section anomalies attached, one metallic, and one a wax explosive simu-
lant.  This simulates a metallic object and an explosive taped to a lat portion of skin. 
The Blade Beam illuminates narrow horizontal slices of the target.  Each slice is reconstructed, and then 
stacked with adjacent slices to form a surface representation.  Figure 2a on the next page shows the image of 
the slice taken near the bottom of the target in Figure 1, illuminating a slice that includes the square metal 
anomaly. With the radar at the bottom, the metal anomaly is observed as the bump extending downward, 
closer to the radar (with less range). Figure 2b on the next page is the reconstruction of a slice near the top, 
illuminating the dielectric anomaly.  In this case, the response at the position of the dielectric appears as 
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being further from the radar, (with greater range).  As expected, the response is primarily from the metal 
surface behind the dielectric, but due to the slower wave propagation velocity in the dielectric, this response 
is delayed, and the image is farther from the radar. The ground truth is shown in green, with the backing sur-
face depression corresponding to the reduced velocity in the dielectric as indicated with the blue rectangle.

Figure 3 on the next page shows the same image, with the surface pro ile reconstructed (green curves).  The 
pro ile is determined by selecting the range with the highest intensity image response for each cross range 
position. Note the excellent agreement for the metallic anomaly and the reasonable surface depression for 
the dielectric target.

Figure 1: Target object consisting of a fl at metal surface with a square metallic and a square dielectric anomaly.

   a)                                                                                                        b)

Figure 2: 2D image of narrowly illuminated slice of target in Figure 1 for: a) square metallic anomaly, and b)  square 

dielectric anomaly, with ground truth shown in green.
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Stacking mulitple 2D slices produces a full surface image, as shown in Figure 4.  Note the sizes, shapes, and 
positions of the anomalies are in good agreement with the true con iguration of Figure 1, with the added fea-
ture that the dielectric appears to be recessed (white color coded, corresponding to greater range).

A more challenging and realistic target was also tested.  In this case, the background was a curved metal sur-
face with the approximate size and curvature of a human torso.  Once again a metallic object and a dielectric 
explosive simulant were af ixed to the background, but this time the entire object was covered by a thick 
cotton sweatshirt. Figure 5 on the next page shows the covered and uncovered target.

   a)                                                                                                        b)

Figure 3: 2D slice images of Figure 2 with surface profi le, shown in green, reconstructed for: a) square metallic anomaly, 

and b)  square dielectric anomaly.

Figure 4: 3D full surface reconstruction of target object of Figure 1, using multiple slice images similar to Figure 3.

ALERT  
Phase 2 Year 2 Annual Report 

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-A.1

326



Note the curvature of the curved metal surface, which follows the true shape approximating a human chest.  
This curvature is accurately reconstructed in the image of the upper slice, labeled “Control Slice” in Figure 
6a on the next page. The reconstructed surface is indicated with the green curve. The second image, Figure 
6b on the next page,  “Metal Slice,” corresponds to illumination of the middle psortion of the torso target 
that has a 3 cm thick metal anomaly, centered 6 cm to the right of the centerline.  This anomaly appears as a 
downward protrusion (closer to the radar at the bottom) which is highlighted with a white dashed circle. The 
third image, Figure 6c on the next page shows the depression at -12cm, characteristic of a dielectric object. 
The depression is about Ddepres = 2 cm deep, which corresponds to the expected value for a 3 cm (Dthick) thick 
slab of material with dielectric constant εdiel  = 2.9, given by the equation:

In order to determine both the dielectric slab thickness and its dielectric constant simultaneously with a 
single measurement, it is important to use a high-resolution algorithm. As there are two unknowns to be 
determined, there must be two observed aspects in the reconstructed image.  These are the depression of the 
backing surface response and the front dielectric object surface response. Unfortunately, for weak dielectrics, 
this initial front surface response is weak, so weak that it does not appear on the image with typical -12 dB 
re lectivity scale on Figure 2b. If the re lectivity scale is increased to -35 dB, as indicated in Figure 7a on the 
following page, the front surface response corresponding to the dielectric becomes readily apparent.  Howev-
er, it is unclear whether this medium level -15dB response is due to a dielectric object or just a noisy extended 
response from the backing surface. 

Figure 5: Torso simulant with metal and dielectric explosive simulants.
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Figure 6: Reconstructions of three slice illuminations of torso simulant for a) no anomaly, b) square cross section metal 

box anomaly, and c) square dielectric anomaly. Derived contour indicated by green curve.

a)

b)

c)
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To distinguish a dielectric object response, a new method has been developed.  Using the same measurement 
data that generates the image in Figure 7a, but restricting the frequency band to just 4 GHz instead of the 
usual 7 GHz, the sidelobe structure of the backing surface is altered.  The entire pattern spreads out in range, 
widening the peaks,widening position of the nulls and the sidelobes relative to the peaks.  As shown in Figure 
7b, the -17 dB sidelobes to the right and left of the dielectric anomaly have shifted from -0.03 to -0.055 cm in 
range.  The peak position is independent of bandwidth, so the dielectric front surface response is still at -0.02 
cm (though smeared out). Since the response at range -0.02 is unchanged for the reduced bandwidth image, 
it must correspond to a real interface, rather than a sidelobe.  As such, it is declared to be the front surface of 
the dielectric object.  The ground truth is indicated in Figure 7b by the square green box, and the depresson 
of the backing re lection is shown with the cyan rectangle.  Knowing the true thickness of the dielectric ob-

a)

b)
Figure 7: Reconstructions of a square dielectric bar on a planar metal backing a) full 7 GHz bandwidth, showing derived 

contour indicated by green curve b) with bandwidth reduced to 4 GHz and ground truth shown in green and backing 

depression in cyan.
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ject Dthick (from the distance between the front and nominal backing surfaces), and the depression Ddepres , the 
above equation can be simply inverted to give a correct estimate of the dielectric constant. Note that we use 
a subset of previously collected data over a reduced bandwith for this algorithm; no additional meaurements 
are necessary.

D. Research Milestones Accomplished (in lifetime of project)

• Adapted COTS mm-wave communications chip as radar module. 
• Demonstrated multistatic radar sensing improvement with synthetic array of receivers.
• Proved dihedral artifact reduction with multistatic radar.
• Showed how re lector antenna can increase aperture, focus vertically into a blade beam, and increase 

signal power.
• Adapted hardware to reduce computational reconstruction burden.
• Demonstrated weak dielectric characterization through experimentation.

E. Future Plans

This project will end in December 2015. It will be merged with project R3-A.3.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Student Internships, Jobs or Research Opportunities

Research Experience for Undergraduates (REU) students: 2014: Abeco Jean Claude Rwakabuba (minority 
student) from Middlesex Community College; Thurston Brevett (minority student) Northeastern University; 
2015: Kurt Jaisle, Jacob Messner, Northeastern University 
Undergraduate students currently participating in this project: Michael Woulfe, Andrew Mello, Zamir Johl, 
and Sara Davila.

B. Interactions and Outreach to K-12, Community College, Minority Serving Instituion Students or Faculty

NSF Young Scholars (high school students): Shiva Nathan and Lingrui Zhong.

C. Workforce Development

Two completed Career Development Grant Master’s degree students in the 2014 – 2015 academic year. 
• Alex Showalter-Bucher, (2014), now employed at MIT Lincoln Labs.
• Michael Collins, (2014), now employed at the Center for Marine Research and Experimentation in La 

Spezia, Italy.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

• Custom developed AIT hardware speeds scanning: stacked 2D imaging reduces hardware requirement by 
a factor of 100 (for 1 cm resolution), and computation by a factor of 10,000, without affecting ROC curve.

• Commercial Off-The-Shelf (COTS) communication modules repurposed as AIT screening radar saves 
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money and allows for general security use: radar module cost savings from $12,000 to $150, while main-
taining performance (PD, PFA) and speed (passenger throughput).

• Multistatic con iguration extends imaging performance by giving multiple views of each body surface 
pixel, improving the signal to noise (potentially PF, PFA) and reducing image artifacts (dihedral artifacts 
eliminated).

• The net effect of these improvements will provide better detection, reduce image artifacts, reduced cost 
while maintaining PD, PFA and passenger throughput.

B. Potential for Transition 

• Inexpensive COTS communication modules are currently being used in the Rapiscan, Inc. JAII project as a 
feasibility study for on-the-move hallway AIT sensor development, so that the communications modules 
can be easily transitioned to the commercialization partner.

• Dielectric characterization exhibiting reconstructed depression in the body surface will be tested as part 
of the L3, Inc. ProVision system funded by a pending DHS task order. The data for the research comes 
from the commercialization partner, so the science and implementation will directly apply, but the com-
mercialization partner will have to implement the commercialization of the software.

• Rethinking of multistatic sensor con iguration using ray analysis with increased viability of Rohde and 
Schwarz, Inc. walk-through tunnel concept.  It has been determined that signals must be received from 
transmitters on the other side of the subject to image 360 deg.  It is now necessary to ind the best dou-
ble-sided multistatic con iguration.

C. Transition Pathway

Joint proposals (JAII, DHS BOA) and demonstration of research concepts with industry systems, testing, and 
validation on company hardware will immerse users and potential commercialization partners in the transi-
tion process and expedite commercialization. This project will terminate in December 2015. The results and 
lessons learned will be incorporated into project R3-A.3.

D. Customer Connections

• Simon Pongratz: L-3 Communications Corp., Woburn, MA
• Shiva Kumar, Ed Morton, Dan Strellis: Rapiscan Laboratories Inc., Burlington, MA

V. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

1. Y. Alvarez, B. Valdes, J. A. Martinez-Lorenzo, F. Las-Heras and C. M. Rappaport. “SAR imaging-based 
techniques for Low Permittivity Lossless Dielectric Bodies Characterization,” Antennas and Propa-
gation Magazine, Vol. 57 no. 2, April 2015, pp. 267 - 276.

B. Peer Reviewed Conference Proceedings

1. Gonzalez-Valdes, B., Martinez-Lorenzo, J. A., and Rappaport, C., “On-the-Move Active Millimeter Wave 
Interrogation System Using a Hallway of Multiple Transmitters and Receivers,” IEEE International 
Antennas and Propagation Symposium, July 2014, pp. 1107-1108.

2. Rappaport, C., González-Valdés, B., and Martínez-Lorenzo, J. A., “Advanced Portal-Based Multistatic 
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Millimeter-Wave Radar Imaging for Person Security Screening,” IEEE International Carnahan Con-
ference on Security Technology, Rome, Italy, October 14, 2014, 3 pages.

C. Other Presentations

1. Seminars
a. Carey Rappaport, “Hardware and Algorithms for Low-Cost, Multistatic Millimeter Wave Radar 

Whole Body Scanning”, July 31, 2014, Telmarc presentation. 
b. Carey Rappaport, “Radar Airport Passenger Security Scanners, Radar Tunnel Detection, Radar 
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R3-A.2: Computational Models & Algorithms for 

Millimeter Wave Whole Body Scanning for AIT
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II. PROJECT DESCRIPTION

A. Overview and Signi icance 

Active millimeter wave radar is being used for imaging objects concealed on the human body at security 
checkpoints. Currently employed systems are based on monostatic or quasi-monostatic con igurations that 
can misrepresent areas of the target when the specular re lection is oriented away from the incident direc-
tion. Using computer modeling for both forward wave propagation and near ield imaging and reconstruction, 
it is possible to determine the feasibility and limitations for various sensor con igurations. 
First, we report on the advantages of multistatic sensing (having multiple receivers separated from trans-
mitters) for human body screening. One important result of this work has been the observation that with-
out having several distinct transmitters providing multiple illuminating views of a target object, no receiver 
array con iguration would be able to gather enough signal to reconstruct even one half of the  body surface. 
We present a study of a fully multistatic mm-wave imaging architecture, with transmitters placed off the 
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receiving aperture panel to provide the largest possible body surface reconstruction. A reduced number of 
transmitters allows for fast imaging, which minimizes the target motion effects. Multiple three dimensional 
simulation-based examples are presented to validate the proposed system. 
Next, we describe the multiple transmitter implementation for the elliptical torus Blade Beam re lector an-
tenna developed in R3-A.1 and R3-A.3.  The primary effort is aimed at developing an ef icient modeling meth-
od and then inding an optimum transmitter/receiver array con iguration using the smallest number of an-
tennas that still produces full surface reconstruction. A fast and ef icient analysis method is suggested based 
on Lorentz reciprocity. Taking advantage of this proposed method, the sparse array con iguration is found 
using Simulated Annealing, minimizing a cost function based on the sidelobe level of the combined transmit-
ter/receiver point spread function (PSF).

B. State-of-the-Art and Technical Approach

In homeland security applications, there is increasing demand for methods to improve personnel screening 
for concealed object and contraband detection at security checkpoints. In this context, active near ield mil-
limeter-wave imaging radar systems are able to provide high-resolution imaging, with a good trade-off be-
tween accuracy and cost. With mm-wave radar, the object of interest is irst illuminated by millimeter waves 
and then the scattered ield is measured and processed to reconstruct the surface (or volume) of the object 
[1]. The most common millimeter wave portal imaging systems currently being used are based on monostatic 
radar and Fourier inversion [3]. Monostatic imaging system limitations are mainly related to the appearance 
of reconstruction artifacts as described in [5]. Therefore, bistatic [6] or multistatic systems [1], [8]-[10] are 
useful options to improve personnel imaging.  
In Ahmed [2], an advanced multistatic mm-wave imaging con iguration is presented. Multiple multistatic 
panels are used to create an image of the whole body. As shown in [1] , the minimum number of antenna array 
elements is achieved when the number of transmitters is equal to the number of receivers. However, since 
the transmitters and receivers of each panel are close to one another, and each panel is independent from 
the others, this system can be seen as quasi-monostatic approach. Although it effectively minimizes dihedral 
artifacts, this kind of system can misrepresent sudden indentations and protrusions in the target when the 
specular re lection is oriented away from the incident direction (as shown in Fig.1 which was reproduced 
from [9]).  The relative position of transmitters and receivers also determines the areas of the body that the 
system can image, as shown in Figure 1 on the next page and Figure 2 on the following page.
Paper [9] presented a novel multistatic mm-wave imaging architecture for human body screening. The goal 
was to extend as much as possible the imaged region by placing transmitters off the aperture panel. Fast im-
aging capabilities were achieved by means of Fourier-based processing as presented in [5]. 
Receiving arrays can be implemented by using power detectors, which are inexpensive and easy to manu-
facture. Concerning SAR imaging, phase information can be recovered in the frequency domain, provided 
enough frequency bandwidth is available, as proposed in [11]. Thus, this project is devoted to inding mul-
tistatic imaging con igurations with a low number of transmitters along with the fewest possible number of 
receivers in order  to enlarge the imaged area with respect to current monostatic setups. Reducing the num-
ber of receiving elements is primarily accomplished by subsampling the receiving aperture. Since the trans-
mitters need to be excited sequentially, reducing the number of transmitters also allows for faster imaging, 
which minimizes the target motion effects as described in [12]. 
This report is focused on the comparison of several multistatic layouts for human body imaging, showing 
how much the imaged area can be increased. The issues of transmitter position optimization and accurate de-
sign of the receiving array are, by themselves, broad research topics that are beyond the scope of this project. 
Section B of this report is organized as follows: Section B.1 describes the imaging algorithm needed for the 
multistatic system. Imaged region extension using the proposed multistatic setup is proved in Section B.2a. 
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Section B.2.b discusses the need for a reduced number of receivers, proposing several approaches. Whole 
human body imaging results are presented in Section B.3, discussing the results for different setup con igu-
rations. Finally, the conclusions are drawn.

Figure 1: 2D SAR imaging for diff erent radar confi gurations. (a) Multi-monostatic. (b) Bistatic, with one transmitter in 

the middle of the receiving array. (c) Multistatic, with three transmitters.
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B.1. Imaging algorithm

A multistatic imaging formulation needs to take into account the incident and scattered ield paths, as opposed 
to monostatic imaging, where these paths are the same. The coordinate system is de ined as: y-axis will be the 
range axis (depth), and x- and z-axes will be horizontal and vertical cross-range.

Given the re lectivity function of an object, ρ (x’, y’, z’), the ield scattered on a lat receiving aperture located 
at y = Y0 is given by:

Figure 2: Comparison of several 2D multistatic confi gurations for SAR imaging. (a) 3 transmitters placed at (x, y) = (±1, 

0.5) m, (b) 3 transmitters placed at (x, y) = (±1, 0)m, (c) 5 transmitters.
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           (1)

where (xinc, yinc, zinc) is the position of the point source-like transmitter. Eq. (1) can be effectively inverted to re-
cover the re lectivity function from the scattered ield samples collected over a given bandwidth of frequency, 
yielding the well-known synthetic aperture radar (SAR) backpropagation imaging equation [7],[9].

           
           (2)

Solving Eq. (2) is computationally expensive for electrically large problems. Fast integral equation-based 
techniques, such as the inverse Fast Multipole Method, have been proposed [13], reducing the calcula-
tion time by several orders of magnitude. Moreover, Eq. (2) can be easily parallelized taking advantage of 
GPU hardware. However, these solutions are still too computationally expensive for applications requiring 
real-time imaging. 
Monostatic setups have taken advantage of Fourier-based imaging, enabling real-time calculation [3], [4]. 
Even in multistatic systems as in [1], plane wave approximations can be considered to take advantage of fast 
calculation using Fast Fourier Transform (FFT)s. In these cases, where the large target size precludes the 
standard plane wave illumination assumption, a novel Fourier-based imaging technique has been proposed 
[5]. The idea is to decompose the imaging domain in smaller regions where the incident spherical wave can 
be locally treated as a plane wave. Imaging calculations for every region can be carried out in parallel, without 
jeopardizing the required real-time capabilities of the multistatic imaging system.  
Examples presented in [5] are limited to a single transmitter. The results presented in this contribution make 
use of multiple transmitters. Images produced by every transmitter are coherently combined to create the 
inal image. Coherent combination also provides the great advantage of cancelling grating lobes due to aper-

ture subsampling.

B.2.  Proof of concept

B.2.a.  Multistatic setup

This section aims to illustrate the differences between several monostatic and multistatic radar setups [14], 
stating the limitations of each. 
The simplest case is a lat aperture receiving array for sampling the scattered ield. For simulation purposes, 
the frequency band is chosen to be 23 to 28 GHz, the aperture size is 1 m, sampled every 0.52at the highest 
frequency. The Object-Under-Test (OUT) is a curved metallic surface resembling the human body torso. The 
forward problem is simulated using 2D Method-of-Moments. SAR images are recovered by means of standard 
SAR backpropagation [7], [9].
A multi-monostatic radar provides twice the reconstructed imaging pro ile Figure 1a relative to a bistatic ra-
dar with a single transmitter placed at the middle of the receiving aperture, as depicted in Figure 1b. In Figure 
1 the true pro ile (shown by the green line) is reconstructed by the re lectivity map (indicated by pixel bright-
ness). Bistatic radar imaging capabilities can be easily improved by placing two additional transmitters at the 
edges of the receiving aperture, as in Figure 1c, providing the same imaging pro ile as the multi-monostatic 
(see Fig. 1a).
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Human body imaging has relied on monostatic [3]  or multistatic [1] con igurations, chosen based on hard-
ware speci ications, rather than imaging limitations.
From Figure 1 one can observe that the aperture size limits on the image area of the OUT. Neither the 
monostatic nor the multistatic geometries are capable of providing a complete image of the OUT pro ile. Even 
if the aperture size is enlarged, it is not possible to image the entire pro ile, as can be easily proved with ray 
tracing and specular re lection.
The next step is to modify the multistatic radar by changing the placement of the transmitters while keeping 
the receiving aperture the same. Figure 2a shows the initial case: lateral transmitters are placed off the re-
ceiving aperture. This simple change signi icantly enlarges the imaged region. Figure 2b depicts an attempt 
to provide full OUT imaging. However, again ray tracing shows that specular re lection re lects away from the 
receiving aperture. Moreover, parts of the OUT are not imaged as the scattered ield is not collected by the 
receiving array (plotted with dashed yellow lines). 
Several works [4],[9] have proposed solving this issue by means of cylindrical apertures, but again, the aper-
ture extent limits the imaged region. As demonstrated with the results shown in Figure 2c, this drawback can 
be solved by placing transmitters off the receiving aperture of the multistatic radar system, thus allowing for 
near complete OUT pro ile imaging. 

B.2.b.  Receiving aperture subsampling

One of the main advantages of stationary imaging systems, where no movable parts are present, is the speed 
in acquiring scattered ield samples, as well as the avoidance of mechanical maintenance. However, the 
tradeoff is the need for large transmitting/receiving arrays. Thus, reduction of the number of elements is a 
key issue for its commercial development.
Several strategies, some developed in the ield of antenna measurement [16], [17], have addressed this draw-
back. For example, use of optimal sampling interpolation methods that take into account the spatial band-
width of the scattered ield [18], or compressed sensing techniques in the case of sparse SAR images [19] 
represent some of these strategies.
Other approaches manipulate the imaging system Point Spread Function (PSF) created by the transmitting 
and receiving arrays to cancel PSF grating lobes, successfully reducing the number of elements [1],[8] [20].
The multistatic con igurations depicted in Figure 2 cannot easily take advantage of the transmitter and re-
ceiver PSF product to cancel grating lobes, as the transmitting elements are sparsely positioned. Optimal 
Sampling Techniques would be a solution for a single transmitter, but the placement of the samples depends 
on the position of the illumination, so it is not valid for multiple transmitters. 
The solution adopted is to subsample the aperture until the PSF grating lobes appear in the imaging domain 
of interest. Figure 3a on the next page shows the PSF of the multistatic system depicted in Figure 2a, after 
combining SAR images for every transmitter. When the aperture sampling rate is lowered from 0.5  to 5, 
grating lobes can be observed (see Fig. 3b). Practical application of subsampling is plotted in Figure 4 on the 
next page, where aperture sampling rate is 3. The pro ile can still be recovered, but grating lobes are visible 
in the imaging domain.
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B.3.  Human body imaging results

B.3.a.  De inition of the problem

This section quanti ies the three dimensional imaging performance of multistatic millimeter-wave systems 
according to their geometrical con iguration. As stated in [3], a full-body scan requires sampling at less than 
one-wavelength spacing over an aperture of at least Dx = 70 cm wide by Dz = 2 m height. At f = 25 GHz, and 
placing the aperture LY =100 cm away from the subject, this yields a cross-range resolution of  x = LY/Dx = 
17.1 mm, and z = LY/Dz = 6 mm, which proves to be suf icient for detecting concealed threats. 
The multistatic con iguration proposed in this study considers a bandwidth (BW) of 5 GHz, from 23 to 28 
GHz, yielding y = c/BW = 30 mm range resolution. A frequency sampling rate of 250 MHz provides 60 cm 

Figure 3: PSF of the imaging confi guration depicted in Figure 2a. (a) Sampling the aperture every 0.5 wavelength. (b) 

Sampling the aperture every 5 wavelengths.

Figure 4: Imaging from confi guration depicted in Figure 2a. SAR imaging results when the receiving aperture is sam-

pled every 3λ.
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range unambiguity. For this speci ic geometry, a lat array of receivers that is extended to 1.5 m in x- direction 
provides an enlarged imaging domain and higher resolution,  x = LY/Dx = 6 mm. In all the cases, the number 
of transmitters is ixed as a 3x3 elements array (that can be planar or cylindrical depending on the tested 
case).  
The human body model considered for testing purposes (see Fig. 5) has objects placed where their detection 
may become challenging: on the left side of the waist and on the lower part of the right leg. Due to the elec-
trically large model to be analyzed (up to 140   in height for a full human body model) the forward problem 
is simulated using a Physical Optics code [21]. Noise is added to the simulated scattered ield resulting in 30 
dB Signal-to-Noise Ratio (SNR). 

Another issue to be addressed is related to the representation of the recovered re lectivity from the back-
propagated scattered ield collected on the receiving aperture. Visualization is a common problem when 
rendering three-dimensional data. It is dif icult to display the relevant features of the image while maintain-
ing the bene its of the 3D dataset. The technique used here is called Maximum Intensity Projection (MIP) 
similar to the kind of projection proposed in [1]. A MIP is a 2D image constructed by displaying the maximum 
intensity along projection lines perpendicular to the viewing or projection plane, as depicted in Figure 5. 
The viewing plane can then be rotated around the data to provide the viewer with depth reference for image 
features and create a 3D effect, as in Figure 6 on the next page.

Figure 5: Scheme illustrating how refl ectivity is projected on a projection plane, defi ned by a projection angle.
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The color and opacity of each projected pixel is then mapped to the distance from a reference point and pixel 
intensity relative to the maximum value, respectively. In this case, the reference for depth is the center of the 
imaging domain. Encoding depth by color enhances the 3D viewing effect of the rotation and provides depth 
data for each projected image. Encoding intensity with opacity is a natural way to let the viewer’s eyes easily 
ind the highest intensity parts of the image while also masking noisier, low amplitude areas of the image. 

MIP is a common medical imaging technique and is shown here to be equally effective in security imaging.

B.3.b.  Multistatic imaging with full array in reception

The irst multistatic con iguration (Setup #1) to be tested consists of a 1.5 m width x 2 m height lat panel 
of receivers, placed every 10.7 mm in both directions (that is, /2 at 28 GHz), resulting in 104,720 elements 
(280 x 374). 9 transmitting antennas are placed as shown in Figure 7 on the next page, so that the multistatic 
system has the same imaging area as its monostatic equivalent, as shown in Figure 1. 
For every transmitter in Setup #1, the amount of data to be processed is: 280 x 374 spatial samples x 21 fre-
quency samples (= 222x106 scattered ield samples), which also determines the number of imaging points in 
the case of Fourier-based imaging [5]. A workstation with 32 cores at 2.1 GHz and 128 GB RAM was used for 
data processing. Overall calculation time for every transmitter was 45s [5].  The processing has been run in 
Matlab® and has not been optimized.
Projected re lectivity for Setup #1 (see Fig. 7on the next page) is plotted in Figure 8 on the following page. 
Only those parts of the human body having specular re lection with any of the transmitters and receivers 
can be imaged. For this model, only the object on the left side of the waist is clearly visible (see Fig. 8a on the 
following page), whereas the object on the right leg is hardly detectable (see Fig. 8b on the following page). 
These images are similar to the ones presented in Figure 4 of [2].
The next multistatic con iguration analyzed (Setup #2) is depicted in Figure 9 on the following page: in this 
case, lateral transmitters are placed off the receiving aperture, as shown in Figure 2a. With this single mod-
i ication, the imaged region is enlarged, as more parts of the body will create specular re lections on the 
receiving aperture. This improvement is noticeable by comparing Figures 8 and 10 on the following pages: 
more parts of the body are imaged in the latter, as highlighted in the differential image plotted in Figure 10c 
and d. Of special interest is the fact that the object placed on the lower part of the right leg is clearly visible 
(see Fig. 10b). A quantitative analysis of the image region enlargement based on the human body projected 
area is summarized in Table 1 on the following page: the imaged area is increased by 37.5 %.

Figure 6: Projected refl ectivity onto three diff erent viewing planes: from left to right, projection angles are -40º, 0º, and 

40º.
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Figure 7: Imaging Setup #1. Flat panel of receivers placed every 0.5  and 9 transmitters placed in a planar layout of 

(L
x
,L

z
) = (1.5,2) m.
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Figure 8: Retrieved human body image using setup #1. Colorscale represents image depth in m. relative to the center 

of the imaging domain. (a) Projection angle 0º. (b) Projection angle 40º. 

Figure 9: Imaging Setup #2. Flat panel of receivers placed every 0.5 , and 9 transmitters placed in a 120º-cylindrical 

arc layout of R = 1 m, L
z
 = 2 m.
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Case Projection angle 0º Projection angle 45º

Imaging setup #1 2454 cm2 2168 cm2

Imaging setup #2 3364 cm2 2981 cm2

Imaging setup #3 3553 cm2 3197 cm2

Increment from #1 to #2 37.8 % 37.5 %

Increment from #2 to #3 5.6 % 7.3 %

Following the same argumentation as in the previous section, the next Setup (#3) analyzes the case in which 
lateral transmitters are placed on the x axis, as depicted in Figure 11 on the next page. The Setup #3 layout 
barely enlarges the imaged region on the sides of the human body model, as noticed in Figure 12 on the next 
page. Quantitatively, it is about 5-7 % (Table 1), signi icantly less than the enlargement achieved with setup 
#2. In addition, it creates shadow regions at about 45º and 135º in azimuth (see Fig. 12a on the next page), 
visible as two dark lines on the torso that follow the vertical pro ile. The reason for these two shadow regions 
follows from the theoretical explanation given in Section B.1 and demonstrated in Figure 2b.

Figure 10: Retrieved human body image using Setup #2. Colorscale represents image depth, in meters relative to the 

center of the imaging domain.  (a) Projection angle 0º. (b) Projection angle 40º. Plots (c) and (d) show the improved 

visibility with respect to Setup #1 (see Fig. 8) results. 

Table 1: Human body projected area.
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Figure 11: Imaging Setup #3. Flat panel of receivers placed every 0.5 , and 9 transmitters placed in a 180º-cylindrical 

arc layout of R = 1 m, L
z
 = 2 m.

Figure 12: Retrieved human body image using Setup #3. Colorscale represents image depth, in m. relative to the center 

of the imaging domain.  (a) Projection angle 0º. (b) Projection angle 40º. Plots (c) and (d) show the improved visibility 

with respect to Setup #2 (see Fig. 10) results.
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B.3.c.  Subsampled array of receivers

In order to make the imaging con iguration for personnel screening feasible in terms of complexity and cost, 
the number of receivers must be kept as low as possible without compromising imaging (and thus, detection) 
capabilities. As discussed in Section B.3.b, due to the proposed multistatic layout, receiving aperture sub-
sampling is the most ef icient way to reduce it.
A uniform grid with 13,090 receivers (Setup #4) provides -28 dB grating lobe levels, which is the same order 
of magnitude of [1],[8]. This receiving array, shown in Figure 13, is formed from 2 offset overlapping arrays 
of receivers, each sampled every 3 offset in x and z by 1.5 .
The Setup #4 imaging results are depicted in Figure 14 on the next page. Compared to Figure 10, the imag-
ing results look noisier due to the grating lobes, but still the main features of the model are visible; certainly 
worth the 8 times reduction in number of receiving elements.

Figure 13: Imaging Setup #4. 2 overlapping arrays of receivers, sampled every 3  each, and 9 transmitters placed in 

120º-cylindrical arc layout of R = 1 m, L
z
 = 2 m. 
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The simulation-based results presented con irm that altering the con iguration of multistatic transmitter po-
sitions can signi icantly improve imaging by extending the reconstructed surface across more of its angular 
extent. That feature allows the imaging – and thus the detection – of threats that can be concealed in areas 
not illuminated with solely panel-based radar systems.
Table 2 on the next page compares the proposed setup with already developed millimeter-wave imaging sys-
tems for security screening. Note that cross-range resolution is of the same order for each system, allowing 
for accurate human body imaging.

Figure 14: Retrieved human body image using Setup #4. Colorscale represents image depth, in meters to the center of 

the imaging domain.  (a) Projection angle 0º. (b) Projection angle 40º. 
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Reference D
x 

 x D
z
 (cm) δ

x
 x δ

z
 (mm)

Frequency band 

(GHz)
No. of antennas 

This system,

 full array.
150 x 200 8.0 x 6.0 23 – 28

104,720 Rx

9 Tx

This system, 

subsampled.
150 x 200 8.0 x 6.0 23 – 28

13,090 Rx

9 Tx

MIMO array, [8]. 50 x 130 10.0 x 10.0 2.8 – 19.5
4 Tx,8 Rx, z-axis 

motion.

Flat 2D array, [1]. 100 x 200 3.0 x 1.5 72 – 80 3,072 Tx 3,072 Rx

Linear array, vertical 

movement [2].

72.6

Movable 2 m in z
10.0 x 3.8 27 – 33

66 Tx, 66 Rx, z-axis 

motion.

The existing systems are all lat arrays, and hence cannot image much more than 45 (as shown in Fig. 1a). 
This is due to the specular re lection of transmitted rays missing the receiving array entirely.  To accomplish 
180 coverage with a lat array system, twice as many arrays would be required, whereas a full 360 recon-
struction would require a square box of arrays completely enclosing the subject.
The analysis of this multi-view, multistatic imaging architecture still requires a large number of receiving el-
ements (13,090) if compared to other scanners with non-movable parts such as [1]. However, from the point 
of view of using low cost detectors as receivers (and even phase retrieval techniques), the proposed system 
has advantages due to the low number of transmitters, thus reducing technical and economical complexity.  
Fewer transmitters and no motion also provides faster overall scanning, since only 9 transmitters need to ire 
in sequence without repetition for the complete scan. 

B.4.  Blade beam modeling

An electromagnetic propagation and scattering model was developed for the elliptical torus Blade Beam con-
iguration developed in R3-A.3, shown in Figure 15 on the next page.  The re lector antenna is doubly curved: 

elliptical in the vertical direction and circular in the horizontal direction. The irst ellipse focus coincides with 
a focal arc that is centered on the same axis as the re lector and having a radius of one-half the re lector hori-
zontal radius.  As such, the portion of the re lector illuminated by feeds on the focal arc is well approximated 
as elliptical/parabolic, resulting in the blade beam analyzed in R3-A.1 [22].  This blade beam illuminates a 
horizontal second focal line at the position of the target which makes it possible to generate individual 2D 
images of targets; 3D images can be constructed by stacking the 2D images from different sections. The radar 
transmitters and receivers are positioned in an array on the focal arc, which is in the plane of the bottom 
edge of the re lector to avoid blockage. With the goal of minimizing hardware cost and increasing processing 
speed, the array is made as sparse as possible, removing as many redundant elements as possible.  To do so, a 
fast and accurate forward model of the ields generated by each element on the focal arc in the target region 
had to be developed. Using this model, the feed number and positions were optimized, as will be discussed 
in the next section.

Table 2: Comparison with similar human body imaging systems.
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Physical Optics (PO) is an ef icient method to model large smoothly-varying structures like re lector anten-
nas. With PO, the re lector surface is discretized into a mesh of planar triangular facets, and the ield re lected 
from each facet is computed. PO is used to build the scattering matrix A, which linearly relates the signal 
at each transmitter / receiver feed pair to the ields in the discretized image region.  Although PO is a very 
computationally ef icient method, for this electrically large structure it is a time consuming process. To build 
A, the ield in the image domain from each transmitter is calculated, and then the ield backscattered from a 
target point scattered to each receiver antenna position is computed [23]. This way, two PO operations are 
required. Moreover, increasing the number of triangles in the mesh to increase modeling accuracy will dras-
tically increase the operation count. An alternative and ef icient method has been proposed using Lorentz 
Reciprocity by considering all Rx antenna in transmit mode and storing the ield and current on image plane 
for each of these antenna. Later, different combinations of Rx and Tx antennas can be analyzed through inte-
gral form of Lorentz Reciprocity as given by:

The parameters with indices b refer to point scatterers and the ones with indices a refer to the Rx antenna 
which are considered to be in transmit mode, based on the reciprocity concept. The integration of electric 
and magnetic currents J and M times the appropriate ields is taken over both the surface of the point scat-
tered and the receiver antenna aperture.
The reciprocal solution is ef icient and fast since it reduces the number of PO operation from 2 to 1 and also 
makes it possible to solve the problem for every combination of Tx and Rx antenna with already pre-comput-
ed ields. Figure 16 on the next page compares the computed images for conventional approach and the re-
ciprocal approach. As it can be seen, two images are practically the same, but with the simulation time being 
much shorter for the reciprocity approach.

Figure 15: Multistatic Nearfi eld Imaging radar antenna system using the elliptical torus Blade Beam refl ector and 

concentric focal arc.
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Table 3 compares some simulation time between the conventional approach and the reciprocity based one. 
Overall, the reciprocity based analysis method makes the algorithm less dependent on the number of meshes 
in the imaging domain, making it possible to select any combination of Tx and Rx antenna from pre-computed 
data and, more importantly, to reduce the computation time.

Reciprocity based Approach Conventional Approach

1Tx & 11Rx with 2*λ Meshing 1 min 30 sec

11Tx & 11Rx with 2*λ Meshing 1 min 7 min

7Tx & 151 Rx with 2*λ Meshing 11 min 12 min

7Tx & 151 Rx with λ/2 Meshing 3 hours 15 hours

1Tx & 151Rx with λ Meshing and larger image plane 5 hours >30 hours

B.5.  Sparse array design based on PSF optimization

For aliasing-free imaging using traditional imaging methods, the maximum spacing between antenna ele-
ments must be less than λ/2, resulting in at least 200 antenna elements in the receiving focal arc. However, 

(a) Conventional Approach

(b) Reciprocity Based Approach

Figure 16: Torso target reconstruction using conventional and reciprocity based approach.

Table 3: Computation time comparison for two modeling approaches.

ALERT  
Phase 2 Year 2 Annual Report 

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-A.2

352



with non-uniform element spacing, it is possible to reduce the number of elements while maintaining accept-
able imaging.  The element positioning in a sparse array is essential for the best possible image. Determining 
the optimal con iguration is an iterative process, requiring irst the de inition of a cost function to be mini-
mized. One possible cost function is the highest sidelobe levels for the system Point Spread Function (PSF), 
de ined as combined (spatially multiplied) PSF for transmission and reception. In this project, the simulated 
annealing technique is used to minimizing the PSF sidelobe level without reducing the peak PSF level. The 
number of elements and their positions are two variables that can be adjusted to ind the optimum PSF. 
Moreover, for better evaluation the PSFs need to be evaluated at all points of the target. Figure 17 shows an 
example of sparse array and compares it with the original dense array in terms of image quality.

The optimal con iguration is shown in Figure 18 on the next page, which employs 9 transmitters and 42 re-
ceivers.  Note that the receivers are mostly aggregated into groups of 4.  We have designed RF circuit boards 
as part of the JAII transition task described in R3-A.3 which incorporate four receivers with the tightest pos-
sible spacing.  Using these custom boards allows for close packing of receivers. Four of these quad-receiver 
subarrays are indicated with blue ovals in Figure 18 on the next page, with another four symmetrically posi-
tioned on the right side of the array, and with 10 single receivers. Figure 19 on the next page shows the image 
of a simple torso pro ile.  Aside from diffuse clutter with intensity less than about -10 dB, the reconstruction 
is fairly accurate and comparable to the full array case of Figure 17(a).

  (a) 7 Tx / 150 Rx antenna     (b) 9 Tx / 50 Rx Antenna

Figure 17: Elliptical torus Blade Beam imaging of torso contour for: a) Dense array with 7 transmitters and b) Sparse 

non-uniformly spaced array with 1/3 the number of receivers and 9 transmitters.
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C. Major Contributions

A full analysis of the ideal multi-view, multistatic imaging architecture has been conducted.  It was deter-
mined that for a stationary AIT sensing system, even with intelligent sparse element array spacing, thou-
sands of receiving elements are always necessary. Even if the cost of radar modules and A/D converters falls 
by an order of magnitude, the overall cost of a full 360 deg. head-to-toe non-moving scanner would be more 
than $1 M. Measurement time is increased with sophisticated moving antenna arrays, but the hardware and 
computational costs are reduced considerably.
We generated simulated data and applied experimentally measured data for our moving re lector-based AIT 

Figure 18: Optimal feed array confi guration with 9 transmitters and 42 receivers, each pointing toward the refl ector.

Figure 19: Image of torus contour reconstructed from modeled data, using the reciprocity PO model, and optimal radar 

feed elements:  9Tx / 42 Rx.  Ground truth indicated with green curve.
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imaging system. A more ef icient way to build the scattering matrix for the re lector antenna system based on 
Lorentz Reciprocity was conceived and implemented. The radar antenna element placement in the feed array 
for the new system has been optimized to reduce hardware using a simulated annealing algorithm. 

D. Milestones

Now that the optimal sparse receiver / transmitter feed array has been computationally determined, we 
will begin to work with R3-A.3 to realize this con iguration in practice. While building the array falls within 
that project, modifying individual element positions to accommodate the inevitable physical spacing and 
support constraints, while preserving the idelity of the radiation pattern, falls on R3-A.2 (this project).  Once 
the hardware is in place, another research barrier to overcome is the simultaneous calibration of multiple 
receiver and transmitter modules.  With the original Blade Beam re lector system, described in R3-A.1, only 
a single transmitter and a single moving receiver were used.  A single calibration step was required to ix the 
phase offset between the two.  With the new torus re lector system, 9 transmitters and 42 receivers must be 
con igured with appropriate phase offsets for each Rx/Tx pair.  This will require the development of a fast, 
ef icient, and reliable algorithm.  Finally, once the system is fully con igured and calibrated, there will be 
constant cooperation with the measurement campaign in R3-A.3 to develop the fastest, clearest, and most 
accurate images of body surfaces under clothing.

E. Future Plans

1. Support project R3-A.3 to establish a fully operational, vertically translating wide ield of view AIT 
imaging and surface reconstruction system.

2. Incorporate dielectric material characterization into L3 ProVision platform as well as others.
3. Implement and optimize multistatic FFT-based imaging algorithm for sparse arrays.
4. Extend ray-based reconstruction for 3D multistatic radar geometries.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Student Internships, Jobs or Research Opportunities

Research Experience for Undergraduates (REU): 2014: Thurston Brevett. 
Undergraduate students currently participating in this project: Jenna Czech, Bruno Costa and Alastair Abra-
han.

B. Interactions and Outreach to K-12, Community College, Minority Serving Instituion Students or Faculty

NSF Young Scholars (high school students): Shiva Nathan and Lingrui Zhong.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

1. Improved imaging with reduced dihedral artifacts will result from using multiple transmitters and 
receivers, as implemented in the research.

2. The toroidal re lector setup, as implemented in this research reduces hardware complexity, relaxes 
computational burden, improves resolution, reduces artifacts, increases system gain, and reduces 
false alarms.

ALERT  
Phase 2 Year 2 Annual Report 

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-A.2

355



3. The fast antenna modeling, as demonstrated in this research, provides for ef icient sparse array po-
sition optimization to reduce scanner radar hardware costs.

B. Potential for Transition 

1. Dielectric “material-on-skin” characterization algorithm incorporated into existing mm-wave por-
tals (e.g. L3 ProVision) will provide greater characterization of concealed threats, reducing prob-
ability of false alarm.  This concept, which was described in the 2014 R3-A.2 and the 2015 R3-A.3 
project reports has been approved for DHS Task Order funding, with collaboration with L3 Commu-
nications, Inc.
Direct ray-based inversion provides instantaneous images of gross subject shape and orientation, 
and can be easily implemented on existing systems, including the wideband mm-wave L3 ProVision 
system. Using the already measured time of light (TOF) of wideband pulses from transmitter to 
scattering object point, and then back to collocated monostatic receiver, a circle of radius TOF/2c 
(with c being the speed of light), centered at the transceiver can be drawn.  With multiple monostatic 
transceivers, the circles associated with each transceiver at the specular points can be concatenated 
to reconstruct the object surface.  This is illustrated in Figure 20.  Given a 2D irregular but slow-
ly-varying contour shown in Figure 20a, along with a vertical array of transceivers, the objective is 
to reconstruct the contour given TOF from each transceiver.  The rays from the 28 uniformly-spaced 
transceivers that are each normal to the contour are shown in Figure 20b.  The length of each ray 
corresponds to the measured TOF.  

    (a)    (b)       (c)         (d)

Figure 20:  a) Object contour to be scanned and reconstructed by array; b) ray paths from each array element to the 

object contour, intersecting at specular points so that the refl ected rays return on the same path as the incident rays; c) 

circles for each element, drawn with radii equal to path lengths to the contour; and d) detail of contour reconstructed 

from closely sampled circles.
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To reconstruct the contour, a circle is drawn for each element with its radius being the distance from 
the element to the corresponding specular point on the contour, and with its center being the ele-
ment position.  This is shown in Figure 20c.  Since the rays in Figure 20b are circle radii and are each 
normal to the contour, the circles are each tangent to the contour.  The contour is superimposed on 
the circles on the left side of Figure 20c to show the excellent agreement of the resulting reconstruc-
tion.  The right side of the igure indicates that there are no signi icant gaps in the reconstruction.  
It is interesting to note that even though the rays may be widely spaced (as in the convex regions of 
Figure 20b), the reconstruction is smooth and accurate.  Figure 20d shows a detail of adjacent circles 
and the smoothness of the reconstruction.
The reconstruction procedure will be extended to 3D using spheres in place of circles, with smooth 
surfaces joined from the closely positioned spheres.  This algorithm is practically instantaneous, 
requiring no additional memory.

2. A surface pro ile algorithm improves depth identi ication processing to supplement projection 
views with color-coding. Transitioning this graphical paradigm to advanced AIT systems enhances 
visualization (see Fig. 21).

C. Transition Pathway

We are pursuing OEM companies to determine potential needs and ways our research can complement their 
systems.  We have succeeded in partnering with L3 Communications, Inc. and Rapiscan on joint proposals 
and a $1M task order is pending to translate the above research results into potential product enhancements 
for our commercial partners.

D. Customer Connections

• Simon Pongratz: L-3 Communications, Inc., Woburn, MA
• Daniel Strellis, Jay Patel: Rapiscan, Sunnyvale, CA.

Figure 21: Reconstructed cloth-covered torso surrogate with affi  xed metal and explosive simulant objects, and photo-

graph of true test objects.
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no.9, pp. 4453,4458, Sept. 2012.
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R3-A.3: Multi-Transmitter/Multi-Receiver Blade 

Beam Torus Refl ector for Effi  cient Advanced 

Imaging Technology (AIT)

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Carey Rappaport Co-PI NEU rappaport@neu.edu

Jose Martinez Co-PI NEU jmartine@ece.neu.edu

Borja Gonzalez-Valdes Post-Doc NEU bgonzale@ece.neu.edu

Masoud Rostami Post-Doc NEU mrostami@ece.neu.edu

Yuri Alvarez Visiting Faculty NEU yurilope@gmail.com

Richard Moore Consultant MGH Moore.Richard@mgh.harvard.edu

Dan Busuioc Consultant NEU db.ipaq@gmail.com

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Mohammad Nemati PhD NEU 5/2018

Bridget Yu PhD NEU 5/2018

Spiros Mantzavinos MS NEU 8/2015

Thurston Brevett BS NEU 5/2018

Michael Woulfe BS NEU 5/2018

Andrew Mello BS NEU 5/2017

Alastair Abrahan BS NEU 5/2019

Zamir Johl BS NEU 5/2018

Alexander Agudelo BS NEU 5/2018

Kurt Jaisle REU NEU 5/2019

Jacob Messner REU NEU 5/2019

Lingrui Zhong. NSF Young Scholar Lexington HS 6/2016

Shiva Nathan NSF Young Scholar Westford Academy HS 6/2016

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

We are developing a custom-designed elliptical toroid re lector which allows multiple overlapping beams 
for focused wide-angle illumination to speed data acquisition and accurately image strongly inclined body 
surfaces.  Building on the concepts and analysis of project R3-A.1, we are extending the Blade Beam Re lector 
from a single illuminating antenna into a multi-beam Toroidal Re lector, with multiple feeds. Each feed gen-
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erates a different incident beam with different viewing angles, while still maintaining the blade beam con ig-
uration of narrow slit illumination in the vertical direction.  Having multiple transmitters provides horizontal 
resolution and imaging of full 120 deg. of body.  Furthermore, the re lector can simultaneously be used for 
receiving the scattered ield, with high gain, overlapping, high vertical resolution beams for each transmitting 
or receiving array element. The multistatic transmitting and receiving array con iguration sensing avoids 
dihedral artifacts from body crevices and reduces non-specular drop-outs.

B. State-of-the-Art and Technical Approach

Concealed threat whole-body scanning systems are becoming increasingly prevalent at airports, secure build-
ing entrances, and meeting venues.  The preferred scanning modality which effectively penetrates clothing 
but does not produce ionizing radiation is millimeter-wave radar. Portals employ translating transmitters 
and receivers which illuminate and observe scattered waves from multiple positions to image body surface 
and any unusual attached objects. Currently employed systems in airports are multi-monostatic, with multi-
ple mm-wave radar transceivers, each using the same antenna for transmission and reception [1, 2]. Well-es-
tablished Fourier optics theory is used to quickly and effectively process the observed ield data and recon-
struct body surface pro iles. Monostatic imaging is physically limited in imaging, with dihedral artifacts from 
oppositely-inclined body surfaces, such as the between the legs, between an arm and torso, or between folds 
of skin which cannot be removed by processing.
Alternatively, multistatic radar sensing avoids the dihedral artifacts because scattered rays are received from 
many directions simultaneously, rather than only from the spectral direction de ined by the surface nor-
mal. Multistatic radar is more complicated than monostatic because the receiver electronics is physically 
displaced from the transmitter, although no transceiver circulators are needed [3-5].  In addition, balancing 
the compromise between coverage aperture and great numbers of radar antenna elements is challenging.  
It is important to provide both suf icient element density and array size to yield a high resolution point 
spread function (PSF), but avoid the inancial and computational expenses of dense arrays. One cost-savings 
approach to a large 2-dimensional array is a re lector that produces a small focal PSF spot at the target po-
sition [6].  This prolate spheroidal re lector must be mechanically rotated in two directions to scan across 
the entire target. If instead the re lector is doubly curved: elliptical in the vertical direction but parabolic in 
the horizontal direction, it will produce a horizontal focal line on the target [7].  The re lector would only 
be translated vertically to scan a 2D target, and all processing would be performed on separate 2D slices of 
data, and stacked to form the reconstructed target surface [8-10]. Re lectors are wideband, inexpensive and 
lightweight, but to illuminate different regions around the target, multiple re lectors must be used, which 
presents a problem of careful spacing to avoid overlapping.

C. Major Contributions

A solution to the multiple re lector problem is to smoothly blend several adjacent re lectors into an elliptical 
toroidal re lecting surface. This surface is generated by rotating a vertical ellipse about a vertical axis. For 
limited illumination, the circular variation in the horizontal direction approximates parabolic curvature.  The 
feed positions pass through the primary ellipse focus on an arc, also centered on the re lector axis of rotation. 
The radius of this arc is about half of the re lector radius, but must be numerically optimized for the offset 
geometry. Multiple feeds on the feed arc can generate non-interacting overlapping illumination patterns on 
the re lector which in turn generate separate transmit beams.  In addition, the same re lector can be used for 
received signals with receiving elements placed along the feed arc in-between transmitting elements. The 
re lector is a suf iciently offset ellipse section, to prevent any feed blockage of the aperture.
The equation for an ellipse with major axis (2a) tilted at an angle α relative to the horizontal (y-axis) with a 
ixed target focal point at (y, z) = (rs , 0) and with minor axis 2b is:

Az2 + By2 + Czy +Dz + Ey + F = 0
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where:

An example of this offset ellipse with primary feed focus at (-55, -17.78), a secondary target focus at (rs , 0),  rs 
= -15, α = 0.418 rad, a = 72.8, b = 71.97, and c = 10.94  is shown in Figure 1. The selected section of the ellipse 
provides ±0.40 rad of view angle at the target focal point. Note that no re lected rays are blocked by the feed.

The ellipse is rotated about the vertical z-axis from –/3 to /3, which can be stated mathematically by mere-
ly replacing -y with the cylindrical radius ρ, as displayed in Figure 2 on the next page.  Figure 3 on the next 
page shows a top view, indicating the focal arc and simpli ied target contour with incident ield intensity due 
to illumination from an open ended waveguide feed at 60 GHz.
The re lector surface illumination and projected elliptical cylinder target PSF, computed using Physical Optics 
are shown in Figure 4 on the following page.  Note that for all feed cases: 0, 15, 30, and 45 deg., the target PSF 
is a short, wide slit, which both concentrates the power on the particular region of interest, and allows for 2D 
reconstuction of one short slit at a time. Although the target has varying depth and width, the PSF is uniform 
and consistent for all angles.  The received signal scattered from the target back to the re lector and then to 
receiving elements on the focal arc behaves analogously to the transmitted signal.

Figure 1: Ellipse section with major axis tilted by α, with foci and top and botttom ray paths. Units in cm.
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Figure 2: View of off set elliptical torus blade beam refl ector surface with focal points and axis of rotation.

Figure 3: Top view of illuminated refl ector, showing feed arc, torso target shape, and secondary focal line for central 

beam.
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Figure 5 on the next page shows  the re lector as built with a waveguide feed on the primary focal point arc, 
facing the re lector, and the vertically-translating target platform at the second (image) focal point.  The re-
ceiver waveguide is also on the focal arc, but in this instance is pointing towards the target region. Normally 
the receiver would also point towrd the re lector.  The re lector was fabricated using a computer numerically 
controlled  mill, in four identical sections, each encompassing 30 deg. of circular arc.  The sections are care-
fully aligned and bolted together , with seam error (as well as overall surface roughness) less than 0.2 mm.  
The entire re lector weighs roughly 35 kg.  Additional re lector surfaces with 0.2 surface accuracy can now 
be cast from this aluminum form. Resin layups can be formed to be both thin and strong, and would wiegh 
a fraction of the aluminum re lector.  Thus the eventual implementation would be lightweight and easy to 
mount and move.
One important aspect of this re lector con iguration is the alignment of the feeds.  Although high quality re-
lected beams are formed when the re lector is illuminated by feeds positioned at any point along the focal 

arc, the accuracy of the feed position is critical.  The feed must be positioned at the correct height (exactly on 
the plane of the bottom of the re lector, at the precise distance from the re lector, and be pointing perpendicu-
larly to the re lector). This alignment need only be done once, but must be accurate to 1/20th of a wavelength, 
or 0.25mm.  We do this alignment electronically, scanning a receiver across the target region to map the re-
lected beam intensity, and adjusting the feed position to optimize.

Figure 4: Refl ector illumination (right) and torso target PSF (left) for 0, 15, 30, and 45 deg. beams.
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The re lector has undergone preliminary testing for imaging simple scattering objects.  Figure 6 on the next 
page shows the con iguration and imaging results for a small metal box target, with face parallel to the loor 
and rotated roughly 25 deg. relative to the re lector axis of symmetry.  The transmitter position is indicat-
ed by the red dot on the line of symmetry, and the receiver in this case points towards the re lector and is 
scanned along the blue 50 deg. circular arc. This simple case is actually quite important, because the front 
surface rotation exceeds the (22.5) imaging capability of the previous Blade Beam re lector con iguration 
(reported in R3-A.1).  The reconstructed image of the box face is well-formed with at least 12 dB of signal 
above any noise or clutter, with the bright band being at the correct position and orientation, and having the 
correct width.  A blown-up detail of the reconstuction based on measured data (see Fig. 6c) compares well 
with the entirely numerical model-based reconstruction (see Fig. 6b).
The most expensive components of the near ield imaging radar system are the transmitter and receiver mod-
ules.  Recent advances in RF electronics integration has led to a signi icant price reduction in these compo-
nents.  We have designed new RF circuit boards to take advantage of this new hardware. The new modules 
are 2 orders of magnitude less expensive. This will allow for receiving arrays with a multitude of inexpensive 
elements, rather than a rotating single element. With electronic switching rather than mechanical movement, 
the signal acquisition time will be 1000 times faster, and the system will then be able to scan an entire body at 
200 different heights at high speed in practical scanning times.  Figure 7 on the following page shows a spec-
i ication drawing of a receiver module circuit board with four receiver chips, each with an integrated broad 
beam antenna. With the quad-receiver con iguration, the receiving antennas can be positioned as closely as 
possible to each other for the best spatial sampling to it the most elements into the receiving array.

Figure 5: Aluminum elliptical torus refl ector, fabricated with a CNC mill in four sections, with transmit element feed and 

receiver mounted on a rotation arm.
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a)

b) c)

Figure 6: a) Measured imaging results for the elliptical torus refl ector:  12 cm side metal box target, tilted at 25 deg. 

relative to axis of symmetry.  Transmitter at nominal position on symmetry axis (red dot), receiver facing refl ector on 

arm rotating 10 – 60 deg. along blue arc. Imaging detail showing results based on b) modeled, and c) measured data.
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D. Milestones

Although the RF electronics hardware has been tested for individual operation, it must be incorporated into 
the torus re lector geometry.  Getting the electronics to work as part of the overall system is critical and of 
highest priority.  
Following the full RF electronic circuit con iguration, there will be numerous tests of 2D imaging to deter-
mine capabilities and limitations of the full radar system.  This will naturally extend to multiple height 2D 
imaging and stacking for 3D imaging.
We will apply improved computational models and algorithms on the data generated with the working sys-
tem to accelerate the imaging process, and determine practical bottlenecks which slow the process. This 
information will provide feedback for spiral development and improvement of reconstruction algorithms to 
be addressed by R3-A.2.

Figure 7: Novel receiver module circuit board with four independent receivers, each with integrated antenna (at bot-

tom).
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E. Future Plans

Going forward, we will use the results of computational studies conducted in R3-A.2 to build an optimal 
sparse, ixed receiver feed array with interspersed transmitters along the focal arc.  This will avoid the use 
of a rotating receiver arm and speed the measurement process.   One important aspect of this major re-con-
iguration is the coupling between adjacent elements.  Initial computational studies have indicated that the 

coupling is low, but steps may have to be taken to further isolate elements with absorbing material.
There will be several months needed to tune the elements in the feeding array for best position and perfor-
mance, as well as to enable the various elements to ire and record at the intended times.
The measurement campaign that follows this re-con iguration will be as extensive as the irst two years of 
project R3-A.1, with many cases to consider: lat tilted targets, horizontally varying targets, metal and di-
electric targets on metallic backgrounds, curved targets, targets with rapid surface variation, 3D targets, and 
inally human targets.  We have obtained IRB approval for human subjects, but we will not use humans until 

the radar acquisition time is fast enough to avoid motion artifacts.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Student Internships, Jobs or Research Opportunities

Research Experience for Undergraduates (REU) students: 2014: Abeco Jean Claude Rwakabuba (minority 
student) from Middlesex Community College; Thurston Brevett (minority student) Northeastern University; 
2015: Kurt Jaisle, Jacob Messner, Northeastern University 
Undergraduate students currently participating in this project: Michael Woulfe, Andrew Mello, Zamir Johl, 
and Sara Davila.

B. Interactions and Outreach to K-12, Community College, Minority Serving Instituion Students or Faculty

NSF Young Scholars (high school students): Shiva Nathan and Lingrui Zhong.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

1. The custom developed AIT hardware developed in the R3-A3 project provides faster, more accurate 
imaging, increasing resolution, improving detection and reducing false alarms. The concept and im-
plementation of stacking 2D imaging (stacked image slices) reduces hardware requirement by a 
factor of 100 (for 1 cm resolution), computation by a factor of 10,000, and providing near real time 
processing. 

2. Commercial Off-The-Shelf (COTS) communication modules repurposed used in the R3-A3 project, 
as AIT screening radar saves money (radar module cost savings from $12,000 to $150), allows for 
general security use and makes the R3-A3 project results more likely to transition to our commer-
cialization partners.

3. The multistatic radar con iguration practiced in R3-A3 project extends imaging performance by giv-
ing multiple views of each body surface pixel and helps eliminate dihedral artifacts.
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B. Potential for Transition 

We have established a collaborative relationship with Rapiscan Laboratories, Inc. using funding from the 
John Adams Innovation Institute to work with the radar system developed in R3-A.3 to test the feasibility of 
the On-The-Move sensing system discussed in R3-B.1. As a irst step for full 360 deg. whole body imaging with 
a ixed set of multistatic 60 GHz arrays, we are considering a 2D cross section geometry.  Unlike the Blade 
Beam re lector system which produces 2D illumination of a 3D object, this transition project is considering 
only a 2D human body cross section, contained within a pair of parallel plates. The received signals will be 
reconstructed to form a slice image of the object placed between the transmitters and receivers. This work 
forms a 2D experimental proof-of-concept study which will be expanded following the project’s conclusion 
into fully 3D image reconstruction for full size personnel screening.
The project began on January 1, 2015, with effort focused on designing the sensor, simulating the RF mm-
wave re lections for various geometries of the transmitters (Tx) and receivers (Rx) and determining the lay-
out of the transmitters and receivers for the sensor, as shown in Figure 8. From this layout, we developed a 
block diagram of the hardware components that will comprise the sensor, ordered parts, fabricated 12 trans-
mitter boards and 12 quad-receiver boards, fabricated the parallel plate guide with slots and slides for the 
boards, and began testing components. Once the hardware is debugged and the radar signals are generated 
and recorded as intended, we will conduct imaging experiments using algorithms developed as part of R3-A.2 
to quickly reconstruct 2D target objects.
The same hardware will be applicable to the elliptical torus Blade Beam, so there is an effective dual-use 
strategy for this experiment.

C. Data and/or IP Acquisition Strategy

Disclosures of the patentable innovation have been submitted. Some of the innovation is being treated as a 
“trade secret.”

D. Transition Pathway
The collaboration with Rapiscan is ongoing and strong. As potential end-users of the R3-A.3 technology and 
partners in the development of these concepts, they are already in the process of transitioning for an end 
user. The next steps for Rapiscan are to decide on a commercialization strategy for further concept develop-
ment and eventual implementation as a product.

Figure 8: Parallel plate 2D cross section imaging system developed in conjuction with Rapiscan, showing transmitter 

circuit boards (in green), and quad-receiver boards, shown in Fig. 7 (in red). Radar chips with integrated antennas are 

positioned so that they radiated into the 3mm space between the plates.  Waves are guided with electric fi eld per-

pendicular to the plate surfaces, and scatter from fl at 3mm thick metallic and dielectric objects positioned within the 

plates.
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E. Customer Connections

Rapiscan Laboratories Inc., Burlington, MA.: Shiva Kumar, Ed Morton, Dan Strellis

V. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

Pending -
1. Borja Gonzalez-Valdes, Yuri Álvarez, Spiros Mantzavinos, José Ángel Martínez-Lorenzo, Fernando 

Las-Heras, Carey M. Rappaport, “Imaging Effectiveness of Various Multistatic Radar Con igurations 
for Human Body Imaging,” in review for publication in IEEE Transactions on Antennas and Propaga-
tion, 7 pages.

B. Peer Reviewed Conference Proceedings

1. Carey Rappaport, Borja González-Valdés, and José Ángel Martínez-Lorenzo, “Advanced Portal-Based 
Multistatic Millimeter-Wave Radar Imaging for Person Security Screening,” IEEE Carnahan Confer-
ence on Security Technology, Rome Italy, October, 2014, 3 pages.

2. Rappaport, C. and González-Valdés, B., “Multistatic Near ield Imaging Radar for Portal Security Sys-
tems Using a High Gain Toroidal Re lector Antenna,” EuCAP 2015, Lisbon, Portugal, April, 2015, 2 
pages.

3. Gonzalez-Valdes, B., Álvarez, Y., Gutierrez-Meana, J., Rappaport, C., Las-Heras, F., Garcia-Pino, A., and 
Martínez-Lorenzo, J. A., “On-the-Move Millimeter Wave Imaging System Using Multiple Transmitters 
and Receivers,” EuCAP 2015, Lisbon, Portugal, April, 2015, 2 pages.

C. Other Presentations

1. Seminars
a. Carey Rappaport, “Whole Body Imaging with Multistatic Millimeter-Wave Radar for Security 

Screening”, February 25, 2015, International Village Seminar Series.
b. Carey Rappaport, “Advanced Airport Security Scanners: How They Work, But Why Superman 

Wouldn’t Be Satis ied with What They Reveal”, March 23, 2015, Northeastern University Schol-
ars Program, Master Class.

2. Poster Sessions
a. Thurston Brevett, Michael Woulfe, Alastair Abrahan, Scott Pitas, Borja Gonzalez-Valdes, Jose A. 

Martinez-Lorenzo, and Carey Rappaport, “Distinguishing Dielectric from Metal Anomalies Us-
ing Near Field Millimeter Wave Whole Body Radar,“ Northeastern University Scholars Program, 
March 4, 2015.

b. Thurston Brevett, Michael Woulfe, Scott Pitas, Borja Gonzalez-Valdes, Jose A. Martinez-Lorenzo, 
and Carey Rappaport , “Millimeter Wave Whole Body Scanning Radar,” DHS Program Review, 
March 10, 2015.

c. Mohammad H. Nemati, Borja Gonzalez-Valdes, Thurston Brevett, Mike Woulfe,  Alastair Abrahan, 
Jose A. Martinez-Lorenzo and Carey M. Rappaport, “Multistatic Near ield Imaging Radar system 
using High Gain Re lector Antenna,” DHS Program Review, March 10, 2015.
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3. Brie ings
a. Carey Rappaport, “Advanced Portal-Based Multistatic Millimeter-Wave Radar Person Security 

Screening,” 3/3/15, Northeastern University Gov’t Outreach.
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R3-B.1:  Hardware design for “Stand-off ” &

“On-the-Move” Detection of Security Threats

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Jose Martinez Co-PI NEU jmartine@ece.neu.edu

Carey Rappaport Co-PI NEU rappaport@neu.edu

Borja Gonzalez-Valdes Post-Doc NEU bgonzale@ece.neu.edu

Juan Heredia Juesas Post-Doc NEU j.herediajuesas@neu.edu

Yuri Alvarez Visiting Faculty NEU yurilope@gmail.com

Richard Moore Consultant MGH Moore.Richard@mgh.harvard.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Siddharth Velu B.S. NEU 5/2016

Nigil Lee B.S. NEU 5/2017

Thurston Brevett B.S. NEU 5/2018

Mohit Bhardwaj B.S. NEU 5/2016

Shaan Patel B.S. NEU 5/2017

Chenyang Liu B.S. NEU 5/2019

Luigi Annese B.S. NEU 5/2019

Gregory Allan B.S. NEU 5/2016

Matthew Nickerson B.S. NEU 5/2016

Galia Ghazi PhD NEU 12/2014

Luis Tirado PhD NEU 12/2014

Imani George High School Thayer Academy 2015

Jenny Dinh High School Lowell High School 2015

Anthony Bisulco BS NEU 5/2019

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

As the problem of identifying suicide bombers wearing explosives concealed under clothing becomes in-
creasingly important, it becomes essential to detect suspicious individuals at a distance. Systems which em-
ploy multiple sensors to determine the presence of explosives on people are being developed. Their functions 
include observing and following individuals with intelligent video, identifying explosive residues or heat sig-
natures on the outer surface of their clothing, and characterizing explosives using penetrating X-rays [1] [2], 
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terahertz waves [3, 4, 5], neutron analysis [6, 7] or nuclear quadrupole resonance (NQR) [8, 9]. At present, 
radar is the only modality that can both penetrate and sense beneath clothing at a distance of 2 to 50 meters 
without causing physical harm. 
The objective of this project is the hardware development and evaluation of an inexpensive, high-resolution 
radar that can distinguish security threats hidden on individuals at mid-ranges (2-10 meters) using an “on-
the-move” con iguration and at standoff-ranges (10-40 meters) using a “van-based” con iguration (see Fig. 
1).

B. State-of-the-Art and Technical Approach

As recently pointed by the International Air Transport Association (IATA), being able to detect security 
threats without interrupting the motion of the person under test will be one of the most valuable features of 
the next generation personnel screening systems [10] (page 14). Current state-of-the-art mm-wave imaging 

(a)

(b)
Figure 1: General sketch of the inexpensive, high-resolution radar system used for detecting security threats (a) at 

mid-ranges using an “on-the-move” confi guration, and (b) at standoff -ranges using a “van-based” confi guration.

ALERT 
Phase 2 Year 2 Annual Report 

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-B.1

376



systems for security screening require people to stop and stand in front of the scanning system. Mm-wave 
generation and acquisition is achieved with a static array of Tx/Rx [11], [12], or movable arrays that create 
planar [13], [14], or cylindrical [15]–[17] acquisition domains. Most of them are based on monostatic radar 
and Fourier inversion [11]–[15]. Monostatic imaging system limitations are mainly related with the appear-
ance of reconstruction dihedral artifacts as described in [17]–[19]. 
The outcome of this project would be the irst inexpensive, high-resolution radar system with special appli-
cation to detecting and identifying potential suicide bombers. Its uniqueness is based on its ability to deploy 
multistatic con igurations [20]-[23], in which the information from multiple receivers and transmitters are 
coherently combined by using a common local oscillator.  This project has the potential to be the irst radar 
system that is capable of functioning at multiple ranges for both indoor and outdoor scenarios. 
Table 1 shows a technology development road map, needed to go from a 3D mechanical scanning imaging 
system (Generation 1 [10]) to a 3D fully electronic scanning imaging system (Generation 3 [11,12]). An inter-
mediate imaging system (Generation 2) -- capable of imaging small targets in a fully electronic fashion and 
large targets in a hybrid electrical/mechanical fashion--  will be used to create a smooth transition between 
Generation 1 and Generation 3 imaging systems.

During the last year, the following activities were developed for this project: 1) Hardware design and inte-
gration of a multistatic imaging system (Tasks- 1.4 and 2.4); 2) Development of control irmware and soft-

Table 1: Roadmap towards a fully electronic radar imaging system: from Generation 1 [24] to Generation 3 [25, 26].
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ware for the multistatic imaging system (Task- 1.5 and 2.5); 3) Calibration algorithm for coherent image for-
mation in multistatic imaging system (Task-1.3); and 4) Experimental imaging results using the multistatic 
millimeter wave radar system (Task- 1.6); 5) Study of a new “on-the-move” system con iguration (Task-2.1). 
This project is intimately related to the ALERT project R3-B.2: Advanced Imaging and Detection of Security 
Threats using Compressive Sensing; in which the imaging algorithms for this hardware system have been de-
veloped. Additionally, many of the technology and techniques developed for this project are commonly used 
in near- ield applications by other ALERT projects, including R3-A.1 and R3-A.2.

C. Major Contributions

A summary of the Year 2 major contributions can be found in Table 2.

• C.1- Hardware design and integration of a multiple-bistatic imaging system (Tasks 1.4 and 2.4)- This year, the 

main outcomes of these two tasks have been the following:

• Outcome 1.1 –Finish the design and integration of the Gen-1 mm-wave imaging system. 

• Outcome 1.2 – Preliminary design and integration of the Gen-2 mm-wave imaging system using 

one transmitting and one receiving switch and a micro-controller.

 
• C.2- Development the control fi rmware and software for the multi-bistatic imaging system (Tasks 1.5 and 2.5)- 

This year, the main outcomes of this task have been the following:

• Outcome 2.1 – LabVIEW, C and microcontroller fi rmware and software to operate the commutation 

amongst diff erent receivers of the Gen-1 system. 

• Outcome 2.2 – Preliminary LabVIEW, C and FPGA-based fi rmware and software to operate the com-

mutation amongst diff erent transmitted and switched receivers of the Gen-2 system. 

 
• C.3- Calibration algorithm for coherent image formation in multiple-bistatic imaging system (Task 1.3)-This 

year, the main outcomes of the Task 1.3 have been the following:

• Outcome 3.1 – “Sphere-based” 2D calibration algorithm using two receivers in the Gen-1 system. 

• Outcome 3.2 - “Pole-based” 2D calibration algorithm using two receivers in the Gen-1 system.

 
• C.4- Experimental imaging results using the multistatic millimeter wave radar system (Task-1.6)-This year, the 

main outcomes of this Task 1.6 have been the following:

• Outcome 4.1 – 3D images at 1-2 m range using a modular mm-wave radar system working with 

multiple receivers, single moving transmitter and switching devices Gen-1 system. 

• C.5- Study of a new “On-the-move” system confi guration (Task-2.1)-This year, the main outcomes of these Tasks 

2.1 and 3.1 have been the following:

• Outcome 5.1 – Study of a new “On-the-move” hardware confi guration for real-time imaging. 

Table 2: Summary of this year’s major contributions.
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D. Milestones

D.1. Hardware design and integration of a multiple-bistatic imaging system (Tasks 1.4 and 2.4) 

In collaboration with our transition partner, HXI Inc., we have designed, integrated and tested a millimeter 
wave radar system for detecting security threats at mid-ranges. In particular, our current hardware systems 
(Gen-1 to 3) make use the following elements: a) ive HXI # 8302 Transmitter (Tx) Modules (Generation 2); 
b) ive HXI # 8301 Receiver (Rx) Modules (Generation 1 and 2); c) one HXI # 8303 Local Oscillator Module 
(LOM) (Gen-1 and 2); d) ten HXI # HSWM41203 SP4T 4-way Antenna Switches (Generation 2).  The LOM has 
eight sync outputs, and it permits the use of eight Tx and Rx working in a fully-coherent multistatic mode of 
operation.  Additional transmitting and/or receiving modules can be added by the inclusion of extra ampli i-
ers and power dividers at the LOM outputs.  

The Gen-1 imaging system, which has been inished this year, is shown in Figure 2 on the next page. It is com-
posed of four receivers, which are represented by white squares in Figure 2a. The picture of the real system, 
Figure 2b, also highlights the position of the four receivers; and Figure 2c shows a zoomed image of the mil-
limeter-wave receiver. The transmitter is mechanically scanned in a two dimensional aperture, highlighted 
in red in Figure 2a, by using two linear actuators. These actuators are the two black rails that are shown in 
Figure 2b in a cross con iguration. Figure 2d shows a zoomed version of the transmitter.  Figure 2e shows a 
basic schematic of the control system used to provide coherent phase reference for all the receivers and the 
transmitter.
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Figure 2: Generation 1 millimeter-wave radar architecture assembled by the company HXI (only one Tx and one Rx 

Module shown).
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The on-going Gen-2 imaging system builds upon the functionality developed for the Gen-1 system in order 
to increase the number of coherent channels, so that fully electronic imaging can be done for small targets. 
The 4 coherent channels of the Gen-1 system are increased to 400 in the Gen-2 system by enhancing the 
hardware with the following elements: 1) the number of transmitters is increased from one to ive; 2) the 
number of receivers is increased from four to ive; and 3) a single-pole four-throw (SP4T) switch is added to 
each transmitter and receiving module. This con iguration leads to a 400 coherent channels system, which 
results from multiplying the 20 transmitting ports (5 transmitters x 4 ports/transmitter) by the 20 receiving 
ports (5 receivers x 4 ports/transmitter).  Figure 3 shows a simpli ied schematic of the architecture of the 
Gen-2 radar imaging system, where only two receiving modules and one transmitting module are shown for 
the sake of simplicity.

The designed on-going Gen-2 system supports two modes of operation: 1) Mode-E, fully electronic static 
imaging of targets located in small reconstruction regions of about 0.2 meters by 0.2 meters by 0.2 meters; 
and 2) Mode-EM, hybrid , electronic and mechanical, dynamic SAR imaging of targets located in large image 
regions of over 1 meter by 2 meters by 1 meter.  The Gen-3 system will leverage the Gen-2 architecture to be 
able to perform 2D imaging of large reconstruction domains. This can be done by exploiting one or several 
of the following strategies: a) Using a Coded Compressive Re lector Antenna [25, 26], in order to enhance the 
dispersion of the singular values of the sensing matrix; b) Using a higher number of low-cost transmitters 
and receivers, in order to increase the number of non-zero singular values of the sensing matrix; and c) Using 
image compression techniques, like wavelets, curvelets or cosine-based basis, in order to ‘sparsify’ the repre-
sentation of the object under test.  

Figure 3: Basic architecture of the Generation 2 radar imaging systems.
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Figure 4a shows a 3D model of the Gen-2 millimeter-wave radar system, which is currently under construc-
tion.  This imaging system is composed of ive transmitters and ive receivers, each af ixed with a 4-port 
switch. Four of the transmitters and receivers are ixed in place at the corners of the frame, while the trans-
mitter and receiver in the middle of the frame can be either static (Mode-E) or smoothly and precisely moved 
together (Mode-EM). This movement is controlled by two linear actuators, allowing the transmitter and re-
ceiver to move up to 63 cm vertically and 84 cm horizontally. Moving the center transmitter and receiver pair 
during experiments can synthetically simulate many radar modules in a 2D plane. The ixed transmitters 
and receivers in the corners of the frame can optionally be moved and re- ixed in two dimensions, allowing 
changes to be made between experiments.

Figure 4b shows an angled view of the 3D model of the Gen2 millimeter-wave radar system. This view clear-
ly shows the depth of the Gen-2 system that allows the center transmitter and receiver to move. Figure 4c 
shows a zoomed image of the millimeter wave transmitter with a 4-port switch attached. This transmitter 

Figure 4: (a) and (b): 3D model of the Gen-2 millimeter-wave radar system with Tx Modules shown in red and Rx Mod-

ules shown in brown. (c) and (d): Zoomed views of the Tx and Rx Modules with 4-port switches.
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is in the “right-side-up” orientation, and is mounted on the Gen2 frame as such. Figure 4d shows a zoomed 
image of the millimeter wave receiver with a 4-port switch attached. When mounted on the Gen2 frame, the 
receiver module is rotated 180 degrees (as shown in Figs. 4a and 4b) to allow for proper location of the an-
tennas in the imaging system.

D.2.        Development the control irmware and software for the multi-bistatic imaging system (Tasks 1.5 and 2.5) 

The control system associated with multi-channel multistatic systems is extremely complex, and it requires 
a careful design, implementation and validation.
This year, we have inished the control irmware and software of the Gen-1 imaging system, which allowed 
collecting data from multiple receivers. The Gen-1 switching system is currently based on an Arduino Mega 
2560 microcontroller, a LabVIEW Virtual Instrument (VI), and various routing cables. As an intermediate 
step towards developing the Gen-2 imaging system, two TI CD74HC4067 multiplexers have been added to 
the control irmware and software of the Gen-1 system. As a result, two SP4T switches (one connected to 
a transmitting module and the other to a receiving module) can be used. These multiplexers are used with 
voltage dividers to create four distinct voltage values indicating the current active port for each one of the 
two SP4T switches. This Arduino-based system is limited to controlling two HSWM41203-262 WR12 SP4T 
switches at a time, otherwise delays due to the single-core processor in the Arduino microcontroller would 
become pronounced and degrade switch transition times. 
In the Gen-2 imaging system, an FPGA-based switching system based on an Altera Cyclone V DE1-SoC board 
has been designed to eliminate the limitation associated with the maximum number of switches. This FP-
GA-based design is able to drive 10 SP4T switches in parallel; 5 of the switches will be working in transmis-
sion mode and the remaining 5 switches will be working in reception mode. An image of the FPGA board that 
is being used in the on-going Gen-2 imaging system is shown in Figure 5a on the next page. 
The DE1-SoC board has two GPIO outputs, each of which provides 36 outputs. Each SP4T switch is controlled 
via ive LVTTL (3.3V) compatible signals. When all ten SP4T switches are connected to the FPGA, 50 out of the 
72 available FPGA outputs are used to control the 10 SP4T microwave switching system. 
This year, we have started to develop a modular FPGA VHDL code that controls the 10 SP4T switches. This 
code has been successfully tested in a virtual FPGA environment. This code is composed of three separate 
modules: a) a master module; b) a slave receiving module; and c) a slave transmitting module. The master 
module drives to the slave modules; and it acts as a inite state machine. Indeed, the master module controls 
the timing of events, thus indicating which particular ports of transmitting or/and receiving switches are ac-
tive at a given instant. The VHDL code has been written to be easily expandable to any number of connected 
transmitting and receiving modules. Currently, the code has been set to perform a switching pattern using 5 
transmitting modules and 5 receiving modules.
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Figure 5b shows a VHDL simulation of the switching system, in which each transmitting switch has an enable 
line to determine if it is actively illuminating the target at a precise point in time. Each port on the active 
transmitting module is sequenced individually to transmit the FMCW chirp signal, while all of the ports on 
the receiver modules are also sequenced individually to receive the scattered ield.
As brie ly indicated before, the VHDL is capable of operating in two modes: 1) Mode-E, fully electronic scan-
ning; and 2) Mode-EM, hybrid electronic/mechanical scanning.  For the Mode-EM, the moving Tx module 
is active and switched between its four ports, while the remaining Rx modules are switched between their 
corresponding four ports of the SP4T switch. In the Mode-E, there are no moving Rx or Tx modules; and the 
switching method is the same, except that after the irst Tx module switches throughout its four ports, the 

Figure 5: (a) Altera Cyclone V DE1-SoC FGPA development board with a 40-pin GPIO ribbon cable attached; (b) VHDL 

simulation of FPGA-based switching system with fi ve Tx modules and fi ve Rx modules. 

(a)

(b)
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second Tx module is enabled, and so forth, until the inal Tx module inishes switching throughout all the 
ports. It is important to mention that in the implemented cycle, only one port of the transmitting ports con-
nected to the multiple transmitters is active at a time.
This year, we have also developed the LabVIEW control VI for the FPGA system, which is shown in Figure 6. 
The updated LabVIEW VI contains an array ield that stores the positions of the SP4T switches relative to a 
ixed set of gantry center coordinates in the two cross-range and range directions. Currently, the VI and the 

VHDL code are set to use ive switched transmitting modules and ive switched receiving modules. None-
theless, this con iguration is modular; and it can be easily adapted to be used with a different number of 
switched transmitting and receiving modules. The LabVIEW VI also has ields to write the experiment name, 
data acquisition parameters, and for the case of the moving Rx and Tx module, the distance moved by the 
linear actuator carrying the modules. The VI controls the linear actuators that move the Tx and Rx modules 
to create a synthetic aperture, enabling 2D or 3D imaging via SAR methods. 
This year, we have also expanded the Analog to Digital Converter (ADC) capabilities of the system; so that the 
8 ADC channels of the Gen-1 system are expanded to 16 ADC channels in the Gen-2 system. This is done by 
connecting two GaGe Octopus 8284 PCI-E Digitizer cards in Master/Slave con iguration. The implement-
ed Labview VI controls the acquisition of the 16 ADC.  Each Rx module has two output channels consisting of 
an In-Phase signal and a Quadrature signal, so 10 out of 16 available ADC channels are by the ive switched 
receiving modules, leaving room for future expansion if needed.

D.3. Calibration algorithm for coherent image formation in multiple-bistatic imaging system (Task 1.3)

In order to coherently combine the information from multiple transmitters and receivers, several radar cali-
bration algorithms must be implemented. The aim of the calibration procedure is to correct for the different 
sources of variability existing in the radar system, which may ultimately lead to poor imaging. The most im-
portant sources of variability in the multistatic radar system: 1) The lack of accuracy on the position of the 

Figure 6: LabVIEW VI front panel to control and defi ne parameters in the FPGA-based switching system.
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transmitting and receiving ports, as well as the calibration target; 2) The unknown transfer function of the 
transmitting, receiving and switching modules; 3) The thermal-drift effect on the amplitude and phase of the 
transfer function of each transmitting and receiving module. 
This year, we have worked on two different calibration algorithms that address the irst of the aforementioned 
variability sources. The irst “Sphere-based” calibration algorithm builds upon the 2D algorithm developed 
last year [27], which used synthetic data to demonstrate the feasibility of using two metallic spheres to cor-
rect for the unknown relative position of the transmitting and receiving modules.  This year we validated 
the algorithm with experimental data.  The second “Pole-based” calibration algorithm is slightly faster than 
the “Sphere-based” algorithm, which is suitable for quickly calibrating a deployed system, but its accuracy is 
reduced when compared to the “Pole-based” algorithm.

D.3.a. Calibration algorithm #1: “Sphere-based” calibration

In the irst algorithm, we use two spheres as the calibration target (as shown in Figure 7 on the next page). This 
algorithm determines the correction needed for the position of each receiver, so that a coherent image can 
be created.  The algorithm extracts the phase of the complex image generated by each receiver, using Inverse 
Fast Multiple Method (IFMM) [28], in order to ind the discrepancy in the center of the calibration spheres 
for each receiver. This discrepancy is then used to calculate the error in the position of the second receiver
 . Thus, the algorithm is divided in two steps: a) Training step; and 2) Correction step.
In the training step, a series of synthetic experiments (using the con iguration shown in Figure 7 on the next 
page) are used to ind the displacement error vectors      using the misalignment on the images of Sphere 1 
(Sp1) and Sphere 2 (Sp2) [29]. If the second receiver (Rx2) is positioned inaccurately with respect the irst 
receiver (Rx1), the center of Sp1 as reconstructed by each receiver will not coincide. Instead, the predicted 
sphere centers will be displaced by an error vector                 .  For a reasonably close initial guess on the rel-
ative position of the two receivers, the corresponding cross-range (q1) and range (p1) components of sphere 
center displacement can be related to cross-range (x) and range (y) components of the vector        through an 
af ine transformation of the form:
         (1)

In the training step, the constants A1,B1,C1,D1,E1, and F1 are obtained after applying a linear regression algo-
rithm to a full set of at least three synthetic training experiments, each with a different known Rx2 position 
displacement: xk, yk, and each yielding an observed sphere center displacement      , and      for k=1,2,…,Nk, 
where Nk  is the number of training experiments. The synthetic training data is generated by a Physical Optics 
algorithm for predetermined values of xk and yk, and later is processed with the Inverse Fast Multiple Method 
(IFMM), in order to extract      , and       .
In the correction step, the obtained parameters of A1,B1,C1,D1,E1, and F1 are used to estimate the xk and yk by 
using the values       , and        extracted from the complex images generated from experimental measured (not 
synthetic) data. Therefore, the displacement vector                      is used to obtain the true position of the second 
receiver; and it is used afterwards in order to coherently generate the image of the multi-bistatic imaging 
system.
This year, we have applied the “Sphere-based” calibration method to the experimental setup shown in Figure 
7; and the preliminary results are displayed in Figure 8 on the next page. The proposed calibration algorithm 
for enhancing the quality of the un-calibrated coherent image, shown in Figure 8b, in terms of the recon-
structed maximum amplitude and image signal to noise ratio (ISNR), as shown in Figure 8c.  
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Figure 7:  Setup of the “Calibration-based” algorithm: (a) top view schematic; and (b) picture of the actual experiment 

[24, 30].

Figure 8:  Reconstructed images from the experimental setup: a) the images from Sp1 (bottom), Sp2 (top) using Rx1 

and Rx2; b) coherent sum of images from Rx1 andRx2 before calibration; and c) coherent sum of images from Rx1 an-

dRx2 after correction. The calibrated images (c) are better than the non-calibrated ones (b) in terms of signal to noise 

level as well as the amplitude of the recovered refl ectivity function. 

(a) (b)

(a) (b) (c)
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The “sphere-based” algorithm produced good results when the algorithm was tested on the same type of 
geometry used for the training. However, its reliability was reduced when it was experimentally tested with 
other geometric con igurations without using spheres. In our opinion, this drawback may be associated with 
either the intrinsic over itting of the “Sphere-based” calibration algorithm, or the aforementioned variability 
on the thermal drift or/and unknown transfer function of the system.  For this reason, a second calibration 
algorithm was also investigated.

D.3.b. Calibration algorithm #2: “Pole-based” calibration

In the second algorithm, we use a metallic pole as the calibration target (as shown in Fig. 9). The proposed 
calibration is done in two steps. First, the position of receiver one (Rx1) relative to the position of the trans-
mitting array (Tx) is optimized using a Simulated Annealing algorithm [29]. This is done by using a cost 
function that is tailored to maximize the amplitude of the image of the pole (Point Spread Function) using 
the receiver one (PSF_Rx1).  In the second step, the position of receiver two (Rx2) is optimized relative to the 
position of the transmitting array (Tx). In this case, the cost function is based on maximizing the summation 
of the Image of the pole with Rx1 (PSF_Rx1) and image of the pole with Rx2 (PSF_Rx2). In order to simplify 
the optimization, the position of Rx1 is displaced only in the XY plane (not in elevation; the calibration in 
elevation will pursued next year).

Figure 10 on the next page shows the results of the calibration algorithm. In particular, Figure 10a shows the 
ground truth, derived from software simulations of the experimental setup. Figure 10b shows how the null 
existing in the reconstructed box (top image) is corrected after the calibration algorithm is applied (bottom 
image). Figure 10c shows the effectiveness of the algorithm in enhancing the amplitude of the PSF of the pole 
and reducing the ISNR of the image.

Figure 9: Setup of the “Calibration-based” algorithm: (a) top view schematic; and (b) picture of the actual experiment.

(a) (b)
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D.4. Experimental imaging results using the multistatic millimeter wave radar system (Task-1.6)

This year, we have tested imaging capabilities of the Gen-1 system in several experimental setups. A repre-
sentative subset of all the experiments include but are not limited to the following: 1) Experimental result 
#1 - 3D imaging of a calibration target and a pole; 2) Experimental result #2 - 2D imaging of security threats 
using two receivers of the Gen-1 system and one additional receiver on the side; 3) Experimental result #3 
- 3D imaging of security threats using two receivers of the Gen-1 system. A more detailed explanation and 
justi ication of these experiments is given in the next subsections.

D.4.a. Experimental result #1: 3D imaging of a calibration target and a pole

Figure 11a on the next page shows a picture of the experimental setup consisting of a calibration target, made 
of nine small metallic spheres, and a metallic pole. Only two receivers from the Gen-1 system are used in this 
experiment. The reconstructed images are shown in Figure 11b on the next page for the receiver 1 (Rx1) on 
the top and for receiver 2 (Rx2) on the bottom. The two images from Rx1 and Rx2 have not been combined 
coherently, since the calibration algorithm has not been extended to 3D geometries yet. Nonetheless, the 
amplitude of the reconstructed target seems to be well aligned for both receivers, providing a good starting 
point for coherent image formation.

Figure 10: Reconstructed image: a) of the box using software simulation and synthetic data; b) of the box before (top) 

and after (bottom) calibration using measured data; of the pole before (top) and after (bottom) calibration using mea-

sured data. 

(a)

(b) (c)

Simulated box
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D.4.b. Experimental result #2: 2D imaging of security threats using two receivers of the Gen-1 system and one 
additional receiver on the side

Figure 12a on the next page shows a picture of the experimental setup consisting of threat surrogates on a 
metallic air duct torso simulant. Two receivers from the Gen-1 system are used in this experiment in addition 
to a third receiver located on the side.  As predicted by our computational algorithms, adding a third receiver 
to the side of the Gen-1 system will increase the systems’ ield of view, thus enhancing its ability to detect se-
curity threats.  Figure 12b shows a zoomed version of the target (bottom left) and the images reconstructed 
with each one of the three receivers (top). The magnitude-based combination of the three images (bottom 
right) shows that in the resulting image the lateral side of the target can now be clearly reconstructed due to 
the use of the lateral side receiver (see yellow arrow in Figure 12).

(a) (b)

Figure 11: Experimental result#1: Calibration target using nine small spheres and a metallic pole (left); and 3D recon-

structed images from the fi rst and second receiver of the Gen-1 system. 
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Figure 12: Experimental result #2: (a) experimental setup showing the three receivers; (b) zoomed version of the target 

(bottom left), reconstructed images from each one of the three receivers (top), and magnitude-based combination of 

the three images showing the enhanced reconstruction of the target.

(b)

(a)
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D.4.c. Experimental result #3:  - 3D imaging of security threats using two receivers

Figure 13a shows a picture of the experimental setup consisting of security threats on a metallic air duct. 
Only two receivers from the Gen-1 system are used in this experiment. The reconstructed images are shown 
in Figure 13b for the receiver 1 (Rx1) on the top and for receiver 2 (Rx2) on the bottom. The two images from 
Rx1 and Rx2 have not been combined coherently, since the calibration algorithm has not been extended to 
3D geometries yet. Nonetheless, the amplitude of the reconstructed target seems to be well aligned for both 
receivers, providing a good starting point for coherent image formation. The colorbar of the reconstructed 
images codes for depth. Therefore, it is possible to see the expected protrusion for the metallic targets (dark 
red) and the expected depression for the dielectric targets (light orange/yellow) [31]. It is important to note 
that the algorithm described in [31] can now be used to infer the relative dielectric constant of the dielectric 
explosive (i.e. Relative dielectric constant of TNT is around 2.3).

D.5. Study of a new “On-the-move” system confi guration (Task-2.1)

In order to transition to a fully electronic scanning system, we continued to investigate a new hardware con-
iguration capable of providing real-time imaging for “On-the-move” con igurations. 

Figure 13: Experimental result #3: (a) zoomed version of the target region containing a metallic object and a weak di-

electric object, simulating TNT explosive; (b) reconstructed images from the fi rst (top) and second (bottom) receivers, 

showing the characteristic protrusion of the metallic threat and the characteristic depression of the weak dielectric 

threat. 

(a) (b)
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This year, we extended the 2D “On-the-move” con iguration presented last year to 3D con igurations. The on-
the move active mm-wave system is composed by multiple synchronized transmitters and receivers placed 
along two walls. The subject under test continuously moves in front of the walls. Figure 14 presents the lay-
out of the system and a person under test in three different positions as moving inside the hallway scanner. 
Two additional transmitters in front and behind the subject are also used to ensure information from all the 
possible angles is collected.

As the subject moves inside the system, the transmitters are sequentially activated and the electromagnetic 
ield, which is then scattered by the person, is collected by all the receivers at the same time. Fast electronic 

switching allows for the quick activation of all the transmitters and the data collection. In this way, informa-
tion from multiple relative positions of the person from the scanner can be collected.  

D.5.a. 3D confi guration of the “On-the-move” imaging system

The layout of the proposed on-the-move 3D system is presented in Figure 15 on the next page. The con igu-
ration is composed of multiple synchronized transmitters and receivers. Lateral receiving apertures of size 
(X,Z) = (1,2) m, are placed at Y0 =0.75 m. The dimensions of these panels are chosen to provide an approx-
imated cross-range resolution of 1 cm the z-axis and 2 cm in the x-axis. For this preliminary setup, Nyquist 
sampling requirements are considered for the receiving panels, thus acquiring the ield in 201 x 401 receiv-
ing positions per panel. Subsampling techniques can be ef iciently applied in this setup to reduce the number 
of receivers, although this analysis is beyond the scope of this contribution. 15 GHz bandwidth, from 15 to 30 
GHz, is chosen, similarly to the UWB imaging system described in [32]. This bandwidth provides an approxi-
mate range resolution of 1 cm, although, for near ield radar imaging, besides the frequency and aperture size, 
the inal system lateral and range resolution are given by Eqs. (2) and (3) of [33].

 Figure 14: a) Top view and b) side view of the system with three positions of the person under screening as walking 

through the scanning system.
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Three arcs of transmitters, each having 20 elements evenly spaced along x and z axes, are considered, cen-
tered at x = +1, 0, and -1 m, respectively. For the sake of simplicity, only the ones at +1 and 0 m, depicted in 
Figure 15 will be considered to obtain the results in this section. Some of the transmitters are placed on top 
and below the body to ensure the areas with larger curvature (as the top of the chest and shoulders) are re-
constructed.
A Physical Optics (PO) code [34], [35] in combination with a visibility algorithm [36] has been used to pre-
dict the parts of the body model in Figure 16 on the next page that are illuminated by every transmitter. Also, 
PO provides the amount of scattered ield collected on the panels. Thus, it is possible to evaluate if a certain 
layout of transmitters is capable of illuminating the entire person after crossing the hallway, and to estimate 
the ield scattered by the illuminated areas on the receiving panels. For these simulations the human body is 
assumed to behave as a Perfect Electric Conductor (PEC) in the 15 to 30 GHz frequency band.
As an example, Figures 16a and 16b on the next page show the body of the human illuminated by two dif-
ferent transmitters, as well as the ield received on the lateral panels. Note that, even   for a single position 
of the person in the hallway, different areas of the body are illuminated. This layout increases the amount of 
information thanks to the spatial diversity of the multistatic illumination.

Figure 15: Layout of the mm-wave scanner for personnel screening. For the sake of simplicity, just two arc of transmit-

ters, at x = 0 m, and x = -1 m, are considered. The person is placed at x = 0.25m.
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Figure 16: (a) Examples of human body illumination using one transmitter (highlighted in green) and scattered fi eld 

when the body model is centered in 0.25 m (top) and 0.75 m (bottom); (b) Examples of human body illumination using 

one transmitter (highlighted in green) and scattered fi eld when the body model is centered in 0.25 m (top) and 0.75 m 

(bottom).
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Regarding the inverse method used to create images in this system, and due to the large computational cost 
for the imaging when the backpropagation is implemented in 3D, the Fourier-based technique for multistatic 
imaging [37] has been used (see the R3B.2 report for more detail). The ef icient use of Fast Fourier Trans-
forms (FFT) enables the generation of images for 3D whole body imaging in almost real time and using con-
ventional hardware.
As an application example to show the performance of the proposed con iguration, a target consisting of a 
person carrying a concealed weapon in the belt has been considered. For the sake of clarity, only two posi-
tions are analyzed: a person standing at x = 0.25 m and at x = 0.75 m. In this example, the goal is to clearly 
illustrate the different nature of the multistatic information collected on each position, rather than a rigorous 
reconstruction of the whole body. For every position, transmitter, and receiving panel, the amount of data to 
be processed is the following: 201 x 401 spatial samples x 121 frequency samples (= 9.75x106 scattered ield 
samples), which also determines the number of imaging points in the case of Fourier-based imaging [37]. A 
workstation with 32 cores  at  2.1  GHz  and  128  GB  RAM  was  used  for     data processing. Overall calculation 
time for every transmitter was 30 s (1200 s total for the 40 used transmitters). The processing has been done 
using a sequential Matlab code and has not been optimized for real time imaging yet. 
The imaging results are depicted in Figure 17, corresponding to a person located at x = 0.25 m and x = 0.75 
m respectively. Re lectivity points above -25 dB with respect to the maximum are coded in depth according 
to x-axis, allowing the recovery of the human body pro ile and potential concealed weapons. Comparison of 
Figures 17a and b provides a clear example of the On-The-Move Imaging concept effectiveness. In the case 
of Figure 17a (person placed at x = 0.25 m) the human sides and some areas of the chest are imaged by the 
system. In Figure 17b (person placed at x = 0.75 m) the top of the chest and the shoulders are recovered. In 
the inal system multiple images as the two presented examples can be created and analyzed at video rate to 
detect any possible threats. Algorithms for mesh generation and automatic thread detection, such as the one 
used in [38], can be applied.

Figure 17: Recovered human body and concealed object geometry from backpropagation imaging for a person locat-

ed at (a) x = 0.25 m and (b) at x = 0.75 m.

(a) (b)
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E. Future Plans

• Hardware design and integration of a multiple-bistatic imaging system- For the next few years, the fol-
low-on tasks and expected outcomes are the following:

o Tasks 2.1 and 2.4 – Finish the hardware design and integration of the Gen-2 system. Expected 
outcomes:  a) Fully coherent mm-wave system working with 400 channels in; and b) Mechanical 
assemblage of the radar system allowing Mode-E and Mode-EM data collection.

• Development of the control irmware and software for the multi-bistatic imaging system- For the next 
few years, the follow-on tasks and expected outcomes are the following:

o Tasks 2.5 – Finish the FPGA-base irmware of the Gen-2 system. Expected outcome:  a) fully coher-
ent mm-wave system working with 400 channels using an FPGA.

• Calibration algorithm for coherent image formation in multiple-bistatic imaging system - For the next few 
years, the follow-on tasks and expected outcomes are the following:

o Tasks 1.3 – Characterize the transfer function and the thermal-drift effect for all the transmitters 
and receivers in the Gen-1 system.  Expected outcome:  2D calibration algorithm accounting for 
the variability associated with the thermal-drift and transfer functions.

o Tasks 2.3 – Characterize the transfer function and the thermal-drift effect for all the transmitters, 
receivers, and switches in the Gen-2 system.  Expected outcome:  3D calibration algorithm ac-
counting for the variability associated with the thermal-drift and transfer functions.

• Experimental imaging results using the multistatic millimeter wave radar system- For the next year, the 
follow-on tasks and expected outcomes are the following:

o Tasks 2.6 – Generating coherent 3D images for the Gen-2 system. Expected outcome:  a) 3D co-
herent mm-wave system.

• Study of a new “On-the-move” system con iguration- For the next year, the follow-on tasks and expected 
outcomes are the following:

o Tasks 2.1 and 3.1 –Investigate the same “On-the-move” hardware con iguration and imaging 
methodology for the Gen-2 and Gen-3 system. Expected outcome:  a) 3D coherent mm-wave sys-
tem.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Course, Seminar or Workshop Development

• Prof. Martinez-Lorenzo has been involved in several ADSA workshops. A more important contribution 
was done for the ADSA12, for which Prof. Martinez served as a plenary speaker with a talk entitled “Milli-
meter-Wave Sensing and Imaging.” During this talk, several stakeholders learned about the R3B projects.   

• Prof. Martinez also convened a session at the 2015 the European Conference on Antennas and Propaga-
tion 2014 on “Wave-based sensing and imaging for security applications”.

B. Student Internships, Jobs or Research Opportunities

• Graduate students Galia Ghazi and Luis Tirado play an important role in our research project. They as-
sists in developing new hardware design and integration for the millimeter wave radar system. 

• Our undergraduate students Matt Nickerson, Mothit Bhardwaj, Anthony Bisulco, Chenyang Liu and Luigi 
Annesse, have continued the work started by Nigil Lee, Siddharth Velu, Thurston Brevett and Shaan Patel 
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in this project. They will continue to be pillars of this project. 
• Chenyang Liu and Luigi Annesse joined the group as participants in the ALERT and Gordon-CenSSIS 

Scholars Program. 
• Moreover, Mohit Bhardwaj and Chenyang Liu have been involved in the center as REU students during 

2014 and 2015 summers respectively.

C. Interactions and Outreach to K-12, Community College, Minority Serving Instituion Students or Faculty

• Two high school students, Imani George – Thayer Academy, Class of 2015 and Jenny Dinh – Lowell High 
School, Class of 2015, joined the group over the summer 2014 as a part of the Young Scholars Program at 
NEU. During 2015 summer, two additional high school students will be joining the group.

• The lead PI participated in the several Building Bridges Program, in which high school students visit 
NEU’s laboratories to have a hands-on research experience in order to engage them in STEM education.

• The lead PI has also participated in the recruitment of undergraduate research students at the 2014 So-
ciety of Hispanic Professional Engineers (SHPE) Conference.

D. Other outcomes that relate to educational improvement or workforce development

Populating the research group with undergraduates brings homeland security technologies to undergradu-
ate engineering students, and it establishes a pipeline to train and provide a rich pool of talented new grad-
uate student researchers.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The following features will be of special relevance to the DHS enterprise:
• The non-invasive, minimal disruption on-the-move scanning with quality imaging and high throughput.
• Full body (360 degree) imaging with interrupted forward movement during millimeter wave pedestrian 

surveillance. 
• A small number of non-uniform sparse array of Tx/Rx radar modules will minimize the cost of on-the-

move.

B. Potential for Transition 

The features of on-the-move have attracted the attention of several industrial and government organizations. 
• Industrial transition partners: HXI, Inc.; L3 Communication; Rapiscan; Smiths Detection.
• Target government customers: TSA, DOJ, CBP, Dept. of State.

C. Data and/or IP Acquisition Strategy

The hardware design, integration, and validation performed under this project will continue to generate IP. 
In the past, several provisional patents have been submitted to NEU’s IP of ice, and our connection with dif-
ferent transition partners will facilitate its transition into industry. Moreover, the hardware will also be used 
to create benchmark datasets that may be used by industry stakeholders in order to assess the performance 
of their reconstruction/imaging algorithms.
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D. Transition Pathway

HXI Inc. has been collaborating with our research team in the R3-B.1 project. Together, HXI and ALERT have 
designed, fabricated, integrated, and validated the radar system. We expect that after the assembling the irst 
Gen-3 prototype, HXI will license our IP and transition the technology to the mm-wave imaging market.  Ad-
ditionally, new low-cost miniaturized modules are being developed by HXI for the next generation millimeter 
wave system; some of these components will be tested by the R3-B.1 PIs.  
The PIs have also established a working relationship with Smiths Detection Systems and L3, which bodes 
well for future collaboration and transition.

E. Customer Connections

Customer Names & Program Of ices:
• HXI – Mr. Earle Stewart
• Smith’s Detection Systems – Dr. Kris Roe 
• L3 – Dr. Simon Pongratz
• DHS- Dr. Michael Shepard
Frequency of Contact & Level of Involvement in Project: 
• The PIs have weekly meetings with HXI for the project.  
• The companies Smiths Detection Systems and L3 had 3 to 4 meetings with the PIs last year.
• Dr. Shepard has also visited ALERT during the last year.             
New proposals related to the topic of this research will be submitted to other federal funding agencies.

V. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

1. Y. Alvarez, B. Valdes, J. A. Martinez-Lorenzo, F. Las-Heras and C. M. Rappaport. SAR imaging-based 
techniques for Low Permittivity Lossless Dielectric Bodies Characterization. Antennas and Propaga-
tion Magazine, Vol. 57 no. 2, April 2015, pp. 267 - 276.

2. Y. Alvarez, Y. Rodrguez-Vaqueiro, B. Gonzalez- Valdes, S. Matzavinos, C. M. Rappaport, F. Las-Heras and 
J. A. Martinez-Lorenzo. Fourier-based Imaging for Multistatic Radar Systems. IEEE Transactions on 
Microwave Theory and Techniques, 62(8):1798–1810, Aug 2014. doi: 10.1109/TMTT.2014.2332307.

3. B. Gonzalez- Valdes, Y. Alvarez, J. A. Martinez-Lorenzo, F. Las-Heras and C. Rappaport. On the Com-
bination of SAR and Model Based Techniques for High-Resolution Real-Time Two-Dimensional 
Reconstruction. IEEE Transactions on Antennas and Propagation, 62(10):5180–5189, Oct 2014. 
doi:10.1109/TAP.2014.2346203.

4. Y. Rodriguez-Vaqueiro and J. A. Martinez-Lorenzo. On the use of Passive Re lecting Surfaces and Com-
pressive Sensing techniques for detecting security threats at standoff distances. International Journal 
on Antennas and Propagation, 2014(2014):248351, 8 pages, July 2014. doi:10.1155/2014/248351

Pending-
1. K. Williams, L. Tirado, Z. Chen, B. Gonzalez-Valdes, J. A. Martinez-Lorenzo and C. Rappaport. Ray 

Tracing for Simulation of Millimeter Wave Whole Body Imaging Systems. Antennas and Wireless 
Propagation letters, accepted for publication.
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2. G. Ghazi, C. Rappaport and J. A. Martinez-Lorenzo. Improved SAR imaging contour extraction using 
smooth sparsity-driven regularization. IEEE Antennas and Wireless Propagation Letters, accepted 
for publication.

B. Peer Reviewed Conference Proceedings

1. Y. Rodriguez-Vaqueiro and J. A. Martinez-Lorenzo. “Standoff detection of security threats using Pas-
sive Re lecting Surfaces and Compressive Sensing techniques,” CD Proc. AP-S 2014, IEEE AP-S Inter-
national Symposium, Memphis, TN, Jul. 2014.

2. B. Gonzalez-Valdes, Y. Alvarez-Lopez, J. Gutierrez-Meana, C. Rappaport, Fernando Las-Heras, A. G. 
Pino and J. A. Martinez-Lorenzo. On-the-Move Millimeter Wave Imaging System Using Multiple 
Transmitters and Receivers. CD Proc., Accepted for publication in EuCAP 2015 — VIII European 
Conference on Antennas and Propagation, Lisbon, Portugal, April, 2015.

3. Y. Alvarez-Lopez, Y. Rodriguez-Vaqueiro, B. Gonzalez-Valdes, Spiros Mantzavinos, Carey Rappaport, 
Fernando Las-Heras and J. A. Martinez-Lorenzo. Multistatic Fourier-based Technique for Radar Sys-
tems. CD Proc., Accepted for publication in EuCAP 2015 — VIII European Conference on Antennas 
and Propagation, Lisbon, Portugal, April, 2015.

4. K. Williams, L. Tirado, B. Gonzalez-Valdes, J. A. Martinez-Lorenzo and C. Rappaport. Ray Tracing Sim-
ulation Tool for Portal-Based Millimeter-Wave Security Systems Using the NVIDIA OptiX Ray Tracing 
Engine. CD Proc. AP-S 2014, IEEE AP-S International Symposium, Memphis, TN, Jul. 2014. 

5. G. Ghazi, L. Tirado, C. Rappaport and J. A. Martinez-Lorenzo. “Coherent Image Formation and Cali-
bration for Multi-Bistatic Radar Con igurations,” CD Proc. AP-S 2014, IEEE AP-S International Sym-
posium, Memphis, TN, Jul. 2014.

6. L. Tirado, G. Ghazi, J. A. Martinez-Lorenzo, C. Rappaport, Y. Alvarez and F Las-Heras. “A GPU Imple-
mentation of the Inverse Fast Multipole Method for Multi-Bistatic Imaging Applications,” CD Proc. 
AP-S 2014, IEEE AP-S International Symposium, Memphis, TN, Jul. 2014.

7. B. Gonzalez-Valdes, J. A. Martinez-Lorenzo and C. Rappaport. “On-the-Move Active Millimeter Wave 
Interrogation System Using a Hallway of Multiple Transmitters and Receivers” CD Proc. AP-S 2014, 
IEEE AP-S International Symposium, Memphis, TN, Jul. 2014.

8. B. Gonzalez-Valdes, J. A. Martinez-Lorenzo, C. Rappaport, Y. Alvarez and F. Las-Heras. “A Hybrid SAR 
Model Based Method for High Resolution Imaging,” CD Proc. AP-S 2014, IEEE AP-S International 
Symposium, Memphis, TN, Jul. 2014.

C. Other Presentations

1. Seminars
a. Jose Martinez, Stand-off Person Screening Systems, 11/19/2014, DHS
b. Jose Martinez, R3-B: Stand-off Person Screening Systems, 3/10/2015, DHS-ALERT site visit. 
c. Jose Martinez, Millimeter-wave imaging, 3/3/2015, NEU-U.S. Secret Services
d. Jose Martinez, New trends in mm-wave imaging, 3/23/2015, New York Times demo
e. Jose Martinez, Research at the SICA-Lab, 5/14/2015, NEU-Keysight
f. Jose Martinez, Millimeter-Wave Sensing and Imaging, 5/13/2015, ADSA12 Workshop
g. Jose Martinez, HXI-NEU radar system design, integration and validation, 6/8/2015, HXI Inc.
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2. Poster Sessions
a. Chenyang Liu, Galia Ghazi, Luis Tirado, Matt Nickerson, Mohit Bhardwaj, Borja Gonzalez, and 

Jose Martinez “Coherent Image Formation and Calibration for Multi-Bistatic Radar Con igura-
tions”, 4/2015, RISE: 2015.

b. Anthony Bisulco, Luis Tirado, Galia Ghazi, Matthew Nickerson, Mohit Bhardwaj, Borja Gonzalez 
and José Martinez. “Enhancing Imaging Capabilities of a Standoff Radar System for Security Ap-
plications”, 4/2015, RISE: 2015

3. Interviews and/or News Articles
a. New York Times: http://www.nytimes.com/2015/05/09/us/airport-security-advanc-

es-clash-with-privacy-issues.html?_r=1

D. Student Theses or Dissertations

1. Yolanda Rodriguez-Vaqueiro, Compressive Sensing for Electromagnetic Imaging using a Nest-
erov-based  optimization, Northeastern University PhD Thesis, March 2015.

E. Technology Transfer/Patents

1. Full patent application
a. Gonzalez-Valdes, B., Martinez-Lorenzo, J. A. and Rappaport, C., On the move millimeter wave in-

terrogation system with a hallway of multiple transmitters and receivers, US Utility Application 
No.14/562,094. Date of Filing: Dec. 5, 2014.

2. International iling
a. Rappaport, C., Mantzavinos, S., Gonzalez-Valdes, B., Martinez-Lorenzo, J. A. and Busuioc D., Mod-

ular Superheterodyne Stepped Frequency Radar System for Imaging, US Patent Application No. 
61/846,215. Date of Filing: July 15, 2014.
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R3-B.2: Advanced Imaging & Detection of  
Security Threats Using Compressive Sensing

I. PARTICIPANTS INVOLVED FROM JULY 1, 2014 TO JUNE 30, 2015

Faculty/Staff

Name Title Institution Email

Jose Martinez Co-PI NEU jmartine@ece.neu.edu

Carey Rappaport Co-PI NEU rappaport@neu.edu

Borja Gonzalez-Valdes Post-Doc NEU bgonzale@ece.neu.edu

Juan Heredia Juesas Post-Doc NEU j.herediajuesas@neu.edu

Yuri Alvarez Visiting Faculty NEU yurilope@gmail.com

Richard Moore Consultant MGH Moore.Richard@mgh.harvard.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Yolanda Rodriguez-Vaqueiro PhD NEU 12/2014

Gregory Allan B.S. NEU 5/2016

Matthew Nickerson B.S. NEU 5/2016

Galia Ghazi PhD NEU 12/2014

Luis Tirado PhD NEU 12/2014

Imani George High School Thayer Academy 2015

Jenny Dinh High School Lowell High School 2015

Anthony Bisulco BS NEU 5/2019

II. PROJECT DESCRIPTION

A.	 Project	Overview	and	Significance

As the problem of identifying suicide bombers wearing explosives concealed under clothing becomes in-
creasingly important, it becomes essential to detect suspicious individuals at a distance. Systems which em-
ploy multiple sensors to determine the presence of explosives on people are being developed. Their functions 
include observing and following individuals with intelligent video, identifying explosive residues or heat sig-
natures on the outer surface of their clothing, and characterizing explosives using penetrating X-rays [1] [2], 
terahertz waves [3, 4, 5], neutron analysis [6, 7] or nuclear quadrupole resonance (NQR) [8, 9]. At present, 
radar is the only modality that can both penetrate and sense beneath clothing at a distance of 2 to 50 meters 
without causing physical harm. 
The objective of this project is the hardware development and evaluation of an inexpensive, high-resolution 
radar that can distinguish security threats hidden on individuals at mid-ranges (2-10 meters) using an “on-
the-move” configuration and at standoff-ranges (10-40 meters) using a “van-based” configuration (see Fig. 1 
on the next page).
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  (a)

 (b)
Figure 1: General sketch of the inexpensive, high-resolution radar system used for detecting security threats (a) at 
mid-ranges using an “on-the-move” configuration, and (b) at standoff-ranges using a “van-based” configuration.

B. Technical Approach
The outcome of this project would be the first inexpensive, high-resolution radar system with special applica-
tion to detecting and identifying potential suicide bombers. Its uniqueness is based on its ability to work on 
multistatic configurations, in which the information from multiple receivers and transmitters are coherently 
combined by using a common local oscillator.  This project has the potential to be the first radar system that 
is capable of functioning at multiple ranges for both indoor and outdoor scenarios. A state of the art analysis 
is incorporated into section II.D.
Table 1 on the next page shows the algorithmic development road map, needed to go from a 3D mechanical 
scanning imaging system (Generation 1 [10]) to a 3D fully electronic scanning imaging system (Generation 
3 [11,12]). An intermediate imaging system (Generation 2) -- capable of imaging small targets in a fully elec-
tronic fashion and large targets in a hybrid electrical/mechanical fashion--  will be used for a smooth transi-
tion between Generation 1 and Generation 3 imaging systems.
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Table 1:  Algorithms roadmap towards a fully electronic radar imaging system: from Generation 1 [10] to Generation 
3 [11, 12]. 

During the last year, the following activities were developed for this project: 1) Nesterov-based Compressive 
Imaging using synthetic data and experimental data from the Gen-1 system (Tasks- 1.3); 2) Accelerating Nes-
terov-based Compressive Imaging using multistatic FFT (Task- 1.4); 3) ADMM-based Compressive Imaging 
using emulated synthetic data of a potential Gen-3 system (Task-3.3 and Task 3.5). This project is intimately 
related to the ALERT project R3-B.1: Hardware design for “Stand-off” and “On-the-Move” Detection of Secu-
rity Threats; in which the imaging algorithms for this hardware system have been developed. Additionally, 
many of the technology and techniques developed for this project are commonly used in near-field applica-
tions by other ALERT projects, including R3-A.1 and R3-A.2.

C. Major Contributions

A summary of the Year 2 major contributions can be found in Table 2 on the next page.
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Accelerated Nesterov-based Compressive Imaging using synthetic data and experimental data from the Gen-1 
system

	Outcome 1.1 –Acceleration of the Nesterov-Based Algorithm Gen-1 mm-wave imaging 
system. 

	Outcome 1.2 – 3D validation with synthetic and experimental data in the Gen-1 system.

Accelerating Nesterov-based Compressive Imaging using multistatic FFT.

	Outcome 2.1 –2D implementation of the Fast Nesterov-Based and multistatic FFT Algo-
rithm.

	Outcome 2.2 – 2D validation with synthetic data.

ADMM-based Compressive Imaging using emulated synthetic data of a potential Gen-3 system.     

	Outcome 3.1 –3D implementation of the Fast CS imaging ADMM Algorithm.
	Outcome 3.2 – 3D validation with synthetic data and a Gen-3 configuration.

Table 2: Summary of this year’s major contributions.

D. State of the Art, Milestones and Results 

D.1.          Nesterov-based Compressive Imaging using synthetic data and experimental data from the Gen-1 system

This year, we have studied a novel 3D Nesterov-based Compressive Sensing (CS) imaging algorithm for our 
Gen-1 system. The idea is to study the reduction on the minimum number of receivers with respect to stan-
dard Synthetic Aperture Radar (SAR) imaging to accurately recover the geometry of the Object-Under-Test. 
Since CS imaging algorithms are iterative, they require the evaluation of multiple forward and backward 
projections; and, therefore, 3D CS poses a substantially increased computational cost when compared to that 
associated with typical SAR imaging algorithms, which is non-iterative.  In this study, we study how splitting a 
large problem into a combination of small ones can accelerate high resolution imaging. These small problems 
can be solved via parallelized 3D CS, resulting in calculation time savings. We have validated this approach 
with simulations and measurements.

D.1.a.  Problem motivation

Data acquisition time is one of the limitations for the development of real-time sensing systems in fields 
such as electromagnetic or acoustics, and several techniques have been proposed to address this issue. From 
the mechanical point of view, fast systems capable of moving sensors across the acquisition domain in few 
seconds [10] have been proposed. As an alternative to mechanical systems, electronically-based scanning 
provides a faster and more reliable solution, but at the expense of increasing the complexity of the sensing 
system, and thus, the cost [11]. Hybrid solutions, such as [12], reduce acquisition time while keeping system 
implementation affordable. 
Other approaches are based on the reduction of the number of samples, enabling the use of arrays of sensors 
with a reduced number of elements. For this goal, Compressed sensing (CS) [13], [14] a relatively novel signal 
processing theory, has been found of great interest. According to CS theory, sparse signals can be recovered 
using far fewer samples or measurements than those required by the Nyquist sampling criterion, and it also 
improves the number of samples required by optimum sampling methods [16].
Recently, CS has been widely discussed and studied in different imaging areas such as medical [17], [18], 
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ultrasound [19] and electromagnetics [20-21]. Most of the existing works are focused on 2D CS, only few 
have extended CS to 3D [22], [23]. Even though CS allows a dramatic reduction in the number of samples 
(up to 75% reduction with respect to Nyquist sampling rate for 2D problems [24]), calculation time is one 
of the major CS drawbacks, which presents a challenge for real-time imaging applications. Some efforts have 
helped, such as GPU implementation and CS algorithm parallelization [25, 26]. However, speedup is still low 
if compared to other imaging techniques [27]. 
In the field of mm-wave imaging, the Object-Under-test (OUT) reflectivity is, in most of the problems, a sparse 
collection of pixels in the imaging domain [14]. Thus, CS feasibility for this kind of problem has been demon-
strated in [24], where a 3D problem is treated as a combination of stacked 2D slices. 
This contribution improves 3D CS applicability in the field of mm-wave imaging with the aim of reducing the 
number of required field samples and thus, the acquisition time, resulting in a low-cost imaging system with 
reduced or inexistent mechanical movement. 
The main contributions and novelties of this work are the following: i) Proper extension and validation of 3D 
CS applied to mm-wave imaging, discussing the reduction on the number of samples and the impact in the 
computational cost. ii) Introduction of a novel method for computation time reduction consisting of splitting 
the original large problem into several small ones; each problem can be solved concurrently with 3D CS, all of 
which are then combined to get the final imaging results.

D.1.b.  Compressive sensing formulation

Compressed Sensing (CS) [13, 14, 28, 29] is a relatively novel signal processing theory, which states that 
sparse signals can be recovered using far fewer samples or measurements than those required by the Nyquist 
sampling criterion. A set of scattered field measurements, y ∈ CL, can be represented in terms of a sensing 
matrix, Ψ∈ CLxN, as:
        (1)

where ρ ∈ CN denotes reflectivity values. Elements ψ l,n of Ψare given by:

                 (2)

where Rl,n is the distance between the imaging domain points (xn’, yn’, zn’) and the observation points (xl, yl, zl): 

          (3)

L = F x P, with F the number of selected frequencies and P the number of observation points; N is the number 
of points in the unknown vector; 

           
represents the phase of the incident field at n-th reflectivity point for 

a given l-th combination of frequency and position; and kl is the wavenumber for the l-th combination. In 
consequence, wavenumber vector k,                 vector, and scattered field observation points vectors x, (and y, 
z by analogy) are created as follows:
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The signal y is N≠0-sparse if it is a linear combination of only N≠0  basis vectors;  that is, ρ only has N≠0 non-zero 
coefficients, with N≠0 << N.  The subsampled signal ys ∈ CLCS, is acquired by linear projection ys = Φy, with Φ∈ 
CLCSxN. LCS denotes the minimum number of measurement samples, so that LCS << L.

       (5)
where Θ is an LCS × N matrix. Eq. (5) is underdetermined, that is, it has an infinite set of solutions.  Neverthe-
less, it has been shown that it is very likely to recover ρ provided that it is a sparse signal and that matrix Θ 
obeys a Restricted Isometry Property (RIP), by means of convex programming:     

  
1

min N sC
subject to y

ρ
ρ ρ

∈
= Θ        (6)

When the samples are corrupted with noise, as occurs in real problems, the minimization problem that is 
solve is the following:

     1 2
min N sC

subject to y
ρ

ρ ρ ε
∈

−Θ <  (7)
Norm-u is defined as:

       (8)
A number of efficient algorithms for solving Eq. (7) have been developed. In this work, the performance of the 
proposed Nesterov-based algorithm [29] is compared to that of a well-known algorithm the SPGL-1 [21]. A 
cross-validation technique described in [28] is used to determine the value of the regularization parameter, 
ε. In mm-wave imaging applications [24], as those presented in this work, the reflectivity vector is expected 
to be sparse. Even more, as pointed out in [14, 31], if one seeks for non-zero reflectivity values, a sparser rep-
resentation can be found by minimizing the reflectivity gradient instead of the reflectivity. The reason is that 
the gradient of the reflectivity will contain non-zero values near the boundary of the OUT only. In this case, 
the Total Variation (TV) minimization is more suitable for sparse recovery. The TV minimization problem is 
expressed mathematically as:

     1 2
min ,N sC

subject to y
ρ

ρ ρ ε
∈

∇ −Θ <  (9)

with ρ∇  the gradient of the reflectivity vector. The TV minimization is thus equivalent to the minimization of 
norm-1 of the module of the reflectivity gradient. Moreover, it has been observed that the sparse signal can 
be accurately recovered with a number of samples of LCS ~ 4N≠0 [32] (where N≠0 is the number of non-zero 
elements in the image). Thus the expected number of non-zero reflectivity pixels of ρ, N≠0, is related to the 
minimum number of samples (ys vector) LCS to be used for the reconstruction. LCS = PCS x FCS, analogue to the 
definition of L. It is important to notice that in mm-wave imaging of a human person, the number of non-zero 
pixels can be easily estimated by knowing the resolution of the imaging system and the “average” surface area 
of a person under test.

D.1.c.  Validation of the proposed algorithm

The proposed Nesterov-based 3D CS is validated by means of simulation and measurement-based examples. 
An AMD Opteron 8378 workstation, with 128 GB RAM and 16 cores at 2.40 GHz is used for calculations. For 
all the examples, memory consumption is less than 8 GB, which nowadays is achievable in any conventional 
computer. Thus, concerning computational cost, only calculation time will be considered as a figure of merit. 
Codes are run in single-core mode, i.e., one execution thread. 
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D.1.c.i.  Validation using synthetic data

3D CS sampling requirements are determined by the OUT size. This simulation-based example studies 3D CS 
performance for electrically large objects. The acquisition setup is shown in Figure 2: the incident field is a 
plane wave, whereas the scattered field is collected over a cylindrical aperture of radius = 30 cm, height = 30 
cm, and a 60º arc. The scattered field is acquired every 1º in the angular domain and every 1 cm in the z-ax-
is, resulting in P = 1891 observation points. The frequency band is 55-65 GHz (range resolution = 15 mm), 
sampled every 500 MHz (F = 21 frequency samples). The reconstruction domain is a (Nx, Ny, Nz) = (20, 10, 
20) cm box, sampled every 0.625 cm along each dimension, yielding N = 18513 voxels. The OUT consists of 
a 10x10 cm metallic plate with 2 bumps that can be enclosed using N≠0 ∼ 500 voxels of 0.625 cm-side. OUT 
size is then 21.7 x 21.7 x 2.7 λ at 65 GHz.

Figure 2: Scattered field (amplitude, dB) on the observation domain. Blue dots represent PCS = 227 random aperture 
samples. The OUT is depicted in gray.

Concerning the 3D CS application, the number of samples that ensure proper OUT recovery is LCS ∼ 4 N≠0 = 
2000, that is, 20 times less than standard SAR (L = P x F = 1891 x 21 = 39711 samples for SAR, see Table 3). 
The proposed Nesterov-based 3D CS reconstruction capabilities are tested using random sets with 24%, 12% 
and 6% of the receiving spatial samples required by standard SAR (P = 1891), that is, PCS = 454, 227, and 114 
respectively. Moreover, a subset of FCS = 5 out of F = 21 frequency samples is considered, yielding LCS = PCS x FCS 
= 2270, 1135 and 570. That is 17.5x, 35x, and 70x savings in the number of samples.

Method Aperture sam-

ples

No. of field 

samples

Calculation 

time

ISNR (dB) Results shown 

in …

SAR P = 1891 L = 39711 65 s 18.3 Fig. 3 (a,b)

TV PCS = 454 LCS = 2270 4500 s 23.5 Fig. 3 (c,d)

TV PCS = 114 LCS = 570 1130 s 23 Fig. 3 (g,h)

TV 114 x 10 570 x 10 1130 s (*) 21 Fig. 4

(*) Full parallelization is assumed. SAR: Inverse SAR imaging. TV: Total Variation Compressed Sensing.
Table 3: Summary of the simulation-based result.
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For the imaging results depicted in Figure 3, both standard a) and b) and 3D CS results with PCS = 454 ap-
erture samples c) and d) show good reconstruction results. Image quality can be assessed with the Image 
Signal-to-Noise Ratio (ISNR), defined in Eq. (15) of [28]. For this example, image ISNR is 18.3 dB and 23.5 
dB for SAR and 3D Nesterov-based CS, respectively, as shown in Figure 3 and Table 3. When the number of 
samples is smaller than 4 N≠0, 3D Nesterov-based CS is not able to provide a proper reconstruction of the OUT 
geometry. This effect is shown in Figures 3e-f, in which PCS = 227 aperture samples are considered; and also 
in Figures 3g-h, with PCS = 114 aperture samples. For this last case, the OUT is clearly not properly recovered. 

Figure 3: Recovered geometry. XY view (left) and XZ view (right). (a), (b) Standard SAR imaging. (c), (d) Nesterov-based 
CS with PCS = 454 aperture field samples. (e), (f) Nesterov-based CS with PCS = 227 samples. (g), (h) Nesterov-based CS 
with PCS = 114 samples.
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Standard SAR calculation time is 5 s per frequency, yielding 65 s overall. 3D Nesterov-based CS, with PCS = 454 
aperture samples (LCS = 2270), takes 4500 s, 70 times slower than SAR. Aiming to reduce the calculation time, 
the 3D CS problem is split into smaller problems: 10 random sets of PCS = 114 aperture samples are created, 
with FCS = 5 each (LCS = 570). Then, the 10 resulting images are combined in a single image, as shown in Figure 
4. Even though none of the individual reconstructions using PCS = 114 is able to recover the OUT (see Figs. 3g-
h), combination of 10 cases provides a correct reconstruction. The main advantage of this strategy is related 
to calculation time reduction: if the 10 3D CS problems are computed in parallel, calculation time would be 
decreased from 4500 s to 1130 s. 

ISNR = 21 dB ISNR = 21 dB

Figure 4: Recovered geometry. Combination of 10 CS images with 114 samples each: XY view (left) and XZ view 
(right).

From a practical point-of-view, creating 10 random sets of sampling points increases the number of mea-
surements, and thus, the acquisition time. In the worst case, assuming the random points do not overlap, the 
number of samples would be 114 x 10 = 1140. For this example, after combining the 10 random sets, it is 
found that 386 positions are repeated at least once, so the number of independent positions is PCS, combined 
= 754 out of P = 1891.  LCS, combined = 754 x 5 = 3770, that is still 10.5 times less information than required 
for standard SAR. To conclude this example, SAR and CS results are summarized in Table 3.

D.1.c.ii.  Validation using measured data from the Gen-1 system

The second example validates the 3D Nesterov-based CS algorithm using measurements collected by the 
Gen-1 mm-wave system. For this experiment, the system works in the 72.08 – 74.66 GHz frequency band 
(yielding 58 mm range resolution). Frequency step is 430 MHz (resulting in F = 7 samples in frequency). The 
transmitting antenna is moved to create a 500x200 mm size synthetic aperture, sampled every 2 mm to avoid 
aliasing, yielding P = 25531 transmitting positions. The total number of measurements is then L = 178717. 
Only one receiver is used in this experiment, which is placed at (x, y, z) = (15, -134, 10) cm. The reconstruction 
domain is a parallelepiped volume of (Nx, Ny, Nz) = (40, 30, 30) cm, sampled every 6.7 mm, resulting in N = 
144000 voxels. A scheme of the described radar setup is depicted in Figure 5 on the next page, and Figure 6 
on the next page shows a picture of the setup.
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Figure 5: Mm-wave radar system layout. Transmitting synthetic aperture: rectangle filled with an image of the field 
intensity. Receiver: blue dot. Reconstruction domain is placed 1.1 m away from the transmitting aperture.

Receiver

Transmitting positions

y

x

z

Object-Under-Test

Transmitter

(a)

(b)

Figure 6: (a) V-band radar setup with the shape and placement of the OUT, and (b) Measured field amplitude (normal-
ized amplitude, in dB) for PCS = 180 randomly selected positions.
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A set of two metallic objects of 2x8 cm and 2x2 cm (see Fig. 6a) is considered as OUT. The OUT is depicted 
with a blue dashed line in Figure 7 (blue dashed line) on the next page.  Concerning 3D Nesterov-based CS 
application, the two metallic plates would fit in N≠0 = 95 voxels in the reconstruction domain box with the 
aforementioned voxel size of 3 (6.7 mm). As the OUT can be accurately recovered with a number of samples 
LCS ~ 4 N≠0, the number of required samples (both in space and frequency domain) would be LCS ~ 380. Stan-
dard SAR imaging (results are depicted in Fig. 8a on the following page) requires P = 25531 spatial samples 
times F = 7 frequencies (L = P x F = 178717), so the proposed 3D Nesterov-based CS would reduce the num-
ber of samples by a factor of L / LCS = 470. However, in practice, the presence of noise and measurements in-
accuracies prevents 3D CS from converging with such a reduced number of samples. Convergence is achieved 
with, at least, PCS = 180 aperture samples and FCS = F = 7 frequencies (LCS = 1260), which is still 141 times 
reduction with respect to standard SAR. 
Several random sets of PCS = 180 (depicted in Fig. 6b for illustration purposes) and PCS = 110 have been creat-
ed for 3D CS evaluation. Figure 7b on the next page corresponds to the case with PCS = 180 (LCS = 1260). Both 
objects are properly covered, removing range sidelobes that appear in standard SAR imaging (see Fig. 7a).  If 
the number of samples is decreased to PCS = 110 (LCS = 770), artifacts appear in the 3D CS image (see Fig. 7d). 
ISNR is related to the image sparsity and thus, even when the OUT is not properly recovered for PCS = 110, 
ISNR is even higher than for PCS = 180. 
For comparison purposes, the set of PCS = 180 samples has been processed with the SPGL-1 solver [30], 
shown as the results plotted in Figure 7c on the next page. Even when the image is sharper (ISNR rises up to 
40 dB), OUT profile is not recovered as accurate as with the TV minimization (see Fig. 7b).  Results for PCS = 
110 samples can be improved by combining 10 random sets. TV is able to properly recover the OUT shape 
(see Fig 8a on the following page). However, SPGL-1 solver does not provide a proper OUT image, despite 
having again higher ISNR (see Fig. 8b). The calculation time is increased with respect to Section III.A, due to 
the larger number of voxels in the reconstruction domain. Standard SAR takes 390 s per frequency, yielding 
2750 s overall calculation time. The proposed 3D Nesterov-based TV CS with LCS = 1260 samples requires 
85000 s, 31 times slower than standard SAR. For LCS = 770, 3D CS calculation time is 51500 s. As a reference, 
SPGL-1 solver is 6.5x faster than the implemented TV algorithm, as shown in Table 4 on the following page, 
but the quality of the reconstruction of the proposed Nesterov-based approach is better than that of the 
SPGL-1.
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ISNR = 26.2 dB ISNR = 34.5 dB
(a)

ISNR = 35.5 dBISNR = 40 dB(c) (d)

(b)

Figure 7: Recovered top and front view images. Normalized amplitude, in dB. (a) Standard SAR. (b) CS with PCS = 180. (c) 
SPGL-1 solver with PCS = 180. (d) CS with 110 receivers. Blue dashed lines represent the OUT contour.
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ISNR = 37.6 dB
(a)

ISNR = 42.5 dB (b)

Figure 8: Recovered images combining 10 cases with 110 randomly selected positions on each. Normalized ampli-
tude, in dB. (a) CS Total Variation. (b) SPGL-1 solver.

Method Aperture  

samples

No. of field 

samples

Calculation 

time

ISNR (dB) Results shown 

in …

SAR P = 25531 L = 178717 2750 s 26.2 Fig. 7 (a)

TV PCS = 180 LCS = 1260 85000 s 34.5 Fig. 7 (b)

SP PCS = 180 LCS = 1260 12500 s 40 Fig. 7 (c)

TV PCS = 110 LCS = 770 51500 s 35.5 Fig. 7 (d)

TV 110 x 10 770 x 10 51500 s (*) 37.6 Fig. 8 (a)

SP 110 x 10 770 x 10 7850 s (*) 42.5 Fig. 8 (b)

In summary, the proposed 3D Nesterov-based algorithm is capable of reducing up to 141 times the number 
of samples needed for imaging when compared to standard SAR. Conversely the price-to-pay is the huge 
increase in the calculation time, which is in the order of the sampling rate reduction. Splitting the initial 
problem into several subsets with reduced number of samples can be computed in parallel, thus enhancing 
the computational cost.  It is important to mention that 3D imaging time of 51500s is far from real time appli-
cations; however, there are several techniques that can be implemented in order reach a real time implemen-
tation. Some of them include but are not limited to the following: 1) Reducing the resolution of the imaging 
system and therefore the size of the sensing matrix A (this option can easily provide real-time images by 
degrading the performance of the system, so it is not the desired route to follow); 2) perform fast matrix-vec-
tor products using multistatic FFT (preliminary results of this approach are presented in the next section); 
3) perform  consensus-based imaging, where smaller matrices are inverted, using the Alternating Direction 

(*) Full parallelization is assumed. (**) Proposed mechanical system. SAR: Inverse SAR imaging. TV: Total Variation CS. 
SP: SPGL-1 CS.

Table 4: Summary of the measurement-based results.
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Method of Multipliers (ADMM) (preliminary results of this approach for a Gen-3 system using a Compressive 
Coded Reflector Antenna are discussed in this report too). 

D.2.  Accelerating Nesterov-based Compressive Imaging using multistatic FFT

As briefly stated in the last paragraph of the previous subsection, the proposed 3D Nesterov-based Compres-
sive Sensing (CS) imaging for our Gen-1 system is still far from producing high resolution real-time images. 
In order to enhance its performance, the matrix-vector forward and inverse projections required by the Nes-
terov-based CS algorithm are replaced by fast FFT-based projections. In this way, the Nesterov-based CS im-
aging algorithm can be substantially accelerated when compared to the performance produced by traditional 
SAR imaging.  This year we have studied the suitability of this method in 2D.

D.2.a.  Problem motivation

This work presents a novel imaging algorithm based on the combination of a Fourier-based inverse method 
and Nesterov-based Compressive Sensing (CS) technique.  In a previous work [33], CS techniques combined 
with a standard back-propagation inversion were used to reduce the number of measurements necessary 
to create a radar image. The main drawback of this iterative reconstruction approach is that matrix vector 
products, involving the sensing matrix in the forward projection and  the  pseudo-inverse  matrix in the 
inverse projection, need  to  be  performed  several times in  each  iteration  of  the  CS  algorithm.  Slow for-
ward and inverse matrix-vector products reduce the applicability of the algorithm in quasi-real-time imaging 
applications. In order to solve this issue, the use of multistatic Fourier-based forward and inverse operators, 
as the method presented in [34], is proposed as a suitable algorithm to accelerate matrix-vector products in 
iterative CS imaging applications.

D.2.b.  Problem formulation

Similar to 3D cases, the imaging problem in 2D can also be expressed as                             , where A is a forward 
operator;                   is the unknown complex vector, with       the number of unknowns;                  is the measured 
complex field data, with  the number of receivers times the number of frequencies; and  
represents the noise collected by each receiving antenna for a given frequency. CS theory [35], [36] states 
that a solution can be recovered using fewer samples than those stated by the Nyquist criterion, when certain 
conditions are satisfied. The reconstruction is performed by solving the following convex   problem:

                         (10)

where            is the Total Variation (TV) norm of the reflectivity vector,                        is the 2-norm of the re-
sidual error, and ∈ is an upper bound for the residual error. The TV norm considers partial differences in 
cross-range and range. The algorithm described in [37] has been used to perform the inversion. The forward 
operator is used to calculate the accuracy of the solutions obtained at every step of the iterative CS inversion. 
Each of these solutions is calculated by a function that uses both forward and inverse operators that relate re-
flectivity and measured field. The inverse operator implements the backpropagation to obtain the reflectivity 
of the target area                     from the measured electric field on the observation points                  as:

       (11)
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where (xinc, yinc, zinc) is the position of a point source-like transmitter, k = 2πf/c. Given the reflectivity func-
tion of an object                        , the forward operator provides the field scattered on the observation points as:

          (12)

In the previous work [33], the forward and inverse operators were implemented using the standard oper-
ators in Eqs. (11) and (12), implemented as the product of a sensing matrix and a vector. In this work, the 
inverse operator is defined as a fast Fourier-based inversion method [34]. The forward operator has been 
implemented in a similar way, using a method based on the Fast Fourier Transform (FFT) to calculate the 
fields generated by a given reflectivity. 
As stated in [34], the interpolation is the slowest step of the process. This problem was also present in the 
new forward method. In order to overcome this limitation, the interpolation was replaced by a multiplication 
of the data in the original grid and a sparse interpolation matrix. This interpolation matrix reflects the rela-
tionship between the points on the original grid and the interpolated grid, thus it only depends on the geome-
try of the problem and can be pre-calculated. This matrix is sparse because any point of the interpolated grid 
depends only on its close neighborhood, which further reduces the computation time. 

D.2.c.  Preliminary results using synthetic data in 2D

The performance of the new method is compared with the method presented in [33] using a multistatic 
configuration. Figure 9 on the next page depicts the geometry of the problem. The distance between the 
antennas and the center of the reconstruction domain is 1 m. The transmitter is located at the center of the 
receiving array. The full array of receivers is composed by 121 antennas, but only a random subset of 30 of 
them is considered for the sparse array. The center frequency of the system is 60 GHz, and 25 frequencies in 
a bandwidth of 6 GHz are used.
For comparison purposes, the reconstructed image obtained with traditional backpropagation using the full 
array of receivers is used, depicted in Figure 10a on the following page. CS techniques are applied to recov-
er the image when the array is sparse. The reconstruction of the image using CS combined with standard 
backpropagation method is represented in Figure 10b on the following page. As stated in [33], the recovered 
image has a narrower profile than the image created from the full array. The computational time necessary to 
perform the inversion is 40 seconds. Figure 10c on the following page shows the image reconstructed with CS 
combined with Fourier-based techniques (CS-Fourier). This image is similar to the results of the CS combined 
with backpropagation method, but the inversion only takes 4 seconds. 
In summary, this year we have studied a new inversion method that combines Fourier-based backpropaga-
tion for multistatic systems and CS techniques. This combination results in successful inversions that are 
one order of magnitude faster than current state of the art 2D iterative reconstruction algorithms. Superior 
acceleration factors are expected when applying this technique to the 3D case. The presented results improve 
the quality of the images generated using traditional non-iterative approaches in terms of range resolution 
and image signal-to-noise ratio. 
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Figure 9: Geometry of the numerical example. The green contour represents the target, the transmitter is the blue cross 
at (cross-range, range) = (0, 1) m., the receivers for the full array are the red dots, and the black circles represent the 
receivers used in the sparse array.
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D.3.  ADMM-based Compressive Imaging using emulated synthetic data of a potential Gen-3 system     

This year, we have studied a novel ADMM-based Compressive Imaging using emulated synthetic data of a po-
tential Gen-3 system. The advantage of the ADMM is that it can formulate the imaging problem as a consensus 
problem: (1) the big sensing matrix is divided into smaller sub-matrices, (2) each sub-matrix is then inverted 
in parallel, and (3) a consensus between all the solutions is reached afterwards. The main advantage of this 
method is the full parallelization of the imaging algorithm. The ADMM imaging algorithm has been tested us-
ing synthetic Gen-3 system data, in which a Compressive Reflector Antenna is used to emphasize the singular 
values of the sensing matrix, thus enhancing the sensing capacity of the imaging system [38]. 

D.3.a.  Problem motivation

Reducing the cost of sensing and imaging devices is a necessity before they can be ubiquitously deployed as 
a part or a large-scale network of sensors. Recently, the lead-PI of this project proposed a single transceiver 
Compressive Reflector Antenna (CRA) as a way to provide high-sensing-capacity with a minimum cost and 
complexity in the hardware architecture [38]. The imaging algorithm used by the CRA was based on nov-

Figure 10: (a) Recovered reflectivity [dB] when using the full array of receivers; (b) Recovered reflectivity [dB] when 
using the sparse array of receivers and CS-backpropagation method; (c) Recovered reflectivity [dB] when using the 
sparse array of receivers and CS-Fourier method.

(a) (b)

(c)
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el norm-one-regularized iterative Nesterov-based Compressive Sensing (CS) technique, which is slow and 
computationally very expensive. In order to overcome these imaging barriers, this year we have studied a 
new fully-parallelizable, consensus-based imaging algorithm that utilizes the Alternating Direction Method 
of Multipliers (ADMM) formulation.

D.3.b.		 General	overview	of	the	Compressive	Reflector	Antenna

The concept of operation of the CRA relies on two basic principles: 1) spatial codification, introduced by a 
customized reflector; and 2) CS imaging, performed on the measured data. The CRA is fabricated by intro-
ducing discrete scatterers, Ωi, on the surface of a Traditional Reflector Antenna (TRA), as shown in Figure 11. 
Each scatterer Ωi is characterized by the electromagnetic parameters {σi	,	μi , ∈i}  and the scatterer size {Dx , Dy, 
Dz} in                   . CRA and TRA share many geometrical parameters: D, aperture size; f, focal length; h0	, offset 
height. These scatterers generate a spatially coded pattern in the near and far field of the antenna after re-
flecting the incident field produced by the feeding element. When this coded pattern is changed as a function 
of time, CS techniques can be used to generate a 3D image of an object under test.

D.3.c.  Generating the sensing matrix

In the Gen-3 systems, these spatial codes will be changed by adjusting the phase of the elements in the trans-
mitting array. However, in order to reduce the computational cost associated with the simulation, this exam-
ple considers a reflector antenna that is rotated along the axis of the parabola to generate the coded pattern 
in the imaging region. This configuration can be described as a multiple monostatic one, in which data is 
collected during the scan period, ts, where the reflector is rotated θr degrees for r = 1, ... , Nθ . The image recon-
struction is performed in Np pixels, and the system uses Nf frequencies. Under this configuration, the sensing 
matrix                              establishes a linear relationship between the unknown complex vector  

Figure 11: 2D cross-section of a Traditional Reflector Antenna (x > 0), and Compressive Reflector Antenna (x < 0).
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and the measured complex field data                 , with Nt = Nθ . Nf . This relationship can be expressed in a matrix 
form as y =Ax, and it can be solved using a norm-one-regularized ADMM formulation. It is important to men-
tion that the ADMM will work in a similar fashion independently of the sensing configuration (monostatic or 
multistatic).

D.3.d.  ADMM formulation 

The ADMM is a novel method for optimizing convex functions [39], [40]. The general minimization form of 
the ADMM is as follows:

    (13)

where f and g are convex, closed and proper functions. In this paper, the general formulation takes the form 
of the norm-one-regularized lasso problem and it is solved in a distributed fashion called Consensus:

       (14)

where Ai is a submatrix made of rows of A, yi is a subvector of y having the same length as the number of rows 
of Ai, and xi is a copy of the vector x, which is used to solve the problem for each Ai and yi. Equation 14 can now 
be solved by iteratively computing the following sequence of variables:

      (15)

      (16)

      (17)

where ρ is a parameter,  SK(y) is the elementwise soft thresholding operator [41], and  and  are the mean of 
xi and ui, respectively, for all i. Although computing  requires the inversion of a matrix of dimen-
sions n × n , with n being the length of x, the matrix inversion lemma can be used in order to reduce the size 
of the matrix that needs to be inverted as follows:

        (16)

where the subindices  n and n/N indicates the dimension of square matrices.

D.3.e.  Numerical results
The parameters used for the numerical simulation are shown in Table 5 on the following page, as defined in 
[38], resulting in a matrix A of size 93 × 25000. The proposed method divides A into N = 31 submatrices, in 
each optimization of xi; and, therefore, only 31 matrices of dimension 3 × 3 need to be inverted instead of a 
large 25000 × 25000 matrix. This transformative capability of the ADMM highly accelerates the optimization 
process. Figure 12 on the next page shows the imaging results using a traditional pseudo-inverse approach 
and the ADMM algorithm, having a norm-one weight of λ = 15 and a value of ρ = 10 , for a structure of 4 tar-
gets (depicted as the transparent triangles with the black border). The regularized ADMM solution clearly 
outperforms the pseudo-inverse solution in terms of image quality. Additionally, the ADMM algorithm solved 
the problem in just 3s, while the Nesterov-based algorithm [42] used in [38] solved the problem in 203s, thus 
showing the efficacy of the proposed approach.
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In summary, this year we studied the principles of a new distributed, consensus-based imaging algorithm 
using the norm-one-regularized ADMM for a CRA, which will be used by the Gen-3 system. The proposed 
algorithm outperforms both traditional pseudo-inverse imaging algorithms, in terms of image quality, and 
current state of the art iterative algorithms (i.e. Nesterov-based algorithm), in terms of computational cost 
and image quality.

Figure 12:    Reconstructed normalized reflectivity using (a) pseudoinverse, and (b) ADMM. There are four targets, each 
one is made of eight transparent black triangles (the x,y,z coordinates of the center of each target is indicated in the 
figure)); and the reconstructed reflectivity is presented in the colored map. The ADMM reconstruction is performed 
faster with a reduced number of false alarms.

(a)

(b)
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E. Future Plans

• Accelerated Nesterov-based Compressive Imaging using synthetic data and experimental data from the 
Gen-1 system- For the next years, the follow-on tasks and expected outcomes are the following:

o Tasks 2.3 (next year) – Test and validate the algorithm in the Gen-2 system. Expected outcomes:  
a) Accelerated CS imaging using Nesterov-based algorithm for coherent mm-wave system work-
ing with 400 channels.

o Task 3.3 (after next year) - Test and validate the algorithm in the Gen-3 system. Expected out-
comes:  a) Validation of the algorithm in 2D with synthetic and experimental data; b) Validation 
of the algorithm in 3D with synthetic and experimental data.

• Accelerating Nesterov-based Compressive Imaging using multistatic FFT - For the next years, the fol-
low-on tasks and expected outcomes are the following:

o Tasks 1.4 (next year) – Test and validate the algorithm in the Gen-1 system. Expected outcomes:  
a) Validation of the algorithm in 2D with experimental data; b) Validation of the algorithm in 3D 
with synthetic and experimental data.

o Task 2.4 (next year) - Test and validate the algorithm in the Gen-2 system. Expected outcomes:  
a) Validation of the algorithm in 2D with synthetic and experimental data; b) Validation of the 
algorithm in 3D with synthetic and experimental data.

o Task 3.4 (after next year) - Test and validate the algorithm in the Gen-3 system. Expected out-
comes:  a) Validation of the algorithm in 3D with experimental data.

• ADMM-based Compressive Imaging using synthetic Gen-3 data - For the next years, the follow-on tasks 
and expected outcomes are the following:

o Tasks 2.5 (next year) – Test and validate the algorithm in the Gen-2 system. Expected outcomes:  
a) Validation of the algorithm in 2D with experimental data; b) Validation of the algorithm in 3D 
with experimental data.

o Task 3.5 (after next year) - Test and validate the algorithm in the Gen-3 system. Expected out-
comes:  a) Validation of the algorithm in 2D with synthetic and experimental data; Validation of 
the algorithm in 3D with synthetic and experimental data.

o A new algorithm that has the potential to finally produce true high-resolution, real-time imaging 
will be studied in the following years. 

• Hybrid ADMM/Nesterov-based multistatic FFT Compressive Imaging for Gen-2 and Gen-3 systems- The 
algorithm will be based on doing a spatial decomposition of both the 3D imaging support and the 2D 
radar aperture using an ADMM-type approach; then, the Nesterov-based combined with the multistatic 
FFT will be used to accelerate the calculation of the   step in the ADMM algorithm.   For the next years, the 
follow-on tasks and expected outcomes are the following:

o Tasks 2.6 (after next year) – Test and validate the algorithm in the Gen-2 system. Expected out-

Table 5: Parameters of the numerical example.
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comes:  a) Validation of the algorithm in 2D with experimental data; b) Validation of the algorithm 
in 3D with experimental data.

o Task 3.6 (after next year) - Test and validate the algorithm in the Gen-3 system. Expected out-
comes:  a) Validation of the algorithm in 2D with synthetic and experimental data; Validation of 
the algorithm in 3D with synthetic and experimental data.

III. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

A. Course, Seminar or Workshop Development

• Prof. Martinez-Lorenzo has been involved in several ADSA workshops. A more important contribution 
was done for ADSA12, where Prof. Martinez served as a plenary speaker with a talk entitled “Millime-
ter-Wave Sensing and Imaging.” 

• Prof. Martinez also organized and convened a session at the 2015 the European Conference on Antennas 
and Propagation 2014. The session title was “Wave-based sensing and imaging for security applications”.

B, Student Internship, Job or Research Opportunities

• Graduate students Galia Ghazi and Luis Tirado play an important role in our research project. They assist 
in developing new hardware design and integration schemes for the millimeter wave radar system. 

• Our undergraduate students Matt Nickerson, Mothit Bhardwaj, Anthony Bisulco, Chenyang Liu and Luigi 
Annesse, have continued the work started by Siddharth Velu, Thurston Brevett and Shaan Patel in this 
project. They will continue to be one of the pillars of this project. 

• Chenyang Liu and Luigi Annesse joined the group as participants in the ALERT and Gordon-CenSSIS 
Scholars Program. 

• Mohit Bhardwaj and Chenyang Liu have been involved in ALERT as REU students during 2014 and 2015 
summers respectively. 

C. Interactions and Outreach to K-12, Community College, Minority Serving Institution Students or Faculty

• Two high school students, Imani George – Thayer Academy, Class of 2015 and Jenny Dinh – Lowell High 
School, Class of 2015, joined the group over the summer 2014 as a part of the Young Scholars Program at 
NEU. During the summer of 2015, two additional high school students will be joining the group.

• The lead PI participated in the several Building Bridges Program, in which high school students visit 
NEU’s laboratories to have a hands-on research experience in order to engage them in STEM education.

• The lead PI has also participated in the recruitment of undergraduate research students at the 2014 So-
ciety of Hispanic Professional Engineers (SHPE) Conference.

D.  Other outcomes that relate to educational improvement or workforce development

Populating the research group with undergraduates brings homeland security technologies to undergradu-
ate engineering students, and it establishes a pipeline to train and provide a rich pool of talented new grad-
uate student researchers.
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IV. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS Enterprise

The following features will be of special relevance to the DHS enterprise:
• The non-invasive, minimal disruption on-the-move scanning with quality imaging and high throughput.
• Full body (360 degree) imaging with interrupted forward movement during millimeter wave pedestrian 

surveillance. 
• A small number of non-uniform sparse array of Tx/Rx radar modules minimizing the cost of a practical 

on-the-move system.

B. Potential for Transition

The features of on-the-move have attracted the attention of several industrial organizations and government 
agencies, namely HXI, L3 Communications, Rapiscan and DHS. 
• Industrial transition partners: HXI, Inc.; L3 Communication; Rapiscan; Smiths Detection.
• Target government customers: TSA, DOJ, CBP, Dept. of State.

C. Data and/or IP Acquisition Strategy

The hardware design, integration, and validation performed under this project will continue to generate IP. 
In the past, several provisional patents have been submitted to NEU’s IP office, and our connection with dif-
ferent transition partners will facilitate its transition into industry. Moreover, the hardware will also be used 
to create benchmark datasets that may be used by industry stakeholders in order to assess the performance 
of their reconstruction/imaging algorithms.

D. Transition Pathway 

HXI Inc. has been collaborating with our research team in the R3-B.1 project. Together, HXI and ALERT have 
designed, fabricated, integrated, and validated the radar system. We expect that after the assembling the first 
Gen-3 prototype, HXI will license our IP and transition the technology to the mm-wave imaging market.  Ad-
ditionally, new low-cost miniaturized modules are being developed by HXI for the next generation millimeter 
wave system; some of these components will be tested in ALERT’s testbed.  
The PIs have also established a working relationship with Smiths Detection Systems and L3, which bodes 
well for future collaboration and transition.

E. Customer Connections

Customer Names & Program Offices:
• HXI – Mr. Earle Stewart
• Smiths Detection Systems – Dr. Kris Roe 
• L3 – Dr. Simon Pongratz
• DHS- Dr. Michael Shepard
Frequency of Contact & Level of Involvement in Project: 
• The PIs have weekly meetings with HXI for the project.  
• The companies Smiths Detection Systems and L3 had 3 to 4 meetings with the PIs last year.
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• Dr. Shepard has also visited ALERT during the last year.             
New proposals related to the topic of this research will be submitted to other federal funding agencies. 

V. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer Reviewed Journal Articles 

1. Y. Alvarez, B. Valdes, J. A. Martinez-Lorenzo, F. Las-Heras and C. M. Rappaport. “SAR imaging-based 
techniques for Low Permittivity Lossless Dielectric Bodies Characterization,” Antennas and Propa-
gation Magazine, Vol. 57 no. 2, April 2015, pp. 267 - 276.

2. Y. Alvarez, Y. Rodrguez-Vaqueiro, B. Gonzalez- Valdes, S. Matzavinos, C. M. Rappaport, F. Las-Heras and 
J. A. Martinez-Lorenzo. Fourier-based Imaging for Multistatic Radar Systems. IEEE Transactions on 
Microwave Theory and Techniques, 62(8):1798–1810, Aug 2014, doi: 10.1109/TMTT.2014.2332307.

3. B. Gonzalez- Valdes, Y. Alvarez, J. A. Martinez-Lorenzo, F. Las-Heras and C. Rappaport. On the Com-
bination of SAR and Model Based Techniques for High-Resolution Real-Time Two-Dimensional 
Reconstruction. IEEE Transactions on Antennas and Propagation, 62(10):5180–5189, Oct 2014. 
doi:10.1109/TAP.2014.2346203.

4. Y. Rodriguez-Vaqueiro and J. A. Martinez-Lorenzo. On the use of Passive Reflecting Surfaces and Com-
pressive Sensing techniques for detecting security threats at standoff distances. International Jour-
nal on Antennas and Propagation, 2014(2014):248351, 8 pages, 2014. doi:10.1155/2014/248351

Pending-

1. K. Williams, L. Tirado, Z. Chen, B. Gonzalez-Valdes, J. A. Martinez-Lorenzo and C. Rappaport. Ray 
Tracing for Simulation of Millimeter Wave Whole Body Imaging Systems. Antennas and Wireless 
Propagation letters, accepted for publication.

2. G. Ghazi, C. Rappaport and J. A. Martinez-Lorenzo. Improved SAR imaging contour extraction using 
smooth sparsity-driven regularization. IEEE Antennas and Wireless Propagation Letters, accepted 
for publication.

B. Peer Reviewed Conference Proceedings

1. Y. Rodriguez-Vaqueiro and J. A. Martinez-Lorenzo. “Standoff detection of security threats using Pas-
sive Reflecting Surfaces and Compressive Sensing techniques,” CD Proc. AP-S 2014, IEEE AP-S Inter-
national Symposium, Memphis, TN, Jul. 2014.

2. B. Gonzalez-Valdes, Y. Alvarez-Lopez, J. Gutierrez-Meana, C. Rappaport, Fernando Las-Heras, A. G. 
Pino and J. A. Martinez-Lorenzo. On-the-Move Millimeter Wave Imaging System Using Multiple 
Transmitters and Receivers. CD Proc., Accepted for publication in EuCAP 2015 — VIII European 
Conference on Antennas and Propagation, Lisbon, Portugal, April, 2015.

3. Y. Alvarez-Lopez, Y. Rodriguez-Vaqueiro, B. Gonzalez-Valdes, Spiros Mantzavinos, Carey Rappaport, 
Fernando Las-Heras and J. A. Martinez-Lorenzo. Multistatic Fourier-based Technique for Radar Sys-
tems. CD Proc., Accepted for publication in EuCAP 2015 — VIII European Conference on Antennas 
and Propagation, Lisbon, Portugal, April, 2015.

4. K. Williams, L. Tirado, B. Gonzalez-Valdes, J. A. Martinez-Lorenzo and C. Rappaport. Ray Tracing Sim-
ulation Tool for Portal-Based Millimeter-Wave Security Systems Using the NVIDIA OptiX Ray Tracing 
Engine. CD Proc. AP-S 2014, IEEE AP-S International Symposium, Memphis, TN, Jul. 2014. 

5. G. Ghazi, L. Tirado, C. Rappaport and J. A. Martinez-Lorenzo. “Coherent Image Formation and Cali-
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bration for Multi-Bistatic Radar Configurations,” CD Proc. AP-S 2014, IEEE AP-S International Sym-
posium, Memphis, TN, Jul. 2014.

6. L. Tirado, G. Ghazi, J. A. Martinez-Lorenzo, C. Rappaport, Y. Alvarez and F Las-Heras. “A GPU Imple-
mentation of the Inverse Fast Multipole Method for Multi-Bistatic Imaging Applications,” CD Proc. 
AP-S 2014, IEEE AP-S International Symposium, Memphis, TN, Jul. 2014.

7. B. Gonzalez-Valdes, J. A. Martinez-Lorenzo and C. Rappaport. “On-the-Move Active Millimeter Wave 
Interrogation System Using a Hallway of Multiple Transmitters and Receivers” CD Proc. AP-S 2014, 
IEEE AP-S International Symposium, Memphis, TN, Jul. 2014.

8. B. Gonzalez-Valdes, J. A. Martinez-Lorenzo, C. Rappaport, Y. Alvarez and F. Las-Heras. “A Hybrid SAR 
Model Based Method for High Resolution Imaging,” CD Proc. AP-S 2014, IEEE AP-S International 
Symposium, Memphis, TN, Jul. 2014.

C. Other Presentations 

1. Seminars
a. Jose Martinez, Stand-off Person Screening Systems, 11/19/2014, DHS
b. Jose Martinez, R3-B: Stand-off Person Screening Systems, 3/10/2015, DHS-ALERT site visit. 
c. Jose Martinez, Millimeter-wave imaging, 3/3/2015, NEU-U.S. Secret Services
d. Jose Martinez, New trends in mm-wave imaging, 3/23/2015, New York Times demo
e. Jose Martinez, Research at the SICA-Lab, 5/14/2015, NEU-Keysight
f. Jose Martinez, Millimeter-Wave Sensing and Imaging, 5/13/2015, ADSA12 Workshop
g. Jose Martinez, HXI-NEU radar system design, integration and validation, 6/8/2015, HXI Inc.

2. Poster Sessions
a. Chenyang Liu, Galia Ghazi, Luis Tirado, Matt Nickerson, Mohit Bhardwaj, Borja Gonzalez, and 

Jose Martinez “Coherent Image Formation and Calibration for Multi-Bistatic Radar Configura-
tions”, 4/2015, RISE: 2015.

b. Anthony Bisulco, Luis Tirado, Galia Ghazi, Matthew Nickerson, Mohit Bhardwaj, Borja Gonzalez 
and José Martinez. “Enhancing Imaging Capabilities of a Standoff Radar System for Security Ap-
plications”, 4/2015, RISE: 2015. 

3. Interviews and/or News Articles 
a. New York Times: http://www.nytimes.com/2015/05/09/us/airport-security-advanc-

es-clash-with-privacy-issues.html?_r=1 

D. Student Theses or Dissertations 

1. Yolanda Rodriguez-Vaqueiro, Compressive Sensing for Electromagnetic Imaging using a Nest-
erov-based  optimization, Northeastern University PhD Thesis, March 2015.

E. Transferred Technology/Patents

1. Full patent application
a. Gonzalez-Valdes, B., Martinez-Lorenzo, J. A. and Rappaport, C., On the move millimeter wave in-

terrogation system with a hallway of multiple transmitters and receivers, US Utility Application 
No.14/562,094. Date of Filing: Dec. 5, 2014.
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2. International filing
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ular Superheterodyne Stepped Frequency Radar System for Imaging, US Patent Application No. 
61/846,215. Date of Filing: July 15, 2014.
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IR Spectroscopy Chemical Sensing
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II. PROJECT DESCRIPTION 

A. Overview and Signi icance

This project deals with the use of infrared spectroscopy in standoff mode and coupled to laser sources op-
erating in the mid-infrared (MIR) to develop con irming (orthogonal chemical sensors) for detecting explo-
sives residues on clothing, travel bags, personal bags, laptop bags/cases, skin and other substrates. The main 
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hurdle to overcome is discriminating the nitro- or peroxide-based explosives from highly interfering, MIR 
absorbing substrates (matrices) in which explosives are found. Quantum cascade lasers (QCL) will be  used as 
energy sources. QCL have revolutionized MIR spectroscopy applications. Techniques evaluated will provide 
positive/negative or a con idence level indication to the operator for the presence of explosives within 1 min 
(in most cases a few seconds) while operating effectively in a ield environment at multiple distances with 
varying levels of relative humidity, air particulates, temperature, light and wind.
A main objective of the tasks performed by this research and education component at the University of Puer-
to Rico at Mayaguez (UPRM) is to lay the foundation for the standoff detection of explosives on highly MIR 
absorbing substrates, including cotton, cardboard, wood, plastics, and create a library of adaptable infrared 
absorbance/re lectance spectra for a variety of highly energetic materials (HEM) on various substrate sur-
faces.  An addressable library of HEM will be built, tested and made available. The spectra in the library will 
be able to be modi ied or morphed according to models that consider the spectroscopic measurement condi-
tions, the physical features of the HEM residues and the characteristics of the substrate surfaces. This library 
is intended to be useful for both the identi ication of single target chemicals that are combined with many 
clutter species as well as the discrimination among multiple target chemicals that are mixed with each other 
and with additional clutter species.  
The library can include as many as 30 target HEM and 7 or more substrate types. Target chemicals will in-
clude high explosives, explosives formulations, non-nitrogen-based, home-made explosives and co-indicator 
compounds and precursors of these various chemicals. Substrates could be metals or non-metals and could 
have high infrared transmittance of re lectance or absorbance; they could also have low infrared transmit-
tance, re lectance or absorbance. The concentration of a given dilute solid on a surface can be 1 μg/cm2 or 
lower. Single target chemicals can represent as little as 0.1% of the overall residue. Mixtures can have as 
many as 5 to 10 target components plus 15 or more additional background chemicals, with a given target 
component representing as little as 1% of the overall amount of residue on a surface. Development of this 
library will include the preparation of samples comprising chemical residues on the surface of a substrate, 
spectroscopic characterization of samples like the ones prepared and the investigation and modeling of var-
ious measurement effects and residue/substrate effects.  The measurements performed at UPRM will make 
use of several spectroscopic measurement instruments available, including an FT-IR spectrometer, tunable 
QCL sources and photodetectors.

B. State-of-the-Art and Technical Approach

Vibrational spectroscopy consists of two main techniques: infrared spectroscopy (IRS) and Raman scattering 
(RS). Spectra obtained by means of these techniques can be used for identifying and quantifying samples in 
complex matrices because each substance has a unique spectrum in the ingerprint and fundamental vibra-
tions regions of the MIR region and corresponding Raman shift regions [1-5]. The two techniques are, in gen-
eral, complementary in the information they provide. When coupled to multivariate chemometrics routines, 
IRS and RS can be used for discriminating between interfering substrates and other analytes, even when the 
target analyte is in very small quantities [6]. 
IRS is a well-established discipline within science and technology ields and it has continuously evolved 
during 200 years [1-3]. Throughout this time, IRS has gradually developed all of its major modalities: absorp-
tion/transmission, re lection, and emission spectroscopies and bene ited from technological developments 
in spectral sorting capabilities (gratings in lieu prisms; interferometers in lieu of dispersive spectrometers); 
improvements in detection technologies; in development of water resistant optical elements; and in fast pro-
cessing data analysis: Fourier transformation [1-5]. However, one area that has lagged in incremental devel-
opments and improvements until recently has been in the energy sources for excitation of infrared spectra: 
only polychromatic thermal sources (globars) have been traditionally available [3].
The difference in inherent strength of the photonic mechanisms that enables IRS and RS as dominant tech-
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niques of molecular spectroscopy limits their capabilities and use in applications of standoff (SO) detection 
of threat chemical compounds: IRS being a photonic absorption process is a much stronger process than the 
inelastic scattering of photons in a Raman event. This enables SO-IRS with the capability of near trace de-
tection of target chemicals up to tens of meters. On the other hand, RS is supported by important properties 
of lasers which enable SO ranges as long as 1 km, but limited to bulk amounts of samples (as low as several 
mg) and gaseous molecules of small molecules due to the weakness of the scattering event. Both IRS and 
RS, in their various modalities, have been shown useful for characterization, detection, identi ication and 
quanti ication of threat chemicals, among them HEM and homemade explosives (HME) [8-17].  Over the past 
25 years, the techniques have frequently been used in SO mode to deter terrorist threats by providing the 
basis for the required countermeasures to prevent explosive events. Fundamental and applied research in 
areas of interest to national defense and security focusing on remote or SO detection of high explosives and 
homemade explosives (HME) that could be used as weapons of mass destruction has been reviewed regularly 
[7-17].
The need to develop more powerful MIR sources that enable detection at longer distances when a target haz-
ardous threat chemical is located on a substrate in the form of a residue at trace or near trace level suggests 
the use of collimated, coherent, and polarized sources. These sources were irst developed in 1994 at Bell 
Labs with the invention of quantum cascade lasers (QCL) [18]. A QCL is a unipolar semiconductor injection 
laser based on sub-interband transitions in a multiple quantum-well heterostructure. As a semiconductor 
laser that has the ability to produce varying wavelengths and to operate at various temperatures, this type 
of laser has various advantages over other types of lasers [19-23]. QCLs are capable of producing from a few 
tens to hundreds of milliwatts of continuous mode or pulsed power under ambient conditions, are commer-
cially available and have enabled the development of ruggedized systems for the detection of hazardous 
chemical compounds. Recent developments in QCL technology include size reduction, which has enabled the 
transition from tabletop laboratory instruments to easy-to-handle, small instrument designs, and portable 
units that can be used by irst responders and military personnel outside the con inement of a sample com-
partment. Moreover, the increase in output power has enabled the use of QCL-based spectrometers in long 
distance (range) applications, making the detection of chemical and biological threat agents possible at tens 
of meters from the source [24 and 25].
Furthermore, QCLs can be operated in ield conditions, allowing for the sensitive detection of HMEs such 
as triacetone triperoxide (TATP), of aliphatic nitrate esters such as pentaerythritol tetranitrate (PETN), of 
aliphatic nitramines as 1,3,5-trinitroperhydro-1,3,5-triazine (RDX) and of nitroaromatic HEMs as 2,4-dini-
trotoluene (2,4-DNT) and 2,4,6-trinitrotoluene (TNT) in the vapor phase using photoacoustic spectroscopy 
[26-28]. The detection of TATP and TNT in the vapor phase has also been achieved using infrared absorption 
spectroscopy with satisfactory results [28 and 29]. Moreover, the use of QCL sources has been useful for 
remote detection of HEMs deposited on surfaces using photoacoustic and traditional infrared absorption 
spectroscopies [30-35]. Thundat’s group recently reported that nanomechanical infrared spectroscopy pro-
vides high selectivity for the detection of TNT, RDX and PETN without the use of chemoselective interfaces by 
measuring the photothermal effect of the adsorbed molecules on a thermally sensitive microcantilever [36].
However, the majority of previous investigations focused on the detection of HEMs deposited on nearly ideal, 
highly re lective substrates, such as highly polished metallic surfaces [33]. There are few published reports 
on the effects of non-ideal, low re lectivity substrates on the spectra of the analyzed target HEM [35]. The 
work by Suter and collaborators (2012; PNNL) in which they measured the spectral and angular dependence 
of MIR diffuse scattering from explosives residues for deposited on a painted car door using an external 
cavity QCL (EC-QCL) laid the foundations for part of the work that this research group pursues [34]. How-
ever, our approach is signi icantly different since it comprises detection, identi ication and discrimination 
of explosives on highly interfering backgrounds, such as a cotton shirts or pants, nylon and black polyester 
from laptop bags or travel cases, simulated human skin, and other compacted solid mixtures [35]. The work 
also centers on using robust chemometrics techniques for “on the ly” pattern recognition and discriminant 
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analysis, with an expected turnaround response time from a few milliseconds to less than 1 s. The main dif-
ference between the expected contributions of this research and the current state of the art is in bridging the 
gap between lab experiments under well controlled conditions and the real-world detection of explosives 
residues [36]. Angular dependence of source-target-detector in active mode SO-IRS [37] and dependence of 
detection limits on angular alignment, substrate type and surface concentration in active mode SO-IRS [38], 
using both thermal sources (globars), modulated and non-modulated have also been measured as part of the 
group contributions.

C. Major Contributions

C.1.  QCL spectroscopy-least squares detection of HEMs on cotton

Remote sensing using IRS depends on the observer-target distance and on the angle between source, target 
and detector. Another important factor is the re lectivity of the target. In the search for attaining higher re-
turn signals in back re lection mode, a QCL was used to determine the presence of HEM on cotton. The iden-
ti ication of vibrational signals was generated by a simple spectral comparison using classical least squares 
in the minimization of the difference between real spectra (RS) and calculated spectra (CS). The models used 
for obtaining CS were based on linear combinations of HEM spectra, cotton spectra and biases. As shown 
in Figure 1, the setup consisted of a 3 in. diam. ZnSe lens, which was used to focus the MIR beam, to collect 
the re lected light and to focus the light onto the a thermoelectrically cooled mercury-cadmium-telluride 
detector. The wavenumber accuracy and precision were 0.5 cm-1 and 0.2 cm-1, respectively. The spectroscopic 
system worked best at a head to target distance of 15  3 cm, each laser producing a spot of 2 mm in diam. at 
15 cm of distance. 

A linear model was assumed, such that:

     (1)

Where f(i,i) are the i normalized intensities of the spectrum calculated for a mixture of different compo-
nents (j), j(i) is the normalized intensity at each wavenumber () of the spectrum of the component and 
 is a parameter that indicates the fraction of spectrum of a component in the spectral mixture. This model 
assumes that there are no interactions between the mixture components leading to bond formation and vi-
brational mode shifting and that the intensities are additive. The parameter i was found by minimizing the 

Figure 1: Setup: QCL source, MCT detector, lens, mirror and sample holder for powder samples.
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least squares of the difference or subtracted between the real spectrum (yi) and the calculated spectrum:
  (2)

The minimum of the sum of squares is found by setting the gradient to zero. Since the model contains “n” 
parameters, there are “n” gradient equations:

   (3)

It is possible to extract signals of interest of the components from the model. For example, if the component 
of interest is 1. The extracted spectrum () is:

      (4)

In this work the components were cotton, trinitrotoluene (TNT), pentaerythritol tetranitrate (PETN) and 
cyclotrimethylenetrinitramine (RDX). The HEM were deposited on cotton by thumb printing the solid. An 
amount was deposited on glass, fabric was then placed on the explosive and then the HEM were inger print-
ed by using pressure to force the explosive to transfer to the substrate. The fabric was weighed before and 
after the deposition in order to determine the amount deposited. The weighing was carried out using two 
balances. The irst balance had a precision of  0.1 mg and was used for depositions of 0.1 to 5 mg. The second 
balance had a precision of  0.1 μg (thermogravimetric balance). The obtained spectra were converted from 
re lectance units to the negative of logarithm of re lectance because this unit is proportional to the concen-
tration. The normalization was done using vector normalization (VN) pre-processing. This was done on the 
complete spectral region for the analyses. When applying VN, the average intensity was calculated irst and 
then this value was subtracted from the spectrum. Next, the sum of the intensities squared was calculated, 
and the spectrum was divided by the square root of this sum. Twenty samples of TNT on cotton were pre-
pared by depositing 3, 1, 0.5, 0.1 mg (5 replicas of each). QCL spectra were measured and TNT parameter was 
calculated from the spectra of the 5 replicas. Then, the probability of detection was estimated (see Fig. 2a). 
The model for two component mixtures was based on:

        (5)

In Figure 2b, the spectrum of 0.1 mg TNT on cotton is shown together with the predicted spectrum from Eq. 
5 and the QCL cotton spectrum. The TNT subtracted spectrum calculated from Eq. 4 is also shown. Spectra 
were compared with the solid TNT spectrum (reference) in order to verify the presence of the important 
vibrational signatures of the target HEM.

Figure 2: (a) Probability of detection; and (b) spectra: TNT on cotton, predicted, TNT solid, subtracted and cotton.
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A second model for three component mixtures was based on the following:

        (6)

Different amounts of TNT, RDX and a mixture of 50% TNT and RDX (134 samples) were deposited on cotton 
from 0.1 to 3 mg and TNT and RDX were calculated. Then the distribution of each sample was plotted for the 
values calculated of TNT and RDX by means of Eq. 7 (see Fig. 3).

A third model for four components was tested:

             (7)

Different amounts of TNT, RDX, PETN, a mixture of 50% TNT and RDX, a mixture of 50% TNT and PETN, a 
mixture of 50% PETN and RDX and a mixture of 33.3% TNT, PENT and RDX (252 samples) were deposited on 
cotton from 0.1 to 3 mg. TNT, RDX and PETN were calculated and the distribution of each sample was plotted 
for the values calculated of TNT, RDX and PETN by Eq. 7 (see Fig. 4).

Figure 3: Distribution of samples on β
TNT

 and β
RDX

 parameters.

Figure 4: Distribution of samples on β
TNT

, β
RDX

 and β
PETN

 parameters.
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In order to evaluate statistically the discrimination power of the  parameters, a discriminant analysis was 
carried out. Two statistically signi icant discriminating functions were obtained. These functions contained 
nearly all of the statistically relevant information as they contributed to 95.3% of the discrimination capabil-
ity. As shown in Table 1, the eigenvalues for the discriminant functions were highly signi icant (p < 0.0001). 
According to the canonical correlation coef icient, which is indicative of the ability or effectiveness for the 
discrimination capability of new samples, the functions have excellent capacities for determining group dif-
ferences 93% and 87%, respectively (see Fig. 5). Function three (F3), with a 77% capacity for determining 
group differences, was not as effective as F1 and F2 in the sought discrimination model and was not used. The 
detection limit of (LOD) was calculated from different spectra of RDX at low amounts (< 0.1 mg). Eq. 4 was 
applied to the spectra and the signals of RDX were validated (see Fig. 6a on the next page). Next the signal to 
noise ratios (S/N) were calculated for two signals (1040 and 1463 cm-1). An S/N of 3 was found for a mass of 
22  6 μg. Based on the IUPAC de inition, this is the LOD.

Discriminant function          1         2         3

Eigenvalue 6.2 3.2 0.5

Relative % 63 % 32 % 5 %

Canonical Correlation 0.93 0.87 0.56

Wilks Lambda 0.02 0.16 0.68

Chi-squared 901.9 431.7 90.6

p value < 0.0001 < 0.0001 < 0.0001

Figure 5: Discriminant plot of F1 and F2.

Table 1: Values of statistical parameters of functions derived from the β parameter.
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C.2.  QCL spectroscopic library of explosives

Spectral signatures of explosives were recorded by MIR spectroscopy using a QCL system. Explosive samples 
were deposited on aluminum and on real-world substrates such as travel baggage, cardboard, and others. 
Explosives used in this stage of the project were RDX, PETN and 2,4-DNT. The deposition method utilized was 
sample smearing. An addressable QCL Spectral Library was started by measuring vibrational signatures of 
explosive samples deposited on aluminum using QCL spectroscopy. QCL re lectance spectra were compared 
with reference spectra acquired in KBr matrices in transmission mode. The reagents used include DNT, RDX 
and PETN, synthesized at micro scale in the lab. Acetone was used to deposit explosives samples with dif-
ferent surface concentrations on to a travel bag (TB) and on aluminum (Al) used as substrates. Detection of 
PETN, RDX and DNT deposited on selected substrates was carried out using a QCL spectrometer. All spectra 
were taken with 5 co-adds and 4 cm-1 resolution. In addition, 5 spectra were taken for each sample. The 
spectral range was 1600 - 1000 cm-1. Table 2 on the next page contains the list of chemicals that have been 
used to build the QCL library of 46 common (and not so common) explosives. RDX, PETN and TNT have been 
measured on all substrates: Al (highly re lective metal surface; M), wood (plywood; W), cardboard (CB) and 
travel bag materials (plastic polymer, black polyester, TB). Their spectra has been included in the QCL spec-
tral library.

Figure 6: (a) Extracted spectra of RDX particles on cotton; and (b) plot of S/N vs. mass for two RDX signals.
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# Status Explosive # Status Explosive

1 A RDX 24 M 3,5 dinitro-4-methylbenzoic acid

2 A PETN 25 M 4- nitrosoresorcinol

3 A 2,4,6-TNT (TNT) 26 M m-nitroanisole

4 M 2,4-DNT 27 M p-nitroanisole

5 M TATP 28 M 3-methyl-2-nitroanisole

6 N HMX 29 M 4-nitrobiphenyl

7 N urea nitrate 30 M 5-chloro-2-methylaniline

8 M p-nitrotoluene 31 M 5-nitro-4-amino-1,3-dimethylbenzene

9 M p-dinitrobenzene 32 M m-methylnitrobenzoate

10 M o-dinitrobenzene 33 M m- nitrodimethylanaline

11 M 5-nitro-2-aminotoluene 34 M n(2,4-dinitro-1-napthyl)

12 M N-nitrosarcosine 35 M n-methyl-p-nitroanaline

13 N m-nitroaniline 36 M n-nitrosodiphenylamine

14 M 2-nitrobiphenyl 37 M p-nitroanaline

15 M 3-nitrophenol 38 M n-nitroso-n-ethylurea

16 M 2-methyl-2-nitro-1-propanol 39 M 2-methyl-5-nitroimidazole

17 M 2-methyl-4-nitrophenyl isocyanate 40 M p-nitrobenzyl chloride

18 M 2,4-dinitrophenol 41 M p-nitrodiphenylether

19 M 2,4-dinitrophenyl hydrazine 42 M TMDD

20 M 2,4-dinitro-fl uoroanaline 43 M HMID

21 N 2,4-dinitrophenol 44 N magnesium perchlorate

22 M 3,4 dinitrotoluene 45 N ammonium nitrate

23 M 2-nitrodiphenylamine 46 N black powder

Figure 7a on the next page shows QCL spectrum of PETN deposited on Al. Samples were prepared by the 
smearing deposition method. The most prominent signal is at 1280 cm-1, which corresponds to one of the 
vibrational signatures of the -NO2 group. Figure 7b on the next page shows QCL spectra of PETN/TB and 
TB without explosives. Samples with PETN were prepared by the smearing method. Higher signals were 
achieved by the PETN/TB samples. -NO2 group vibration at 1280 cm-1 can be clearly distinguished on top 
of synthetic ibers of TB. The PETN/TB spectrum reveals to have higher intensities than TB without explo-
sives. The spectra were subjected to various preprocessing steps such as baseline correction and smoothing. 
Difference spectrum (PETN/TB - TB) should result in the clear identi ication of targeted explosives, even in 
re lectance mode.
Sample smearing deposition proved to be an effective sample transfer method on TB and Al substrates. QCL 
identi ication was demonstrated to be effective in explosives detection, even in the presence of highly inter-
fering substrates, such as TB. In summary, QCL-MIR spectroscopic detection of explosive samples on common 
substrates such as TB and Al was demonstrated. Explosives compounds such as PETN, 2,4-DNT and RDX were 
detected at signi icant vibration regions at 1300 to 1500 cm-1 and identi ied at near trace level quantities.

Table 2: Explosives contained in the QCL spectral library. Status: all substrates (A); metallic substrate (M); not measured 

(N).

ALERT  
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-C

441



D. Milestones

• Achieved ~ 1 μg/cm2 detection limit of PETN, RDX and TNT on cardboard, plywood and travel bag 
materials.

• Began QCL library of explosives on various targets; nearly completed metallic substrates (Al)
• Began addressing discriminating mixtures of explosives and highly interfering background (rag)

E. Future Plans

Several projects have been planned as a continuation of the efforts in vibrational-spectroscopy-based chem-
ical detection of explosives. These include MIR-spectroscopy-based detection of explosives (using thermal 
and laser excitation sources) and nanotechnology-based detection of explosives. Plans for next year include 
continuing to build the addressable library of HE/HEM independent of substrate type. Another relevant 
project deals with the characterization of HMEs, their detection and their precursors. Upcoming work will 
include standoff detection of HEM/HME on other substrates such as plastic, wood, leather, cloth, and other 
metallic surfaces in order to quantify and obtain chemometrics models that can be applied in real-world en-
vironments. Detailed theoretical study of optical processes on these surfaces is required to understand the 
nature of the results of the experiments. We will also study the transition of QCL signatures of explosives to 
real-world substrates using complex matrices such as sand, plastic, wood, leather, cloth, and other metallic 
surfaces.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Interactions and Outreach to K-12, Community College, Minority Serving Institution Students or Faculty

1. Served as host for 3 high school/junior high school students participating in Science Fair projects.
2. Established irst web-based demonstration and experiments with Metropolitan University – Ana G 

Mendez University System (AGMUS) Institute of Mathematics. Science and technology students used 
the facilities of the Center for Chemical Imaging and Surface Analysis via web based instruction.

Figure 7: (a) MIR spectra of PETN:  blue trace refl ectance QCL, and red: transmittance FT-IR; (b) QCL spectra of PETN, red: 

explosive on TB, and blue: TB without explosive.
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IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The results of ongoing studies demonstrate that the preceding experimental setups can be used in many 
applications for the detection of explosives and other threat chemicals and biological threat agents. These 
set ups and applications have already resulted in transition to other US defense and security  agencies (as 
is the case with the collaborative effort with Hughes Research Labs (HRL) to address IARPA’s needs as per 
the SILMARILS program). The results of this study indicates that explosives, as well as illegal drugs can be 
detected even if they are strategically mixed with innocuous compounds with similar chemical and physical 
properties, purposely attempting to disguise them from security personnel and using them for criminal or 
terrorist acts. 
This project also intends to expand the knowledge in the ield of preparation and characterization of samples 
and standards based on thin ilms and islands of HEM/HME for both basic and applied research; depositing 
traces of target analytes on substrates of high interest using spin coating technology to develop the men-
tioned assemblies and of thumb prints of HEM/HME that simulate inger prints of explosives on substrates. 
A recently acquired Confocal Raman-AFM-SNOM Imaging Spectroscopic System will be used for character-
ization studies. The speci ic deliverables are relevant to the DHS Enterprise. Development and the use of 
QCL MIR portable standoff detection system coupled to multivariate analysis routines, capable of detecting, 
identifying, and discriminating for HEM/HME. The main use of these systems is as con irming sensors for 
explosives residues on cloth, luggage, and other substrates down to ng/cm2. These systems should provide 
First Responders with a highly versatile tool for explosives detection at close range. 

B. Potential for Transition

This project is already transitioning to industry. A collaborative proposal was submitted together with a po-
tential commercialization partners, Hughes Research Labs (HRL), Malibu, CA, and Exelis Geospatial Systems, 
Rochester, NY (now part of Harris Corp, Melbourne, FL). The proposal was submitted to the Intelligence Ad-
vanced Research Projects Activity (IARPA) and was entitled: Standoff Illuminator for Measuring Absorbance 
and Re lectance Infrared Light Signatures (SILMARILS BAA-15-07 program). Although UPRM received invi-
tations from 3 private companies to be the lead chemical detection partner, HRL contacted us irst and the 
collaboration efforts lourished without signi icant hurdles. This is a 4.5 yr. program.
A white paper was sent for DHS SED-V program: Standoff Explosives Detection on Vehicles (BAA HSHQDC-
15-R-B0003). The pre-proposal is in collaboration with HRL. 

C. Data and/or IP Acquisition Strategy

Possible IP and disclosures are in the area of spectral libraries. Our research group has been very active in 
protecting IP with 3 invention disclosures and 1 patent awarded:
• Awarded: Patent: US 8,932,384B1, 01/13/2015 Surface Enhanced Raman Spectroscopy Gold Nanorods 

substrates for detection of 2,4,6-trinitrotoulene and 3,5-dinitro-4-methylbenzoic acid explosives.
• Pending: Application number: 61/471,478 of April 4, 2011. Synthesis of Ag, Cu, Pt and Au Nanostructures 

for Continuous Deposits on Surfaces by Micro-Patterned Laser Image Formation.
• Working on: Applications of QCL in forensic detection of explosives.
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V. PROJECT DOCUMENTATION 

A. Peer Reviewed Journal Articles 

1. Figueroa-Navedo, A.M., Galán-Freyle, N.Y., Pacheco-Londoño, L.C. and Hernández-Rivera, S.P., “Che-
mometrics Enhanced Laser Induced Thermal Emission Detection of PETN and RDX”, 2015. J. Chemo-
metrics, 29(6): 329- 337. DOI: 10.1002/cem.2704

2. Galán-Freyle, N.J. Pacheco-Londoño, L.C., Figueroa-Navedo, A. and Hernández-Rivera, S.P., “Standoff 
Detection of Highly Energetic Materials by Laser Induced Thermal Excitation of Infrared Emission”, 
2015. Appl. Spectrosc. 69(5): 535-544.

Pending - 

1. Castro-Suarez, J.R., Hidalgo-Santiago, M., Hernández-Rivera, S.P., “Detection of highly energetic ma-
terials on non-re lective substrates using quantum cascade laser spectroscopy”, 2015. Appl. Spec-
trosc., accepted for publication. 

2. Castellanos, J., Betancourt-Pagan, S. A., Robledo-Ortiz, E. J., Pacheco-Londoño, L. C., De Jesús M. A., 
Hernández-Rivera, S. P., Fabrication of Columnar Sub-microstructures using a Q-switched Nd:YAG 
Laser in the Nanosecond Time Regime, 2015.  Journal of Laser Micro/Nanoengineering, accepted for 
publication.

B. Technology Transfer/Patents

1. Patents Awarded
a. Patent #US8,932,384B1, 01/13/2015 Surface Enhanced Raman Spectroscopy Gold Nanorods 

substrates for detection of 2,4,6-trinitrotoulene and 3,5-dinitro-4-methylbenzoic acid explo-
sives. Inventors: O.M. Primera-Pedrozo.; A.N. Chamoun-Emanuelli.; W. Medina-Ramos.; and S.P. 
Hernández-Rivera.
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THRUST R4 
VIDEO ANALYTICS & SIGNATURE ANALYSIS

Project 

Number
Project Title Lead Investigator(s)

Other Faculty 

Investigator(s) 

R4-A.1 Dynamics-Based Video Analytics Octavia Camps
Mario Sznaier

R4-A.2 Rapid Similarity Prediction, Forensic
Search & Retrieval in Video

Venkatesh Saligrama
David Castañón

Ziming Zhang

R4-A.3 Human Detection & Re-Identifi cation for
Mass Transit Environments

Rich Radke

R4-B.1 Toward Advanced Baggage Screening: 
Reconstruction & Automatic Target 
Recognition (ATR)

Charles Bouman
Ken Sauer

Dong Hye Ye

R4-B.2 Multi-energy, Limited View Computed 
Tomography (CT)

Eric Miller Brian Tracey

R4-B.3 Advanced Automated Target Recognition 
(ATR) in Security Imaging

Venkatesh Saligrama
David Castañón

Joe Wang
Ziming Zhang

R4-B.4 Integrated Reconstruction/Recognition Clem Karl
David Castañón

Limor Martin

R4-C.1 Advanced Multispectral Computed           
Tomography (CT) Algorithms

Clem Karl David Castañón
Limor Martin

R4-C.2 Algorithms & Architectures for X-ray
Diff raction Imaging

David Castañón Clem Karl

R4-C.3 Advanced Cargo Screening Clem Karl David Castañón
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R4-A.1: Dynamics-Based Video Analytics

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Octavia Camps Co-PI NEU o.camps@neu.edu

Mario Sznaier Co-PI NEU msznaier@coe.neu.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Oliver Lehmann PhD NEU 12/2014

Mengran Gou PhD NEU 5/2016

Yongfang Cheng PhD NEU 12/2015

Yin Wang PhD NEU 12/2015

Sadjad Ashari-Esfeden PhD NEU 6/2017

Tom Hebble MSEE/ PhD NEU 6/2017

Rachel Shaff er BS NEU 5/2017

Burak Yilmaz PhD NEU 6/2015

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

This research effort aims to substantially enhance our ability to exploit surveillance camera networks to pre-
dict and isolate threats from explosive devices in heavily crowded public spaces, and to guide complementary 
detection modalities, subsequent to a threat alert. At its core is a novel approach, stressing dynamic models 
as a key enabler for automatic, real time interpretation of what is currently an overwhelming profusion of 
video data streams. It includes both theory development in an emerging new ield, and an investigation of 
implementation issues. As part of the ALERT Center of Excellence, this project will synergistically link with 
several concurrent efforts at NEU, and with NEUs partners, both in academia and industrial R&D.
Video-based methods have an enormous potential for providing advance warning of terrorist activities and 
threats.  In addition, they can assist and substantially enhance localized, complementary sensors that are 
more restricted in range, such as radar, infrared and chemical detectors. Moreover, since the supporting hard-
ware is relatively inexpensive and to a very large extent already deployed (stationary and mobile net- worked 
cameras, including camera cell phones, capable of broadcasting and sharing live video feeds), the additional 
investment required is minimal.
Arguably, the critical impediment to fully realize this potential is the absence of reliable technology for ro-
bust, real time interpretation of the abundant, multi-camera video data. The dynamic and stochastic nature 
of this data, compounded with its high dimensionality, and the dif iculty to characterize distinguishing features 
of benign vs. dangerous behaviors, make automatic threat detection extremely challenging. Indeed, state-of-
the-art turnkey software, such as that in use by complementary projects at NEU, heavily relies on human 
operators, which, in turn, severely limits the scope of its use.
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The proposed research is motivated by an emerging opportunity to address these challenges, exploiting ad-
vances at the con luence of robust dynamical systems, computer vision and machine learning. A fundamen-
tal feature and key advantage of the envisioned methods is the encapsulation of information content on 
targeted behavior in dynamic models. Drawing on solid theoretical foundations, robust system identi ication 
and adaptation methods, along with model (in)validation tools, will yield quanti iable characterization of 
threats and benign behaviors, provable uncertainty bounds, and alternatives for viable explanations of ob-
served activities. The resulting systems will integrate real time data from multiple sources over dynamic 
networks, cover large areas, extract meaningful behavioral information on a large number of individuals and 
objects, and strike a dif icult compromise between the inherent conservatism demanded from threat detec-
tion, and the need to avoid a high false-alarm ratio, which heightens vulnerability by straining resources.

B. State-of-the-Art and Technical Approach

B.1.    State of the art

Following are highlights from the literature in areas we draw on:  computer vision, systems theory, and 
optimization.

B.1.a.  Scene analysis

The last decade has seen tremendous progress in the area of object detection and classi ication [1–14]. Com-
paratively, video segmentation at the object level remains elusive. Motion is one of the most important cues 
for segmenting foreground objects [15–27] and recovering their 3D geometry [28–42]. Additionally, shot de-
tection [43–47] is key to segmenting and indexing video sequences for easy browsing of digital video databas-
es. Yet, there are very few attempts in the literature to use prior knowledge to segment videos. An exception 
is the, related but narrower, problem of human activity recognition. Most of the recent work in this area [20, 
48–55] has been inspired by the success of using bag of features (BoF) approaches for object recognition.  
Other approaches are based on time-series using trajectories or a combination of local features and trajec-
tories [56–61].  Because human gestures are strong indicators of human activity, human pose [62] or their 
silhouette evolutions [63] are learned to annotate activity videos. However, these approaches are not lexible 
enough to model the motions of generic objects, are vulnerable to silhouette variations and do not gener-
alize well to viewpoint changes. There is a smaller body of work addressing the problem of multi-view action 
recognition [64–74]. However, the performances of these approaches are still far below the performances 
achieved for single view activity recognition.

B.1.b.  Multi-target tracking

Recent advances in the accuracy and ef iciency of object detectors [2, 75], particularly pedestrian detectors, 
have inspired and fueled multi-target tracking approaches of detection. These techniques proceed by detect-
ing the targets frame by frame using a high quality object detector and then associating these detections by 
using online or of line trackers [76–78]. Often, these associations are based on appearance and location simi-
larity, while the start and end of the tracks are handled using “source” and “sink” nodes. These approaches 
achieve very good results for scenarios, such as pedestrian tracking, where i) the appearance of the targets is 
discriminative, ii) the targets display simple motion patterns, and iii) source and sink nodes can be naturally 
placed at the boundaries of the ield of view. [76, 78–80]. However, these algorithms do not perform as well 
when targets i) have similar appearance, ii) do not move with the assumed dynamics, or iii) come out in the 
middle of the ield of view as in the example shown in Figure 1 on the next page. While there are trackers that 
rely less on appearance [81–85], they often require tuning of a large number of parameters and expertise to 
adapt the algorithms to these more challenging scenarios.
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It is also possible to track solely based on dynamics using Kalman [86] or particle [87] ilters to predict the 
target location and associate the closest detection to this prediction. However, these approaches must 
assume a dynamic model a priori and have trouble distinguishing targets that are close to each other. Alter-
natively, Ding et al [88] showed that it is possible to use dynamics to compare tracks and disambiguate be-
tween targets without assuming a motion model a priori. Instead, comparisons are based on the complexity 
of the underlying dynamics which is estimated by minimizing the rank of a Hankel matrix constructed di-
rectly from the available data, potentially fragmented and corrupted by noise. Since rank minimization is an 
NP hard problem [88] it uses a convex relaxation and a generic interior point (IP) method to irst complete 
the matrix such that it has minimum nuclear norm (a surrogate for low rank), followed by a singular value 
decomposition (SVD) and singular value thresholding to minimize rank. 
However, the computational and memory complexity of IP methods is O(l

6
) and O(l

4 ), respectively, where l 
is the length of the trajectory.
Thus, until now this approach has been limited to stitching short trajectories of a few targets.

B.1.c.  Multi-camera tracking 

Multiple cameras are used to cover wide areas and provide different viewpoints of targets. In order to fully 
take advantage of the information available from multiple sensors, multi-camera tracking systems must main-
tain consistent identity labels of the targets across viewpoints. This is, in general, a dif icult problem since the 
appearance of the targets can be quite different when seen from different angles, and cameras can be widely 
separated and may not have an overlapping ield of view. Previous approaches to the “correspondence across 
views” problem include matching features such as color and apparent height [89–92], using 3D information 
from camera calibration [90, 93–97], using the epipolar constraint to search for correspondences [98–100], 
modeling the relationship between the appearance of a target in different views through a linear time invari-
ant system [101] or computing homographies between views [102–107].

B.1.d.   Target re-identi ication 

A good overview of existing re-ID methods can be found in [108–112] and references therein.  The three 
most important aspects in re-ID are i) the features used, ii) the matching procedure, and iii) the perfor-
mance evaluation. Most re-ID approaches use appearance-based features that are viewpoint quasi-invariant 
[113–119] such as color and texture descriptors. However, the number and support of features used varies 

Figure 1: It is hard to say which ball is which.  Their appearance does not help, but their motion aids to disambiguate 

them.
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greatly across approaches making it dif icult to compare their impact on performance.  Using standard met-
rics such as Euclidean distance to match images based on this type of features results in poor performance 
due to the large variations in pose and illumination and limited training data.  Thus, recent approaches [110, 
120–123] design classi iers to learn specialized metrics that enforce features from the same individual to be 
closer than features from different individuals. Yet, state-of-the-art performance remains low, slightly above 
30% for the best match. Performance is often reported on standard datasets and while they are challenging, 
they bring in different biases. Moreover, the number of datasets and the experimental evaluation protocols 
used also vary greatly across approaches, making it dif icult to compare them.

B.1.e.  Semide inite programs

Semidefinite programs seek to minimize a linear function subject to af ine matrix equality and positive 
semide inite constraints. These problems are convex (albeit nonsmooth) and thus tractable. Indeed, recent 
research efforts have led to numerous algorithms (for instance interior point algorithms) with polynomial 
complexity.  Excellent surveys are given in [124] and [125].  Of particular interest to this proposal are 
semide inite programs resulting from the relaxation of constrained rank minimization problems [126, 127]. 
It has been recently shown [128] that in these cases gradient based methods outperform interior point ones.

B.1.f.  Polynomial optimization

Finding dynamic invariants from corrupted data often requires the ability to solve polynomial optimization 
problems. Although these are highly nonconvex, one can ind convex liftings that lead to standard semidef-
inite programs. Two (related) approaches are usually used: i) the Sums of Squares approach [129] which 
provides convex certi icates for positivity of a polynomial over a semi- algebraic set and, ii) its dual referred 
to as Moments approach [130]. Here, suf icient and asymptotically necessary conditions for a sequence to be 
a moment sequence of some Borel measure are used to convexify the problem [131].

B.1.g.   Robust Identi ication of piecewise af ine systems 

This has been the object of recent intense research, leading to a number of techniques to ind subsystem dy-
namics and switching surfaces [132]. A common feature is the computational complexity entailed in dealing 
with noisy measurements: in this case algebraic procedures [133] lead to nonconvex optimization problems, 
while optimization methods lead to mixed integer/linear programming [134]. Similarly, methods relying on 
probabilistic priors [135] also lead to computationally complex combinatorial problems. An alternative ap-
proach is provided by clustering-based methods [136, 137]. Since these methods rely on local identi ication, 
they require “fair sampling” of each cluster, which places constraints on the data that can be used. More re-
cently, the PIs have developed new sparsi ication based-techniques for identi ication of af ine switched mod-
els that allow for several types of noise (see [138–141]).

B.2. Technical Approach

Our approach is inspired by the fundamental fact that visual data come in streams: videos are tem-
poral sequences of frames, images are ordered sequences of rows of pixels and contours are chained se-
quences of edges. To make the underlying dynamics of the data explicit, we will treat the data yk   ∈ Rdy, 
where k is the index of the data in the stream, as the output of an unknown piece-wise af ine dynamical 
system S of the form shown in Figure 2 on the next page. Piecewise af ine systems are a generalization of 
Hidden Markov Models (HMMs)where the state vector can take continuous values in Rd  where d is the di-
mensionality of the space and hence the order of the system. As proved in [142], these systems are universal 
approximators [143], using a high enough dimension d. The expressive power of this type of representation is 
illustrated in Figure 2, on the next page, where the two complex trajectories shown on the right are modeled 
using the same piecewise af ine system with just three second order subsystems.
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The system S carries useful invariants, which are easily estimated from the data. To derive these invariants, start 
by describing each subsystem by an autoregressive model:

           (1)    
 
where the discrete variable σk  ∈  {1, 2 . . . , N } indicates which LTI system is active at time k, n(σk ) is the order 
of the model (memory of the system), and ηk  is measurement noise. The indicator variable σk  can be deter-
ministic, stochastic, state driven or be the output of a dynamic system. It should be emphasized that neither 
the individual LTI systems, their complexity, n or their interconnections are known or assumed a priori.

B.2.a.  Af ine invariance

Consider an af ine transformation Π : Rdy  → Rdy1 . Then, substituting in (1) we have,

           (2)

Hence, the order n(σ)  and the regressor coef icients a(σ) are af ine invariant since the sequence ŷ is 
explained by the same regressor model as the sequence ŷk . Further, these invariants are related to the 
(block) Hankel matrix H s,r [144, 145]:

since its rows and columns are linear combinations of the previous n(σ) ones, weighted by the coef icients of 
the regressor. Remarkably, while the elements of this matrix are not af ine invariant, its null space is.

Figure 2: Left: Piecewise Affi  ne System. Right: Both sequences can be modeled as the output of the system shown in 

the left, with three second order LTI subsystems and a switching variable σ with a uniform distribution.
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B.2.b.  Initial condition invariance

The principal angles between the subspaces spanning the columns of the Hankel matrices of trajectories of 
the same dynamical system, in response to potentially different initial conditions, are zero. This can be easily 
seen by considering the canonical state space representation of (1) with state vector:

            (3)

where I is the identity matrix. Then,
             (4)

Thus, regardless of the initial condition, the columns of Hŷ and Γσ span the same subspace. Hence, the 
principal angles between subspaces spanned from the columns of the Hankel matrices of output trajectories 
from the same system must be zero. The signi icance of this result is that, both, very different realizations of 
a single system, and two subsequences of the same realization, can be detected by comparing the subspaces 
of their Hankel matrices.

Note that the rows and columns of the Hankel matrix correspond to overlapping subsequences of the data, 
shifted by one, and that the block anti-diagonals of the matrix are constant as visualized in Fig. 3 on the 
next page.  This special structure illustrates a more general property at the heart of the proposed research: 
dynamic invariants are encapsulated by the structure of a matrix constructed from the data. For example, it 
is easily seen that the rank of the Hankel matrix is exactly the order n(σ)  of the system. As explained below, 
these facts can be used to ef iciently estimate the above invariants from the data. The complexity of the under-
lying dynamics, given by rank (Hŷ), can be easily estimated from the data by computing the singular value 
decomposition of Hy.  While, in general, Hy will be full rank, we have that Hy = Hŷ + Hη, where Hη is the 
Hankel matrix associated with the noise sequence. Under ergodicity assumptions, H T Hη is an estimate of the 
covariance matrix of the noise [146]. Thus, noise measurements can be robustly handled by simply replacing 
rank (Hy) by NSVση (Hy), the number of singular values larger than ση, the standard deviation of the mea-
surement noise.  A n  estimate of Hŷ can be found by partitioning the data matrix into a Hankel-structured low 
rank matrix (the “clean” data), outlier and noise terms by solving:

where H is the set of all possible Hankel matrices. In the absence of the structural constraints, the problem 
above reduces to the well-known Robust PCA (Principal Component Analysis) problem [147, 148]: decomposing 
a given data matrix Hy into low rank (Hŷ ), sparse outliers (E1) and noise (E2) terms, which can be ef i-
ciently solved [149]. However, these methods cannot accommodate structural constraints such as the Hankel 
structure illustrated in Figure 3, on the next page, which are the key to exploiting dynamic invariance. While 
one could use interior-point methods to solve this problem, they have very poor scaling properties (typically 
for an n × n matrix, the complexity of each iteration is O(n6)),  and hence their use is restricted to small size 
problems. Because of this, we introduced a Structured Robust PCA (SRPCA) algorithm to solve problems like 
the one given in (5) [150]. This algorithm converges Q-linearly (or Q-superlinearly) to the optimum, and 
consistent numerical experience shows several orders of magnitude decrease in computational time vis-a-vis 
interior point methods allowing users to solve much larger problems.
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B.2.c. Recovery of missing data and forecast of future measurements 

Recovering missing data, due for example to occlusions or sensor failures, as well as forecasting future mea-
surements, can be done by adding the desired values as unknown variables in the optimization problem (5). 
Furthermore, predictions can be used as the “deterministic shift” in particle ilters while the estimated noise 
variables E1 and E2 can be used to propagate a gating region based on the statistics of these variables.

B.2.d. Improving SRPCA

The potential of the SRPCA algorithm to ef iciently handle large-sized problems is illustrated in Figure 4 on 
the next page, where it was used to detect and remove outliers from long trajectories by partitioning the Han-
kel matrix of the trajectories into a low nuclear norm and sparse components, both with Hankel structure.  
These results show several orders of magnitude improvement in computational speed and memory re-
quirements over standard SDP solvers. Further improvements can be achieved by resorting to an Alternating 
Directions type Method of Multipliers (ADMM) [151] where the primal and dual variables are sequentially 
updated, which allows for decoupling the original optimization into a collection of simpler, faster ones. This 
algorithm is guaranteed, under mild conditions, to converge to the global optimum and consistent numerical 
experience suggests that such an approach leads to even further gains in speed.

Figure 3: Dynamics-based invariants from a block Hankel matrix. Each block corresponds to a measurement, and each 

column and row contains measurements for sliding windows with an overlap of 1.
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C. Major Contributions

C.1. Person re-identi ication (re-id) using dynamic features isher vector encoding

State-of-the-art re-id approaches rely on appearance-based features such as color or texture statistics extract-
ed from a single or multiple shots of the target and candidate matches.  A drawback of these approaches is 
that they are at a disadvantage when matching two views of the same person but wearing different clothing 
(for example images before and after removing a coat as shown in Figure 5) and when trying to distinguish 
people wearing similar clothing (for example men wearing black business suits as shown in Figure 6).

Figure 4: Using SRPCA to detect and remove outliers from long trajectories. Left: trajectories corrupted with outliers 

at random locations with probability 0.2. Right: recovered trajectories, obtained in 25 seconds on a 2.4GHz machine. 

This example could not be solved using a standard SDP solver in a computer with 24GB of RAM due to insuffi  cient 

memory.

Figure 5: Three examples of images of the same person but wearing diff erent clothing. Each pair of images show the 

same person with (left)/without (right) coat, respectively.

Figure 6: Examples of persons wearing black suits. The fi rst row was collected from the iLIDSVID dataset and the second 

row was collected from the PRID dataset.

ALERT 
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-A.1

456



In real surveillance applications, the vision system has the ability to track the individuals for a while [152, 
153], enabling the possibility to use temporal/dynamic information to aid re-identi ication in these dif icult 
scenarios.  Yet, very few approaches take advantage of this capability.  Recently, Liu et al [154] proposed to 
use Gait Energy Image (GEI) [155] features to re-identify persons with different appearances. However, ob-
taining good gait silhouettes is extremely hard in crowded scenes such as airport terminals. Wang et al [156] 
use spatial-temporal HOG3D features [157] and perform re-id by selecting and ranking discriminating video 
fragments, simultaneously.  A drawback of this approach is that to capture reliable space-time features, they 
must irst split the long video sequence into several possible candidates based on motion energy intensity.
As part of this research we introduced [158] a novel approach that exploits dynamic information encapsulated 
in short dense trajectories of the targets to overcome this limitation. The main idea is to capture soft biomet-
rics from gait and motion patterns by gathering dense short trajectories (tracklets) that are encoded using 
a Fisher vector approach.
To illustrate the merits of the proposed method we introduced three auxiliary “appearance-impaired” data-
sets. Two of these are comprised of videos of people wearing black clothes, collected and annotated from the 
iLIDSVID and the PRID2011 datasets. The third dataset, collected from a train station surveillance camera from 
our project in collaboration with the Greater Cleveland Rapid Transportation Authority (GCRTA), has video 
sequences of the same people wearing different clothing.  Our experiments on the original and the appear-
ance impaired datasets demonstrate the bene its of incorporating dynamics-based information to re-identi-
ication algorithms.

C.2.  DFV: Dynamics-based Features isher Vector encoding

One of our main objectives is to address the problem of re-identi ication in appearance impaired scenarios 
such as the ones illustrated in Figures 5 and 6. In such cases, gait and idiosyncratic motion patterns, offer a nat-
ural complementary source of information that is not affected by the lack of discriminating appearance- based 
features.
However, reliable estimation of motion-based biometrics, such as gait, is very challenging in crowded sur-
veillance videos. In particular, it is very dif icult to locate and consistently track the joints of the targets which 
would be required to model their gait.  Because of this, we propose to use instead soft-biometric character-
istics provided by sets of dense, short tracklets, which have been shown to carry useful invariants [159]. In 
particular, we propose to use as features, a set of temporal pyramids of tracklets, which are built by splitting 
each trajectory using a set of sliding windows of increasing length and with full overlap (stride of one) as 
illustrated in Figure 7(a) on the next page. The short tracklets at each level of the pyramid correspond to the 
rows of a Hankelet for the original trajectory as illustrated in Figure 7(b) on the next page. A potential draw-
back of using dense tracklets is that there are many of them and they can exhibit large variability.  Thus, it 
is important to have an effective way to aggregate the information they could provide. The Fisher vector 
encoding method was irst introduced to solve large scale image classi ication problems [160] and has sig-
ni icantly improved the performance of action recognition systems [161, 162].  As shown in our experiments, 
using this method will allow us to aggregate multiple dynamic (and spatial) features in an effective way.
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C.3. Appearance-impaired re-id datasets

To illustrate the need for dynamic-based features, we collected three more challenging “appearance 
impaired” datasets.  Two of them consist of video sequences of people wearing black/dark clothing.  They 
are subsets of the iLIDS-VID and PRID 2011 datasets

1 and we named them iLIDS-VID BK and PRID2011 
BK, respectively. The third dataset, named the Train Station-divest (TSD) dataset, has sequences of persons 
with and without their coats.

The two BK extension datasets were collected from the original datasets as follows. First, a small set of per-
sons wearing black color clothes were manually selected. Then, based on their spatial features only, we com-
puted the maximum distances between each person in the original dataset and the manually selected ones.  
Finally, we kept the half of the sequences with the lowest distances.  The iLIDS-VID BK dataset has sequences 
of 150 persons and the PRID BK dataset has sequences of 89 persons.
The Train Station-divest (TSD) dataset, was collected from a single surveillance camera mounted in a public 
train station in the US. It has 39 sequences, including two sequences of 7 targets, each wearing different 
clothes and 25 sequences of randomly selected pedestrians used as distractors. The lengths of the sequenc-
es vary from 29 to 80 frames. Due to hardware and network limitations, the video frame rate (17 fps) and 
resolution (352 x 240 pixels) are relatively low. While all the sequences were capture by the same camera, the 
relative viewpoint varies signi icantly when persons enter, re-enter and exit the scene.

C.4. Experiments

We compare re-id performance when using different combinations of features. We used ive different types 
of features.  Three of them are purely spatial-based features: Local Descriptors encoded by Fisher Vector 
(LDFV) [163], Color & LBP [164] and Hist & LBP [165]; one is a mixed local spatio-temporal- based feature: 
histogram of Gradients 3D (HOG3D) [157]; and one is our proposed purely dynamics-based feature: Dynam-
ics-based features Fisher Vector encoded (DFV). In all cases, before extracting the features, every frame was 
normalized to 64 × 128 pixels. 
In all cases, we used the kernel Local Discriminative Fisher Analysis (kLFDA) method we introduced in [165] 
to learn the metric used to compare candidates. In particular, we used a linear kernel since it is ef icient to 
train without sacri icing performance.

1 Unfortunately, the SAIVT-Softbio dataset has very few persons wearing dark clothing so no BK subset was collected from it.

    (a)      (b)

Figure 7: (a) Trajectories of length l are split into shorter tracklets of varying length a. (b) Each of the tracklets cor-

responds to a row of a Hankelet representation of the trajectory.
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C.4.a. TSD set

Figure 8 shows the Cumulative Matching Curves (CMC) and Table 1 shows the performance scores for the TSD 
dataset. Since the appearance of the targets change drastically between views, purely spatial-based features 
perform poorly in this dataset. Since HOG3D uses gradients and temporal information, it performs a bit better.
While DFV does not use any spatial cues, it outperforms HOG3D at Rank 1, 2 and 5. Combing DFV and 
HOG3D improves the performance even more. Figure 9 on the next page shows three examples of matching re-
sults using DFV and using LDFV. In the irst two examples, the true matches have very different appearance 
from the probes, and DFV inds Rank 2 and Rank 1 matches, while LDFV does not ind them in the top 10. In 
the third example the probe and the right match have very similar appearance and it is correctly identi ied 
by LDFV but missed by DFV.
In these experiments we studied how using different types of features affects re-id performance.

Rank    1    2    3    5 10

Color&LBP

LDFV 

HOG3D 

DFV

DFV+HOG3D

   0 14.3 28.6 28.6 42.9

  14.3 28.6 28.6 28.6 28.6

   0 14.3 42.9 57.1 71.4

  14.3 42.9 42.9 71.4 71.4

  28.6 42.9 57.1 71.4 100

Figure 8: CMC curve for the TSD dataset.

Table 1: Results for TSD dataset.
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C.4.b. TSD iLIDSVID (BK), PRID (BK), SAIVT-Softbio sets

Table 2 on the next page shows the performance scores using the SAIVT-Softbio dataset and Tables 3 and 4 
on the following page show re-id performance scores for the iLIDSVID and iLIDSVID BK, and for the PRID 
and PRID BK datasets, respectively. In all tables, each row shows the performance when using a different set 
of features.

Figure 9: Three examples of matching results on the TSD dataset. Left image: probe image; fi rst row DFV top 10 rank-

ings, second row LDFV top 10 rankings. Correct match indicated in red.
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The irst three rows in both of these tables show the performance when one type of spatial-based features 
is used. These results show that out of these features, the LDFV and Hist & LBP give the best and worst 
performance, respectively, in all ive datasets. The reason for the advantage of using LDFV is two- fold.  First, 
in general, Fisher vector encoding performs better than average pooling and histogram; and second, because 
the data consists of multiple frames, LDFV has many samples to get better estimates of the underlying GMM. 
As expected, performance drops signi icantly when the algorithms are run on the appearance impaired BK 
datasets (even though, these datasets have smaller galleries!), regardless of the type of spatial-based feature 
used.
The fourth rows of these tables show the performance using DFV features alone.  Compared against using 
spatial-based features, DFV has much lower performance.  However, this is expected since DFV features do 
not use any type of appearance based information. On the other hand, as opposed to when we use only spatial 
features, the DFV performance marginally increases when tested in the appearance deprived dataset (this 
can be explained by the fact that the galleries are small in these sets). It should be noted that we obtained 
better accuracy using HOG3D than the results reported in Table 4 of [156]. One possible reason for this, is 
that we used a different classi ier. Another reason is that instead of using only 4 uniformly sampled candidate 
fragments, we use all HOG3D features from dense sampled cells to do average pooling, which can provide 
more stable and less noisy features.
The next three rows use combinations of spatial and temporal based features. While the performance using 
HOG3D is signi icantly lower than when using purely spatial-based features, it does not drop as drastically 
when used in the BK sets. These results suggest that the temporal component of this feature helps to distin-
guish different targets with similar appearance while its spatial component provides advantages over using 
DFV alone. However, combining DFV with HOG3D does better than using either one alone or using the state-
of-the-art DVR4 [156]2 approach.  This indicates that DFV and HOG3D are capturing different aspects of the 
dynamics. A possible explanation for this is that while HOG3D is local, DFV uses longer term information. Yet, 
this improvement in performance brought by using both types of features does not match the performance 
attained by using LDFV features alone.

Dataset SAIVT-Softbio

Rank       1    5   10   20 PUR

HistLBP [165]

Color&LBP [164] 

LDFV [163]

   26.0 59.2 77.9 91.0 30.0

   35.8 71.5 87.5 96.7 40.6

   54.4 83.5 92.3 97.5 54.2

DFV    9.8 29.2 50.4 82.1 15.8

HOG3D [157]

HOG3D+DFV

   18.7 55.2 74.8 91.3 26.1

   21.5 56.5 73.5 91.2 28.0

HOG3D+Color&LBP

DFV+Color&LBP 

HOG3D+LDFV

 DFV+LDFV

   53.1 86.0 94.0 98.7 55.5

   46.0 83.7 92.5 98.1 50.3

   58.1 85.0 92.5 97.7 57.5

   59.6 86.0 93.5 98.5 58.6

DFV+HOG3D+Color&LBP

DFV+HOG3D+LDFV

   53.5 85.8 94.4 98.7 55.9

   60.8 85.8 94.4 98.5 59.9

Viewpoint Cue [166]    25.0 53.0 65.0 76.0 -

2 Results using DVR with the BK datasets were generously generated by the author of [156] with our labels and partition.

Table 2: Results for SAIVT-Softbio dataset (Cam 5 and Cam 8).
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Dataset iLIDSVID iLIDSVID BK

Rank     1   5   10   20 PUR     1   5   10   20  PUR

HistLBP [165]

Color&LBP [164] 

LDFV [163]

  25.0 53.1 64.7 77.2 32.9

  34.1 60.1 69.9 79.4 39.1

  59.3 87.3 94.1 98.1 67.4

  12.1 38.3 53.3 72.1 16.1

  27.9 52.4 62.8 75.7 24.7

  41.2 78.8 89.9 97.7 51.0

DFV   13.5 38.4 53.9 72.3 27.6   17.2 44.1 63.9 86.9 26.4

HOG3D [157]

HOG3D+DFV 

DVR [156]

  22.4 48.9 62.2 77.3 33.0

  25.5 53.5 68.9 82.5 37.2

  23.3 42.4 55.3 68.4 27.9

  27.2 58.5 74.8 89.3 34.1

  29.1 59.9 76.7 89.7 35.4

  25.5 51.2 64.5 77.1 26.8

HOG3D+Color&LBP

DFV+Color&LBP 

DVR+Color&LBP [156] 

HOG3D+LDFV 

DFV+LDFV

  45.2 72.7 81.9 90.0 51.8

  45.7 71.1 82.0 90.9 52.1

  34.5 56.7 67.5 77.5 -

  61.9 87.2 93.8 98.3 68.7

  60.7 88.9 94.7 98.7 68.6

  35.5 65.2 78.9 90.3 39.2

  31.7 64.1 76.8 88.5 36.6

  30.9 56.9 68.9 83.2 31.1

  44.9 79.6 91.2 98.1 52.9

  44.0 78.9 91.6 98.0 52.1

DFV+HOG3D+Color&LBP

DFV+HOG3D+LDFV

  47.9 74.9 84.6 91.6 54.2

  61.3 87.3 93.9 98.5 68.7

  36.1 66.7 79.7 91.3 40.3

  45.3 76.1 87.1 95.7 49.8

Dataset PRID PRID BK

Rank      1    5   10   20 PUR     1    5   10   20 PUR

HistLBP [165]

Color&LBP [164] 

LDFV [163]

  29.4 51.7 64.5 78.1 29.0

  34.5 59.7 71.6 81.3 33.7

  70.9 92.8 96.6 99.4 73.5

  11.6 37.3 50.4 71.8 9.5

  25.3 52.2 66.7 80.2 19.1

  42.7 80.0 92.7 99.1 46.4

DFV   15.2 46.9 65.5 85.4 28.7   18.0 51.6 72.4 94.9 24.6

HOG3D [157]

HOG3D+DFV 

DVR [156]

  27.0 55.2 69.2 84.2 33.0

  29.2 58.9 72.1 88.5 36.0

  28.9 55.3 65.5 82.8 32.2

  25.8 57.1 74.0 95.1 27.9

  28.7 56.4 76.9 95.1 29.4

  29.1 55.9 70.9 92.5 25.4

HOG3D+Color&LBP

DFV+Color&LBP 

DVR+Color&LBP [156] 

HOG3D+LDFV 

DFV+LDFV

  49.2 72.9 82.2 92.5 50.3

  51.7 77.3 85.2 93.7 53.3

  37.6 63.9 75.3 89.4 -

  70.7 92.7 96.6 99.4 73.5

  71.0 92.6 96.6 99.4 73.6

  37.8 69.3 82.2 96.0 36.6

  36.7 67.8 83.6 96.4 36.2

  33.4 60.2 71.8 90.7 29.4

  44.7 80.4 93.1 98.4 47.9

  43.3 81.3 92.9 99.3 47.5

DFV+HOG3D+Color&LBP

DFV+HOG3D+LDFV

  54.2 79.8 87.9 94.8 55.6

  71.0 92.5 96.6 99.4 73.6

  37.6 72.7 84.2 96.7 38.4

  44.9 79.8 92.4 98.4 47.6

Table 3: Results for iLIDSVID dataset and iLIDSVID BK dataset.

Table 4: Results for PRID dataset and PRID BK dataset.
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The next four rows show that the performance improves when using combinations with one of the two best 
spatial-based features and one of the temporal based features/approaches.
Finally, the last two rows show the performance when DFV and HOG3D are combined with one of the two 
better spatial-based features. As seen in the tables, jointly using LDFV, DFV and HOG3D gives the best 
performance in all the BK extension and SAIVT datasets. Using this combination of features improves Rank 
1 performance 10%, 5% and 12% with respect to using LDFV alone for the iLIDSVID BK, the PRID BK and 
SAIVT-Softbio datasets, respectively. The large improvement for SAIVT-softbio datasets can be explained by 
observing that in this dataset the appearance of the targets often change signi icantly from one view to next, 
as illustrated in Figure 10.

C.5. Robust regression

Many computer vision problems involve inding a linear regression model relating a set of input and output 
variables. Examples, illustrated in Figure 11, include line extraction from 2D images, planar surface itting 
in range images, and classi ication using linear discriminant analysis (LDA), among others. When all the 
available data are inliers, least squares regression (LSR) provides good itting regression parameters [167]. 
However, it is well known that in the presence of outlier data points, i.e. data points that do not it the sought 
model, LSR can result in very poor itting models [168].

The goal of robust regression is to ind good itting models in spite of the presence of outliers.  Ro- bust 
algorithms for linear regression include least median squares regression (LMedS) [169] and random sample 
consensus type methods (RANSAC) [170]. While these methods perform well, they are inherently combina-
torial.
Alternative approaches exploit recent advances in compressive sensing [171, 172] by reformulating robust 
linear regression as an optimization problem with sparse regularizations [173–176]. The advantage of these 
methods is that they admit convex relaxations which can be solved using polynomial-time algorithms. In [176], 

Figure 10: The appearance of targets in the SAVIT-softbio varies signifi cantly from camera to camera.

Figure 11: Sample Regression Problems in Computer Vision. Left: Line fi tting; Center: Surface fi tting from 3D cloud data 

points; Right: Linear discriminant analysis (LDA) for face recognition.
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Mitra et al derived conditions under which these relaxations solve the robust regression problem, which de-
pend on the smallest principal angle between the regressor subspace and all outlier subspaces, in the case 
of noiseless inliers.
A drawback of the sparsity-based approaches is that the presence of a few gross outliers, outliers which are 
very far from the inlier data, can poison the optimization problem and lead to ill- itting models. Another lim-
itation of the current sparsity-based methods is that they cannot accommodate a-priori semi-supervised 
knowledge such as co-occurrence information when it is known that a subset of points should have a single 
label – i.e. they are all inliers or all outliers. Thus, to address the above limitations, we proposed [177] a new 
formulation for robust linear regression that can handle gross outliers and a priori information.
Our main contributions are as follows:
• We provide a new sparsity-based formulation to maximize the number of inlier data points.
• We show that this new approach is equivalent to a “self-scaled” £1  regularized robust regression prob-

lem, where the cost function is automatically scaled and the scalings capture a-priori information. Hence, 
we have called the proposed method a “Self-Scaled Regularized Robust Regression” (S

2 R
3
) algorithm.

• We show that the self-scaling property of the proposed approach yields smaller itting errors in the 
presence of gross outliers.

• We can incorporate a priori information by adding simple constraints to the problem.

C.5.a. Experimental results

Next, we describe two sets of experiments to evaluate the performance of the proposed algorithm. The irst 
set of experiments uses synthetic data to it a hyperplane while the second set uses real data to reconstruct 
corrupted face images from the Yale face dataset.  In all cases, performance is compared against 8 existing 
regression methods that range from classic techniques using random approaches to state of the art convex 
formulations.

C.5.a.i. Randomized algorithms

The methods using random approaches that we compared against are: RANSAC, MSAC, MLEASAC and LMEDS. 
The most critical parameters for randomized algorithms are the inlier noise bound and the number of iter-
ations. We set the inlier noise bound for all randomized algorithms equal to the inlier noise bound of convex 
formulations. In other words, all algorithms shared the same inlier noise bound. The number of iterations 
was set to 500 for all noise levels and for all algorithms.  We used the implementation from GML Toolbox 
from [180].

C.5.a.ii. M-estimator

M-estimator is a standard robust regression method. We used the MATLAB implementation with “huber” 
weighting function, which is the common setup for it. We found the best parameter for M-estimator by line 
search in one dataset and used it for the corresponding experiment.

C.5.a.iii. Constrained RPCA

Robust PCA is a recent robust regression method proposed by [181]. We modi ied the original formulation in-
line with [182]. In our formulation, we ind the smallest penalty parameter that gives a rank de icient data 
matrix. This step removes both inliers and outliers of the data and makes sure it has a null space of dimension 
1. Then, we use the null space vector as the inal regressor.
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C.5.a.iv. RR [175] 

This formulation is similar to RPCA formulations with the inclusion of the regressor term in the optimization 
function. Their extended formulation is bilinear and solved with ALM. We implemented our own version 
following their supplementary material. This algorithm has 2 parameters which are dif icult to tune. We used 
grid search to ind the best setup given a dataset from each experiment.

C.5.a.v. BPRR and BSRR [176]

These are the most recent formulations for robust regression and they are the closest works to ours.  We 
implemented them using CVX Toolbox [183].  The only parameter these formulations require is the inlier 
noise bound (same as ours).

C.5.b. Synthetic data experiments

This set of experiments attempts to recover hyperplanes from data corrupted by outliers. The data was 
generated as follows.  First, a vector r was drawn using a Normal distribution N (0, I).  Then, the input 
samples xi were uniformly sampled from [0, 1]m−1, where m = 5 is the dimension of the data. Next, the 
outputs yi were computed as yi = xi r + ei , with ei uniformly distributed from [−E, E], where E  = 0.1.

Finally, the outliers were seeded by randomly sampling yi and xi from N (0, 15) and N (0, 1), respectively.

In all the experiments, the inlier noise bound was set to the value used to generate the data. The number of 
outliers was varied from 10% to 90%, in increments of 10%. The algorithm was run 100 times for each level 
of outliers. Performance was compared using two performance scores: geometric mean of precision and 
recall, and the regression recovery error.
The results of this set of experiments can be seen in Figure 12 and Figure 13 on the next page and the run-
ning times are given in Table 5 on the next page. Note that our algorithm performs the best, both with low 
and high percentages of outliers. On the other hand, randomized algorithms show a signi icant performance 
drop when the percentage of outliers is 70% and above, showing the advantage of our formulation. Further-
more, it should be noted that not all is 70% and above, showing the advantage of our formulation. The convex 
formulations have similar robustness under heavy outlier noise. In particular, the early failure of the BPRR 
algorithm illustrates the importance of the self-scaling property of the proposed approach.

Figure 12: Synthetic Data Experiments: Fitting a 5-dimensional hyperplane. The plots show the Geometric Mean of 

Precision and Recall for all the evaluated algorithms.
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Method Implementation Times

proposed

 RANSAC 

MSAC 

MLESAC 

LMeds

M-estimator 

cRPCA 

BPRR

RR 

BSRR

Gurobi(LP) 

MATLAB 

MATLAB 

MATLAB 

MATLAB 

MATLAB 

MATLAB(ADMM) 

CVX 

MATLAB(ADMM)

 MATLAB

0.0266

0.0491

0.0495

0.1282

0.0580

0.0080

2.5346

0.9859

1.9388

0.7307

C.5.c. Using priors 

To evaluate the impact of using priors we proceeded as follows. After a run without priors was done, no more 
than half of the false positive points were paired randomly with a true negative point, and no more than half 
of the false negative points were paired randomly to a true point. As seen in Figures 12 and 13, the ability to 
incorporate the additional co-occurrence information can boost the performance of the proposed algorithm 
between 5 to 10 percent under heavy outlier noise.

C.5.d. Real data experiments

This set of experiments attempts to reconstruct face images that have been corrupted with heavy occlu-
sion, where the occluding pixels constitute the outliers.  The data used for these experiments is from the 
CroppedYale Dataset [184]. The dataset contains 38 subjects. We chose 8 face images per person, taken 
under mild illumination conditions and computed an eigenface set with 20 eigenfaces. Then, the goal of 

Figure 13: Synthetic Data Experiments: Fitting a 5-dimensional hyperplane. The plots show the Regressor Error for all 

the evaluated algorithms.

Table 5: Running times for the experiments with synthetic data.
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these experiments was: given a corrupted face image of a subject in the database (this (uncorrupted) image 
was not used to compute the eigenspace), get the best reconstruction/approximation of the true face image.
We reconstructed one image per person. Occlusion was simulated by randomly placing 10 blocks of size 30 
× 30. To increase the dif iculty of the problem and reduce the dimensionality, data was randomly sampled 
(400 pixels from the image and the basis). The performance of the algorithms was evaluated using the Root 
Mean Square metric (see Table 6).

proposed BPRR BSRR M-est. RR cRPCA MLESAC MSAC RANSAC LMedS

Mean 

RMS
0.1320 0.1397 0.1378 0.1345 0.1844 0.1854 0.1751 0.1773 0.1690 0.1835

stdev 0.0074 0.0052 0.0081 0.0074 0.0054 0.0071 0.0082 0.0067 0.0064 0.0085

A visual comparison for one instance of recovery using all the evaluated methods is shown in Figure 14. We 
normalized all images to [0, 1] range to remove scaling effects of the pixel values on the RMS metric. We 
also computed a best possible reconstruction of the original face image by using the 20 eigenfaces. We used 
the regressor of this step as the ground truth regressor and computed the regressor recovery error as in the 
synthetic experiments (see Table 7). The experiments show that the mean RMS and the regressor error are 
the best for our method and that the recovered images are visually closer to the un-occluded original image.

proposed BPRR BSRR M-est. RR cRPCA MLESAC MSAC RANSAC LMedS

Mean 

RMS
0.7105 0.9092 0.7428 0.7232 1.0663 1.0761 1.0682 1.0917 1.1013 1.0528

stdev 0.0382 0.0472 0.0533 0.0435 0.0441 0.0506 0.0329 0.0337 0.0338 0.0353

Table 6: Fitting to original image error.

Figure 14: Face recovery results: In order from left to right, top to bottom: original image, occluded image, best possi-

ble recovery with given basis, proposed, BPRR, cRPCA, LMedS, Mestimator, MLESAC, MSAC, RANSAC, and RR.

Table 7: Regressor estimation error.
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Finally, we ran another set of experiments where we gave all the *SAC algorithms (RANSAC, MSAC, MLESAC, 
LMeds) some extra time. For these experiments, we set the number of iterations so that these algorithms 
could use as much time or longer than the time used by the proposed algorithm. While the extra time im-
proved the performance of the *SAC algorithms it was not enough to achieve the best performance, as sum-
marized in Tables 8 and 9.

proposed BPRR BSRR M-est. RR cRPCA MLESAC MSAC RANSAC LMedS
Mean 

RMS
0.1320 0.1397 0.1378 0.1345 0.1844 0.1854 0.1704 0.1545 0.1588 0.1661

stdev 0.0074 0.0052 0.0081 0.0074 0.0054 0.0071 0.0069 0.0064 0.0074 0.0082

run time 1.5088 1.6553 51.1901 .0343 19.5540 0.3533 3.3083 1.5997 1.5864 1.7923

proposed BPRR BSRR M-est. RR cRPCA MLESAC MSAC RANSAC LMedS

Mean 

RMS
0.7105 0.9092 0.7428 0.7232 1.0663 1.0761 0.8719 0.9098 0.9045 0.9183

stdev 0.0382 0.0472 0.0533 0.0435 0.0441 0.0506 0.0392 0.0366 0.0305 0.0369

run 

time
1.5088 1.6553 51.1901 0.0343 19.5540 0.3533 3.3083 1.5997 1.5864 1.7923

C.6 .  Robust estimation of the fundamental matrix

The fundamental matrix provides a scene–independent algebraic representation of the epipolar geometry 
of a stereo camera system that depends only on the camera’s intrinsic parameters and relative pose [185]. 
Given the key role that this matrix plays in a large number of problems in computer vision applications, such as 
stereo camera calibration, 3D reconstruction, etc., the problem of estimating it from experimental data (typ-
ically consisting of point correspondences from two images) has been the subject of a large research effort.  
In general, existing techniques reduce the problem to a constrained optimization, where the main dif iculties 
stem from the need to impose that the resulting matrix must be rank de icient, and from the presence of 
outliers, which if not properly handled can substantially skew the estimate.
Existing methods fall roughly into one of two classes, depending on how they tackle the non-convex rank-2 
constraint. The irst type of methods uses a two-step approach, for instance, methods based on the well-
known eight-point algorithm and its various extensions [185,186], that starts by inding a (sub)optimal esti-
mate without taking into account the rank constraint and then re ines the result by reducing its smallest 
singular value to 0. However, in [187] it has been shown that ignoring the rank constraint can degrade the 
accuracy in terms of the covariance matrix of the irst-order variation of the solution. On the other hand, the 
second type of methods considers the rank constraint explicitly. In [188] a Levenberg-Marquard (LM) ap-
proach is proposed to optimize the singular value decomposition (SVD) of the fundamental matrix. In [189] 
and [190] the rank constraint is imposed by setting its determinant to 0, leading to a 3rd-order polynomial 
constraint. Alternatively, in [191] and [192] the estimation problem is reduced to one or several constrained 
polynomial optimization problems by imposing the constraint that the null space of the solution must con-
tain a non-zero vector. The resulting optimization problems are solved by resorting to various optimization 
techniques, such as brand-and-bound approaches [189,192] or moments based convex relaxations [190,191].
Although the above methods perform well under the assumption of small, suitably distributed (for in- stance 
Gaussian) measurement noise, their performance substantially degrades in the presence of even a few outliers 
(i.e., point mismatches). Thus, a large number of robust methods have been developed to explicitly take into 

Table 8: Fitting to original image error (allowing extra time to the *SAC algorithms).

Table 9: Regressor estimation error (allowing extra time to the *SAC algorithms).
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account the presence of outliers. These include randomized methods such as RANdom Sampling Consensus 
estimator (RANSAC) [170] and its variants, which attempt to ind outlier-free data by repeatedly randomly 
selecting the minimal number of correspondences needed to generate a solution, and selecting the best 
one, according to some optimality criteria. For instance, RANSAC selects the solution with largest support on 
the complete dataset. MSAC [193], a redecending M-estimator [194], penalizes both the squared itting error 
of inliers and number of outliers. Least Median of Squares (LMS) [195] selects the estimate which gives 
the least median itting error.  Finally, Maximum Likelihood Estimation SAmple Consensus (MLESAC) [196] 
attempts to ind the maximum likelihood estimate of the true position of the points. Random sampling based 
methods are attractive due to their simplicity and the existence of theoretical bounds on the number of 
samples required to guarantee a given probability of success. However, they suffer from several weaknesses. 
Firstly, for a given probability of success, the number of needed iterations grows very fast with the number 
of outliers. Secondly, since the bounds explicitly depend on the number of outliers, this quantity must be 
known or estimated accurately, since stopping the algorithm prematurely can lead to arbitrarily bad solu-
tions. Finally, these methods cannot directly impose the rank de iciency constraint. Rather, this is done a 
posteriori, by projecting the solution onto the manifold of rank 2 matrices. However, as indicated before, this 
step can lead to substantial performance degradation.
Motivated by the challenges noted above, in [197] we proposed a novel single-step framework for robustly 
estimating the fundamental matrix from point correspondences corrupted by noise and outliers. The main 
idea is to introduce binary variables that indicate whether a given correspondence is an inlier (and hence 
should be used in the estimation), or an outlier (and hence should be discarded), and to explicitly impose the 
rank-2 constraint by searching for the epipoles.  This formulation leads to a polynomial optimization over 
a semi-algebraic set that can be solved by appealing to recent results on sparse polynomial optimization. 
Speci ically, the advantages of the proposed approach vis-a-vis existing techniques include the abilities to:
• Explicitly impose rank-de iciency and handle noise and a very large percentage of outliers, without the 

need for additional assumptions such as bounds on the number of outliers.
• Certify that a given convex relaxation has indeed found an optimal estimate of the fundamental matrix (the 

ground truth for noiseless data and the one that maximizes the number of inliers in the case of noisy 
measurements).

• Exploit co-occurrence priors to improve the estimate.
• Handle partially known correspondences.
• Explicitly exploit the underlying sparse structure of the problem to reduce the computational burden.

In addition, we provide theoretical results showing that, if in the optimization above a certain matrix con-
taining only variables related to the fundamental matrix has rank 1, then the irst order relaxation of the 
problem achieves global optimality.  Combining these ideas with rank-minimization techniques leads to 
a computationally ef icient algorithm with complexity comparable to robust regression based techniques, 
while still retaining the advantages noted above. These results are illustrated with several examples where 
the proposed algorithm is shown to consistently outperform existing techniques.

C.6.a. Problem statement

Given a pair of images of the same scene from two uncalibrated perspective views, the fundamental matrix F 
∈ R3×3 is de ined as the rank-2 matrix which satis ies the epipolar constraint

x’ T Fx = 0, x’ , x,
where the homogenous coordinates x, x ∈ R

3  are the corresponding projections of a 3D point in the two 
images. F has seven degrees of freedom due to the ambiguity caused by the scaling and singularity. Our 
goal is to develop a computationally tractable algorithm that, starting from noisy point correspondences 
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corrupted by outliers, simultaneously estimates a rank-2 fundamental matrix that maximizes the number of 
inliers, and, at the same time, explicitly identi ies outliers, de ined as those points whose distance from the 
surface de ined by (16) is beyond a given bound. Speci ically, we address the following problem:
Problem 1: Given a set of noisy point correspondences, {xi , x’i }, i = 1, . . . , n drawn from two images of the 
same scene, and a-priori bound on the itting error |x’ T Fxi | ≤  E, ind a fundamental matrix F such that:

1. ||F||F  = 1;

2. F is rank-2;
3. The number of inliers is maximized

As we show in [197], the problem above can be recast as a constrained polynomial optimization and solved 
by using rank minimization techniques and solving a sequence of convex semi-de inite programs.
A salient feature of the proposed framework is that it can be easily extended to handle co-occurrences and par-
tially known correspondences. The former simply entails using the same binary variable for correspondences 
known to have the same label (either all are outliers or all are inliers, although the actual label is unknown). 
Partially known correspondences arise in cases where labeling is expensive, and thus only a few labels are 
available.

C.6.b. Experiments

Next, we describe a set of experiments used to verify our theoretical results. These experiments consist on 
the estimation of fundamental matrices from points correspondences from six pairs of stereo images: House, 
Merton I, Merton II, Merton III, Library, and Wadham, given by VGG, University of Oxford, shown in Figure 15 
on the next page.
In each experiment, before computing the fundamental matrix, the data was normalized as in [185].

C.6.c. Ground truth data

Given a pair of images, we irst calculated a fundamental matrix from the correspondences (xi,t , xi,t ) provid-
ed with the dataset by minimizing the algebraic error. We considered the resulting fundamental matrix Ft, as 
the ground truth, with the threshold E given by E maxi |x T Ft xi,t |.  Then, the VLFeat toolbox [198] was used 
to obtain a set of SIFT features from the two images, and correspondences (xi , xi ) were de ined by those 
pairs of points whose £2 norm is ≤ 0.5. Finally, inliers and outliers were selected as those correspondences 
satisfying maxi |x T Ft xi | ≤ E, and those violating this bound, respectively.

C.6.d. Experimental set-up

For each pair of images, we ran seven sets of experiments, with 100 correspondences and outliers ranging 
from 10% to 70%. For each set of experiments, we ran 50 times by randomly picking Nout outliers and Nin 
inliers from (xi , xi ) and compared the results with several state-of-the-art methods.

C.6.e. Evaluation criteria

We compared four performance measurements: precision, recall, means and similarity.

i
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C.6.f. Computational platform

All algorithms were implemented in MATLAB and run on a 3.4GHz iMac with 32G memory. The SDP solver 
used was SeduMi. 
In these experiments we compared the performance of the proposed algorithm with that of RANSAC and 
its several extended versions, i.e., MSAC, MLESAC and LMEDS. For all these methods, the number of iterations 
was set to 500, and in each iteration the fundamental matrix was calculated using the eight-point algorithm. 
The results are summarized in Tables 10-13 on the next and following pages, and illustrated in Figure 16 
on the following page. As shown there, the proposed algorithm was consistently more robust than the SAC 
algorithms, in the sense that it identi ied a larger number of inliers and yielded a fundamental matrix closer 
to the ground truth, in terms of a larger inner product. Note that while in Tables 10-13 the proposed method 

Figure 15: Sample Image pairs from the VGG dataset.
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leads to larger variance, the corresponding mean value is higher, indicating that the other methods have con-
sistently lower performance.  Indeed, a quick computation assuming gaussian distributions shows that our 
method yields a higher objective value with probability > 0.7 even in the most unfavorable case. In terms 
of computational ef iciency, since our algorithm requires solving semi-de inite optimization problems, each 
iteration is more time consuming than those of SACs. On the other hand, consistent numerical experience 
shows that only a few iterations are needed for convergence (typically no more than 14). Since each iteration 
requires about 10 seconds when using 100 points, the overall computational cost remains competitive vis-a-
vis randomized methods, especially in cases involving a large number of outliers. 

N
out

RANSAC MSAC LMEDS MLESAC Proposed

10
97.7586

1.7967

97.6864

1.7241

97.8189

1.9095

97.9042

1.7129

98.2640

1.9726

20
94.7582

3.0774

94.6092

2.3474

94.5228

3.0246

94.6768

3.0948

96.6838

2.8109

30
90.3102

5.1555

90.6371

3.8062

90.1515

4.8416

90.6361

5.0145

93.5078

4.6797

40
83.8319

6.8161

83.6164

5.6156

83.9802

7.3236

84.0462

6.6029

90.1450

6.5219

50
74.9536

10.7474

74.7678

6.6748

74.7990

10.0023

75.8945

9.5612

83.8643

8.7383

60
58.3182

12.7762

59.4671

9.1357

60.3656

12.4958

60.9045

10.9836

75.8507

14.0279

70
43.5151

13.0902

42.9147

12.2906

44.8255

12.9395

44.0817

13.3457

62.6045

16.8592

N
out

RANSAC MSAC LMEDS MLESAC Proposed

10
75.6074

4.8220

71.9333

4.5412

69.1296

5.1152

72.9741

6.2715

89.2111

7.8245

20
74.1917

5.5170

70.8500

4.7135

70.6417

5.3528

71.6167

6.5717

85.5804

8.9735

30
72.1571

6.3000

70.0000

5.1970

70.6714

6.1241

69.9000

7.3354

80.1794

10.3759

40
69.4556

7.7685

67.1944

7.7287

68.7500

8.4810

67.6278

7.8525

77.3000

10.9068

50
64.9600

10.5049

62.4600

9.8250

62.3733

10.8597

63.4733

9.6938

71.9000

11.1134

60
57.1500

13.4839

56.9583

10.6995

55.7667

13.8929

57.3917

10.8910

66.7817

15.0884

70
50.2222

14.3284

47.5000

16.3911

45.7000

14.0125

48.8556

14.7437

62.0917

18.6231

Table 10: Mean and standard deviation of precision (%).

Table 11: Mean and standard deviation of recall (%).
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Figure 16: Performance Comparison (Hmean and Similarity) for the Image Pairs House, Library and Merton II. The rest of 

the experiments using VGG data show similar behavior. 
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N
out

RANSAC MSAC LMEDS MLESAC Proposed

10
85.9271

2.9264

83.7512

2.8941

82.1771

3.2714

84.4428

3.7745

93.5321

4.7464

20
83.7898

3.6833

81.7846

2.7879

81.6613

3.7210

82.2578

4.2533

90.8371

5.7553

30
80.6565

4.9393

79.5672

3.8809

79.7593

4.8613

79.4978

5.4053

86.4264

7.2137

40
76.2084

6.3890

74.8478

6.1565

75.8708

7.0401

75.2759

6.1798

83.2783

7.8551

50
69.6849

10.0422

68.2157

7.4362

68.1352

9.4998

69.2968

8.8621

77.4227

8.5625

60
57.6164

12.6155

58.0626

9.4320

57.7907

12.2474

59.0019

10.2399

70.8664

13.3851

70
46.6358

13.3631

45.0231

14.0348

45.0193

12.6929

46.2706

13.5550

62.0409

16.7669

N
out

RANSAC MSAC LMEDS MLESAC Proposed

10
99.7772

0.7316

99.6793

0.0126

99.4775

2.2484

99.9650

0.0908

99.9828

0.0716

20
99.6139

1.7647

99.1964

0.0129

99.2437

3.3507

99.9289

0.3425

99.9860

0.0697

30
99.4306

2.6753

99.2144

0.0207

99.6560

1.4154

99.8947

0.3682

99.9920

0.0176

40
99.6427

1.0935

99.0665

0.0189

99.5319

2.2583

99.8482

0.3942

99.9918

0.0187

50
98.5472

5.1293

96.9745

0.0331

99.4611

3.4161

99.6875

1.3350

99.9876

0.0327

60
97.6169

8.7403

94.9443

0.0570

99.0108

5.0077

98.8553

5.3757

99.9878

0.0289

70
96.6981

9.0199

94.5070

0.2751

98.7259

5.6968

98.5653

5.0236

99.9931

0.0078

C.7. Tracking multiple targets with similar appearance

In [199] we introduced a computationally ef icient algorithm for multi-object tracking by detection that ad- 
dresses four main challenges: i ) appearance similarity among targets, ii) missing data due to targets being 
out of the ield of view or occluded behind other objects, iii) crossing trajectories, and iv) camera motion. 
The proposed method uses motion dynamics as a cue to distinguish targets with similar appearance, minimize 
target mis-identi ication and recover missing data. Computational ef iciency was achieved by using a Gener-
alized Linear Assignment (GLA) coupled with ef icient procedures to recover missing data and estimate the 
complexity of the underlying dynamics.  The proposed approach works with tracklets of arbitrary length 
and does not assume a dynamical model a priori, yet it captures the overall motion dynamics of the targets.

Table 12: Mean and standard deviation of Hmean (%).

Table 13: Mean and standard deviation of similarity (×100).
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The bene it of using a GLA approach is that it avoids the need to make an a priori commitment about the start 
and termination nodes for location or time of the considered trajectories.
We explored two algorithms that differ by the method they use to estimate dynamics similarity.  The irst 
method replaces the IP optimization step used in [88] with an alternating direction method of multipliers 
(ADMM) [150] with computational complexity O(l

3
) and low memory requirements. Similarly to IP methods, 

this approach solves a relaxation instead of the original problem and requires setting a parameter weighting 
the noise penalty and a singular value threshold to estimate the rank which are both dif icult to choose. The 
second method IHTLS (iterative Hankel Total Least Squares) is a new algorithm that we pro- pose to directly 
estimate the rank of incomplete, noisy Hankel matrices. The algorithm is based on a noise cleaning algorithm 
for Hankel matrices introduced in [200] that we modi ied to handle missing data and estimate rank. The 
advantages of IHTLS are that it solves the original problem instead of a convex relaxation, it does not require
choosing a singular values threshold and it has computational complexity O((l − n)n

3
), where n < l is rank of

the Hankel matrix. The disadvantage of this approach is that it uses a Newton’s method to solve a non-convex 
problem and hence can be trapped in local minima. However, experimental evidence shows that in practice 
it converges to the true optimum.  Finally, it should be noted that the proposed methods are complementary 
to appearance-based methods: they can improve the performance of appearance-based methods when vi-
sual discrimination is possible, yet retain target identities when such information is not available.
Finally, Table 14 also shows the number of identity switches in parenthesis, for each sequence.  On average, 
SAT is an order of magnitude better than KSP using this metric. This information is very important, since 
there are tracking tasks, such as surveillance, where preserving the identity is more important than missing 
the target on a few frames.

Video Name SAT (ours) KSP MDA

Dribbling ( C) 

Balls ( C) 

Crowd (CM) 

Slalom (COM)

Seagulls (COM) 

Acrobats (COM) 

Juggling (COM) 

PSU-sparse ( –)

 PSU-dense (–)

0.992 (0)

0.997 (3)

0.998 (40)

0.999 (2)

0.993 (23)

0.997 (1)

0.977 (2)

0.9642

0.9218

0.877 (2)

0.572 (6)

0.870 (1215)

0.975 (13)

0.925 (305)

0.957 (12)

0.422 (15)

–

–

–

–

–

–

–

1.00

0.87

In summary, the experiments showed that multi-target tracking using IHTLS performs faster and more accu-
rately than when using ADMM and that both techniques perform signi icantly better and faster than the state 
of the art, where performance is measured using the Multiple Object Tracking Accuracy (MOTA) metric.

C.8 .  Finding causal interactions in video sequences

The problem of identifying causal interactions amongst targets in a video sequence has been the focus of 
considerable attention in the past few years. A large portion of the existing body of work in this ield uses 
human annotated video to build a storyline that includes both recognizing the activities involved and the 
causal relationships between them (see for instance [202] and references therein). While these methods are 

Table 14: MOTA performance for the proposed method (SAT), KSP [201] and MDA [84]. The values in parenthesis are 

the number of identity switches (small is better).  The scenario diffi  culty (Object Crossings, Long/Diffi  cult Occlusions 

and Camera Motion) is indicated in parenthesis next to the sequence name.
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powerful and work well when suitably annotated data is available, annotating video clips is expensive and 
parsing relevant actions requires domain knowledge which may not be readily available. Indeed, in many 
situations, unveiling potentially hidden causal relationships is a irst step towards building such knowledge.
In [203] we considered the problem of detecting causal interactions amongst targets, not necessarily human, 
from unannotated video clips and without prior domain knowledge. Speci ically, the goal was to detect 
whether the actions of a given target can be explained in terms of the past actions of a collection of other 
agents. We proposed to solve this problem by recasting it into a directed graph topology identi ication, where 
each node corresponds to the observed motion of a given target, and each link indicates the presence of a causal 
correlation. As shown in the paper, this leads to a block-sparsi ication problem that can be ef iciently solved us-
ing a modi ied Group-Lasso type approach, capable of handling missing data and outliers (due for instance to 
occlusion and mis-identi ied correspondences).  Moreover, this approach also identi ies time instants where 
the interactions between agents change, thus providing event detection capabilities.
Our approach exploits the concept of “Granger Causality” [204], that formalizes the intuitive idea that if a 
time series {x(t)} is causally related to a second one {y(t)}, then knowledge of the past values of {y}t should 
lead to a better prediction of future values of {x}t+k . In [205], Prabhakar et. al. successfully used a frequen-
cy domain reformulation of this concept to uncover pairwise interactions in scenarios involving repeating 
events, such as social games.  This technique was later extended in [206] to model causal correlations be-
tween human joints and applied to the problem of activity classi ication. However, since this approach is 
based upon estimating the cross-covariance density function between events, it cannot handle situations 
where these events are non-repeating, are too rare to provide an accurate estimate, or where these estimates 
are biased by outliers or missing data. Further, estimating a pairwise measure of causal correlation requires a 
spectral factorization of the cross-covariance, followed by numerical integration and statistical thresholding, 
limiting the approach to moderately large problems.
To circumvent these problems, in this paper, we proposed an alternative approach based upon recasting the 
problem into that of identifying the topology of a sparse (directed) graph, where each node corresponds 
to the time traces of relevant features of a target, and each link corresponds to a regressor. The situation is 
illustrated in Figure 18 on the following page using as an example the problem of inding causal relations 
amongst 4 tennis players, leading to a graph with 4 nodes, and potentially 12 (directed) links. Note that in 
general, the problem of identifying causal relationships is ill posed (unless one wants to identify the set of all 
individuals that could possibly have causal connections), due to the existence of secondary interactions. To 
illustrate this point, consider a very simplistic scenario with three actors A, B, and C, where A copies (with 
some delay) the actions of B, which in turn mimics C, also with some delay.  In this situation, the actions of A 
can be explained in terms of either those of B delayed one time sample, or those of C delayed by two samples. 
Thus, an algorithm based upon a statistical analysis would identify a causal connection between A and C, 
even though there is no direct link between them.  Further, if the actions of C can be explained by some simple 
autoregressive model of the form:
      C (t) =  ai C (t − i)
then it follows that the actions of A can be explained by the same model, e.g.
      A(t) =  ai A(t − i)

The proposed algorithms were tested and compared against state-of-the-art approaches [84,201] on a set 
of videos with challenging scenarios where targets are dif icult to discriminate based on appearance alone. 
The dataset, annotated with ground truth target locations, is available for public use at our website. Figure 
17 on the next page shows sample frames of the tracked sequences where targets are identi ied by the color 
of their bounding box. Table 14 shows the MOTA performance for the proposed similar appearance target 
tracker (SAT), the KSP algorithm [201] and the MDA algorithm [84]. The performance of SAT is over 90% for 
each scenario using the MOTA metric. The system can handle situations with object crossings, dif icult/long 
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occlusions and camera motion as indicated in Table 14. Note that we did not apply an exhaustive parameter 
tuning and we performed worse only for the psu-sparse sequence.

Figure 17: Tracking results for dribbling, balls, crowd, slalom, seagulls, acrobats, juggling sequences.
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Hence, multiple graphs topologies, some of which include self-loops, can explain the same set of time-series. On 
the other hand, note that in this situation, the sparsest graph (in the sense of having the fewest links) is the 
one that correctly captures the causality relations: the most direct cause of A is B and that of B is C, with C 
potentially being explained by a self-loop. To capture this feature and regularize the problem in the sequel, we 
will seek to ind the sparsest graph, in the sense of having the least number of interconnections that explains 
the observed data re lecting the fact that, when alternative models are possible, often the most parsimoni-
ous is the correct one. Our main result shows that the problem of identifying sparse graph structures from 
observed noisy data can be reduced to a convex optimization problem (via the use of Group Lasso type argu-
ments) that can be ef iciently solved. The advantages of the proposed method are:
• Its ability to handle complex scenarios involving non-repeating events, environmental changes, col- lec-

tions of targets that do not necessarily split into well-de ined groups, outliers and missing data.
• The ability to identify the sparsest interaction structure that explains the observed data (thus avoiding la-

beling as causal connections those indirect correlations mediated only by an intermediary), together with 
a sparse “indicator” function whose support set indicates time instants where the interactions between 
agents change.

• Since the approach is not based on semantic analysis, it can be applied to the motion of arbitrary targets, 
not necessarily humans (indeed, it applies to arbitrary time series including for instance economic or 
genetic data).

• From a computational standpoint, the resulting optimization problems have a speci ic form amenable to 
being solved by a class of iterative algorithms [151, 207], that require at each step only a combination 
of thresholding and least-squares approximations. These algorithms have been shown to substantially 

Figure 18: Finding causal interactions as a graph identifi cation problem. Top: sample frame from a doubles tennis se-

quence.  Bottom:  Representation of this sequence as a graph, where each node represents the time series associ-

ated with the position of each player and the links are vector regressive models. Causal interactions exist when one of 

the time series can be explained as a combination of past values of the others.
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outperform conventional convex-optimization solvers both in terms of memory and computation time re-
quirements.

Finally, the effectiveness of the proposed method was illustrated using several video clips. The results of the 
experiments are displayed using graphs embedded on the video frames: An arrow indicates causal correla-
tion between agents, with the point of the arrow indicating the agent whose actions are affected by the agent 
at its tail.
We considered two video clips from the UT Human Interaction Data Set [208] (sequences 6 and 16). Figures 
19 and 22 on the following page compare the results obtained applying the proposed algorithm versus Group 
Lasso (GL) [209] and Group Lasso combined with a reweighted heuristic (GLRW).
In all cases, the inputs to the algorithm were the (approximate) coordinates of the heads of each of the agents, 
normalized to the interval [−1, 1], arti icially corrupted with 10% outliers. Notably, the proposed algorithm 
was able to correctly identify the correlations between the agents from this very limited amount of informa-
tion, while the others failed to do so. Note in passing that in both cases none of the algorithms were directly 
applicable, due to some of the individuals leaving the ield of view or being occluded. As illustrated in Figure 
20 on the next page, the missing data was recovered by solving an RPCA problem prior to applying the algo-
rithm. Finally, Figure 21 on the next page sheds more insight on the key role played by the sparse signal u. As 
shown there, changes in u correspond exactly to time instants when the behavior of the corresponding agent 
deviates from the general pattern followed during most of the clip.

Figure 19: Sample frames from the UT sequence 6 with the identifi ed causal connections superimposed. Top:  Proposed 

Method.  Center:  Reweighted Group Lasso.  Bottom:  Group Lasso.  Only the proposed method identifi es the correct 

connections.
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Figure 20: Time traces of the individual heads in the UT sequence 6, artifi cially corrupted with 10 % outliers. The outli-

ers were removed and the missing data due to targets leaving the fi eld of view was estimated solving a modifi ed RPCA 

problem.

Figure 21:  Sample (derivative sparse) exogenous signals in the UT sequence 6. The changes correspond to the instants 

when the second person starts moving towards the fi rst, who remains stationary, and when the two persons merge in 

an embrace.
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C.9 .  Person re-identi ication (re-ID) using Kernel-based Metric learning methods

Surveillance systems for large public spaces (i.e. airport terminals, train stations, etc.) use networks of cam-
eras to maximize their coverage area.  However, due to economic and infrastructure reasons, these cameras 
often have very little or no overlapping ield of view. Thus, recognizing individuals across cameras is a critical 
component when tracking in the network.
The task of re-ID can be formalized as the problem of matching a given individual probe image against a 
gallery of candidate images. As illustrated in Figure 23a on the next page, this is a very challenging task since 
images of the same individual can be very different due to variations in pose, viewpoint, and illumination. 
Moreover, due to the (relatively low) resolution and the placement of the cameras, different individuals may 
appear very similar and with little or no visible faces, preventing the use of biometric and soft-biometric ap-
proaches [210, 211].

Figure 22: Sample frames from the UT sequence 16. Top: Correct correlations identifi ed by the Proposed Method. Cen-

ter and Bottom: Reweighted Group Lasso and Group Lasso (circles indicate self-loops).
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In [212] we proposed the use, and extensively evaluate the performance, of four alternatives for re- ID 
classi ication:  regularized Pairwise Constrained Component Analysis (rPCCA), kernel Local Fisher Discrim-
inant Analysis (kLFDA), Marginal Fisher Analysis (MFA) and a ranking ensemble voting (REV) scheme, used 
in conjunction with different sizes of sets of histogram-based features and linear, χ

2 and RBF-χ
2 kernels. 

In particular:
• We explored the effect that the size and location of support regions for commonly used histogram-based 

feature vectors (i.e. capturing color and texture properties) may have on classi ication performance.
• We proposed four kernel-based distance learning approaches to improve re-ID classi ication accura-

cy when the data space is under-sampled: rPCCA, kLFDA, MFA [213], and a ranking ensemble voting 
(REV) scheme. The irst approach, rPCCA, is an iterative procedure that introduces a regularization term 
to maximize the inter-class margin to the hinge loss PCCA approach. The second approach, kLDFA, is a 
closed-form method that uses a kernel trick to handle large dimensional feature vectors while maximiz-
ing a Fischer optimization criteria. The third approach is to use the Marginal Fisher Analysis method 
introduced in [213] which to best of our knowledge has not been used for re-ID before. Finally, we also 
proposed an ensemble approach where the results of multiple classi iers are combined to exploit their 
individual strengths.

• We provided a comprehensive performance evaluation using four sets of features, three kernels (linear, χ
2 

and RBF-χ
2
) and four challenging VIPeR [113], CAVIAR [214], 3DPeS [215] and iLIDS [216] re-ID data-

sets.  Using this protocol, we compare the proposed methods against four state-of-the- art methods: 
Pairwise Constrained Component Analysis (PCCA) [121], Local Fisher Discriminant Analysis (LDFA) 
[122], SVMML [123] and KISSME [217].

The VIPeR dataset [113] is composed of 1264 images of 632 individuals, with 2 images of 128 × 48 pixels 
per individual.  The images are taken from horizontal viewpoints but in widely different directions. The iL-
IDS dataset [216] has 476 images of 119 pedestrians. The number of images for each individual varies from 
2 to 8. Since this dataset was collected at an airport, the images often have severe occlusions caused by people 
and luggage. The CAVIAR dataset contains 1220 images of 72 individuals from 2 cameras in a shopping mall. 
Each person has 10 to 20 images. The image sizes of this dataset vary signi icantly (from 141 x 72 to 39 x 17). 
Finally, the 3DPeS dataset includes 1011 images of 192 individuals captured from 8 outdoor cameras with 
signi icantly different viewpoints. In this dataset each person has 2 to 26 images.  Except for VIPeR, the size of 
the images from the other three datasets is not constant so they were scaled to 128 × 48 for our experiments.

    (a)                (b)

Figure 23:   The re-ID problem. (a) Challenges (left to right): low resolution, occlusion, viewpoint, pose, and illumination 

variations and similar appearance of diff erent people.  (b) Projecting the data improves classifi cation performance.
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In our experiments, we adopted a Single-Shot experiment setting.  All the datasets were randomly divided 
into two subsets so that the test set contains p individuals.  This partition was repeated 10 times. Under each 
partition, one image for each individual in the test set was randomly selected as the reference image set and 
the rest of the images were used as query images. This process was repeated 20 times, as well, and it can be 
seen as the recall at each rank. The rank of the correct match was recorded and accumulated to generate 
the match characteristic M (r).
For easy comparison with other algorithms, we report the widely used accumulated M (r), Cumulative Match 
Characteristic (CMC) performance curves, averaged across the experiments. In addition, we also report the 
proportion of uncertainty removed (PUR) [122]. This score compares the uncertainty under random selec-
tion among a gallery of images and the uncertainty after using a ranking method.  
In [121], PCCA was applied to feature vectors made of 16-bins histograms from the RGB, YUV and HSV color 
channels, as well as texture histograms based on Local Binary Patterns extracted from 6 non-overlapping 
horizontal bands3. In the sequel, we will refer to these features as the band features.
On the other hand, the authors in [122] applied LDFA to a set of feature vectors consisting of 8-bins histo-
grams and 3 moments extracted from 6 color channels (RGB and HSV) over a set of 341 dense overlapping 
8 × 8 pixel regions, de ined every 4 pixels in both the horizontal and vertical directions, resulting in 11,253 
dimensional vectors. These vectors were then compressed into 100 dimensional vectors using PCA before 
applying LDFA. In the sequel, we will refer to these features as the block features.
Even though the authors of [121] and [122] reported performance analysis using the same datasets, they 
used different sets of features to characterize the sample images. Thus, it is dif icult to conclude whether the 
differences on the reported performances are due to the classi ication methods or to the feature selection. 
Therefore, in order to fairly evaluate the bene its of each algorithm and the effect of the choice of features, 
in our experiments we tested each of the algorithms using the same set of features.  Moreover, while both 
band and block features are extracted within rectangular or square regions, their size and location are very 
different. Thus, to evaluate how these regions affect the re- id accuracy, we run experiments varying their size 
and position. In addition to the band and block features described above, we used a set of features extracted 
from 16 × 16 and 32 × 32 pixels overlapping square regions, similar to the ones used in the block features, 
but de ined with a step half of the width/height of the square regions in both directions.  Thus, a total of 75 
and 14 regions were selected in these two feature sets. The feature vectors were made of 16-bins histogram 
of 8 color channels extracted on these image patches. To represent the texture patterns, 8-neighbors of radi-
us 1 and 16-neighbors of radius 2 uniform LBP histograms were also computed for each region. Finally, the 
histograms were normalized with the £1 norm in each channel and concatenated to form the feature for each 
image.
The projected feature space dimensionality was set to d = 40 for the PCCA algorithm. To be fair, we also used 
d = 40 with rPCCA. The parameter in the generalized logistic loss function was set to 3 for both PCCA and 
rPCCA. Since we could not reproduce the reported results of LFDA using their parameters setting, we set the 
projected feature space as 40 and the regularizing weight β as 0.15 for LFDA4. In kLFDA, we used the same d 
and set the regularizing weight to 0.01. For MFA, we used all positive pairs of each person within class sets 
and set kb to 12, β = 0.001, and d = 30. Since SVMML in [123] used different features, we also tuned the pa-
rameters to achieve results as accurate as possible. The two regularized parameters of A and B were set to 
10−8 and 10−6, respectively.
Since KISSME is very sensitive to the PCA dimensions, we chose the dimension for each dataset that gave the 
best PUR and rank 1 CMC score, which are 77, 45, 65 and 70 for VIPeR, iLIDS, CAVIAR and 3DPeS, respectively. 
In the training process for PCCA, rPCCA and KISSME, the number of negative pairs was set to 10 times the 
3 Since the parameters for the LBP histogram and horizontal bands were not given in [121], we found values that provide 
even better matching accuracy than in [121].
4 It was set as 0.5 in [122]. However, we could not reproduce their reported results with this parameter.
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number of positive pairs.  Finally, we tested three kernels with each algorithm and feature set: a linear, a χ2 
and a RBF − χ2 kernel which are denoted with L, χ2 and Rχ2, respectively.
For both, the VIPeR and iLIDS datasets, the test sets were randomly selected using half of the avail- able in-
dividuals. Speci ically, there are p = 316, p = 60, p = 36, and p = 95 individuals in each of the test sets for the 
VIPeR, iLIDS, CAVIAR, and 3DPeS datasets, respectively. The results are also summarized in Tables 15 to 18 
on the following pages, along with the PUR scores for all the experiments. The experiments show that the 
VIPeR dataset is more dif icult than the iLIDS dataset. This can be explained by observing that VIPeR has only 
two images per individual, resulting in much lower r = 1 CMC scores. On the other hand, the overall PUR score 
is higher for the VIPeR set, probably because the iLIDS set has less than half of the images than VIPeR has.
The highest CMC and PUR scores in every experiment at every ranking were highlighted in red in the given 
table. The highest CMC and PUR scores were achieved using the proposed methods with either a χ2 or a Rχ2 
kernel. The proposed approaches achieve as much as 19.6% at r = 1 and a 10.3% PUR score improvement 
on the VIPeR dataset, 14.6% at r = 1 and a 31.6% PUR score improvement on the iLIDS dataset, 15.0% at r 
= 1 and a 7.4% PUR score improvement on the CAVIAR dataset and 22.7% at r = 1 and a 13.3% PUR score 
improvement on the 3DPeS dataset, when using band features (6 bands).
In general, rPCCA performed better than LFDA which, in turn, performed better than PCCA. The better perfor-
mance of rPCCA over PCCA and LFDA shows that the regularizer term   PF plays a signi icant role in prevent-
ing over- itting of noisy data.  However, the best performance is achieved by kLFDA because this approach 
does a better job at selecting the features by avoiding the PCA pre-processing step while taking advantage of 
the locally scaled af inity matrix.
It should be noted that using 6, 14, 75 and 341 regions results in similar performance, but using 341 regions 
results in slightly lower PUR scores. Moreover, the RBF-χ2 kernel does not help to improve the matching ac-
curacy when the regions are small. It was observed in our experiments that the χ2 distance of the positive and 
negative pairs were distributed within a small range around 1 and that the kernel mapping of these values 
was hard to distinguish. A possible explanation for this effect, is that the histograms are noisier and sparser 
when the base regions are small.

Table 15: CMC at r = 1, 5, 10, 20 and PUR scores on VIPeR with p = 316 test individuals (highest scores in red).
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Table 16: CMC at r = 1, 5, 10, 20 and PUR scores on iLIDS with p = 60 test individuals (highest scores shown in red).

Table 17: CMC at r = 1, 5, 10, 20 and PUR scores on CAVIAR with p = 36 test individuals (highest scores shown in red).
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For sake of completeness, we also compared the best performance for the proposed algorithms against the best 
results as reported in the existing literature (even though as pointed above, the values reported elsewhere do 
not use the same set of features or experimental protocol) [110, 116, 118, 120–123, 218–223] in Table 19.

Our algorithm matches the best reported results for the VIPeR and iLIDS datasets, even though the re-
ported PRDC [120] ranking was obtained under easier experiment settings5.  Note that both SVMML6 [123] 
and PRDC require an iterative optimization which is very expensive with respect to  both computation and mem-
ory. In comparison, computing the closed-form solution for the proposed kLFDA and MFA algorithms is much 
cheaper. When using a 3.8Hz Intel quad-core computer with 16GB RAM, the average training times for VIPeR, 
using 6 patches with a linear kernel are 0.24s, 0.22s and 155.86s for kLFDA, MFA and SVMML, respectively. 
While average training times for the iLIDS are 0.07s, 0.04s and 155.6s for kLFDA, MFA and PRDC, respectively. 
In the experiments on the CAVIAR and 3DPeS datasets, our ranking is more accurate than LFDA algorithm7.
5 Only 50 individuals were selected as a test set, while our test set is composed of 60 individuals.  Thus, the ranking accura-
cy is computed in an easier experiment setting.
6 The ranking accuracy was read from the igure.
7 The CAVIAR ranking reported in [122] was obtained by using the mean of the features from the sample person in the test 
set as the reference feature. We believe this is equivalent to knowing the ground truth before ranking. Hence we report the result 
in Table 19 following our protocol but using the same features as in [122].

Table 18: CMC at r = 1, 5, 10, 20 and PUR scores on 3DPeS with p = 95 test individuals (highest scores shown in red).

Table 19: The best reported CMC scores in the existing literature.
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Finally, Table 20 shows the results for ranking ensembles voting using different learning algorithms, feature 
sets, kernels, and aggregating methods. Since the features extracted from 8 × 8 pixels regions provided the 
worst performance for almost all the algorithms, we do not use this set of features in the ensemble. Therefore, 
for each metric learning algorithm, we created an ensemble with 9 ranking algorithms, combining 3 kernels 
(if applicable) and 3 feature sets, which were used to vote for a inal ranking. The best performances of the 
individual ranking case for each of the metric learning methods from Tables 15 to 18 are also shown (with a 
gray background) for easy comparison. The experimental results show that the ensemble methods produced 
different levels of improvements for each dataset and in general “Ensemble 2” results in larger gains. For 
single ensemble metric learning algorithms, the performance of ensemble rPCCA improved from 5.13% to 
11.51% across all four datasets whereas the ensemble kLFDA showed less improvement. The performance 
when testing on the iLIDS dataset improved across all the experiments. On the other hand, when using the 
3DPeS dataset, the performance degraded when using kLFDA and MFA. Since the iLIDS dataset contains se-
vere occlusion, there is no global solution for feature grids and an ensemble of different feature sets are more 
bene icial. The highest improvement in performance was observed when an ensemble of all the algorithms 
was tested on the VIPeR dataset: the rank1 score increased 14.86% and the PUR score increased 11.81%. 
These results suggest that combining different feature grids should be used to improve performance. The 
highest improvement in all ensemble algorithms was shown on the VIPeR dataset where the rank1 score in-
creased 14.86% and the PUR score increased 11.81%. These results suggest that combining different feature 
grids can improve the performance.

Table 20: CMC scores of ensembles of rPCCA, kLFDA, MFA on all four datasets. The columns with gray background show 

the performance of the best ranking algorithm in this category (highest scores shown in red).
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Figure 24 shows a heat map illustrating the projection weight map for each of the datasets when using kLD-
FA with 341 patches and a linear kernel. There, it is seen that the upper body features are the most dis-
criminant ones in all four datasets. This is expected since the bounding-boxes of the samples are reasonably 
accurate and the torsos are relatively well aligned.  On the other hand, the feature projection weights at 
the bottom of the sample are different across the four datasets.  This can be explained by the fact that the 
viewpoint variations in the 3DPeS dataset are the most severe among all the datasets. As shown in Figure 
25, when looking from a top view, the legs of the pedestrians occupy fewer pixels and their locations change 
more than when seen from a horizontal viewpoint as is the case for the VIPeR samples.

Moreover, the projection weights for the VIPeR dataset are larger for patches in the background than for the 
other three datasets. This re lects the fact that the VIPeR samples were taken in three different scenes: i) a 
walk-way through a garden, ii) a playground and iii) a street-side view with distinctive backgrounds.  In addi-
tion, two images for each person were always taken in the same scene.
In summary, our experiments not only allowed us to compare previously published classi ication techniques 
using a common set of features and datasets (an experiment that to the best of our knowledge has not 
been reported so far) but also showed that the proposed classi ication methods resulted in a signi icant 
improvement in performance over the state-of-the-art.

D. Milestones

The ultimate goal of this project is to develop a comprehensive framework for provably correct decision 
support in data deluged environments.  In order to accomplish this goal, the following milestones need to be 
achieved:

1. Robust sustained tracking over multiple cameras with non-overlapping ields of view.
2. Reliable re-identi ication of targets across multiple non-overlapping time and space scales.
3. In situ autonomous scene understanding that provides human operators with situational awareness 

abstractions at a granularity level required to support decisions.
4. Contextual anomaly detection, that is, detect situations that are abnormal in the context where they 

are taking place.
5. Real time implementation of the algorithms above.

Figure 24: The kLFDA projection weight map for 3DPeS, 

CAVIAR, iLIDS and VIPeR.

Figure 25: View point variation in 3DPeS.
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E. Future Plans

For FY 2016, we plan to continue our effort over the broad umbrella of “dynamics based video analytics”, with 
speci ic applications to contextually abnormal activity recognition. Speci ically, we plan to concentrate in the 
following aspects of the problem:

1. Continue work on the problem of re-ID. In particular, we plan to further investigate the role of dy-
namic invariants in improving re-identi ication rates.

2. Develop algorithms for dynamic scene understanding, focusing on the detection and recognition of 
activity in videos.

3. Develop new methods, at the con luence of machine learning and systems identi ication for cluster-
ing and classifying dynamic data in cases where few labeled examplars are available. We plan to ap-
ply the resulting theoretical framework to the problem of detecting potentially threatening activities 
in crowded public spaces.

4. Start working on the problems of sensor selection, optimal sensor placement and optimal distribut-
ed iltering. These problems are relevant for scenarios such as large open spaces where there exist 
multiple cameras, but sensor communications may be limited due to bandwidth restrictions.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

Results from this project have been incorporated into the undergraduate courses on computer vision (EECE 
5698) and control theory (EECE 5580).
Professor Camps delivered a tutorial on video analytics at the IEEE HST Conference, April 14, 2015.
Professor Sznaier delivered a tutorial on decision making in data deluged environments at the IEEE Conf. on 
Dec. and Control, Dec. 2014.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The products of this research effort have direct application to security and surveillance of large public spaces 
such as airport and other mass transport system terminals, sport venues, etc.

B. Potential for Transition 

Portions of this work have been deployed and tested at the Cleveland Airport and it is anticipated that the 
system will be also transferred to other airports.  In addition, we are working in collaboration with the Great-
er Cleveland Rapid Transit Authority (GCRTA) Security to develop a re-identi ication surveillance system for 
train stations.

C. Data and/or IP Acquisition Strategy

Data is being collected at the Cleveland Airport and at selected train stations in Cleveland, Ohio. Some of the 
data is used to provide ground truth for training and testing of the algorithms being developed.

D. Transition Pathway

The proposed video analytics algorithms are designed to address the user needs for surveillance of public 
spaces such as airport terminals and train stations.
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E. Customer Connections

• Hopkins International Airport Commissioner- Mr. Fred Szebo
• Cleveland TSA –Mr. Michael Young 
• GCRTA, Security Chief – Mr. John Joyce

V. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

1. Dabbene, F., Sznaier, M., Tempo, R. “Probabilistic Optimal Estimation with Uniformly Distributed 
Noise,” IEEE Trans. Aut. Control, Vol 59, (8), pp. 2113–2127, Aug. 2014.

2. Sznaier, M., Ayazoglu, M., and Inanc, T. “Fast Structured Nuclear Norm Minimization with Applica-
tions to Set Membership Systems Identi ication,” IEEE Trans. Aut. Cont., 59, (10), pp. 2837–2842, 
Oct. 2014.

3.  Ozay, N., Sznaier, M., and Lagoa, C.M. “Convex Certi icates for Model (In)validation of Switched Af ine 
Systems with Unknown Switches, IEEE Trans. Aut. Control (Special issue on Relaxation Methods in 
Identi ication and Estimation Problems), 59, (11), pp. 2921–2932, Nov. 2014.

4. Ozay, N., Lagoa, C.M., and Sznaier, M. “Set Membership Identi ication of Switched Linear Systems 
with Known Number of Subsystems,” Automatica, Vol. 51: 180-191, January 2015.

B. Peer Reviewed Conference Proceedings

1. Xiong, F., Gou, M., Camps, O. and Sznaier, M. “Person Re-Identi ication Using Kernel-Based Metric 
Learning Methods,” 2014 European Comp. Vision Conf, Zurich, Switzerland, pp. 1–16, Sept. 2014 

2. Lucia, Walter; Sznaier, Mario; Franze, Giuseppe. “An obstacle avoidance and motion planning Com-
mand Governor based scheme: The Qball-X4 quadrotor case of study,” Decision and Control (CDC), 
2014 IEEE 53rd Annual Conference on Decision and Control (CDC), Publication Year: 2014, Page(s): 
6135 – 6140.

3. Wang, Y; Lopez, J.; Sznaier, M.  “Sparse static output feedback controller design via convex optimi-
zation,” 2014 IEEE 53rd Annual Conference Decision and Control (CDC), Publication Year: 2014, 
Page(s): 376 – 381.  

4. Cheng, Y.; Wang, Y.; Sznaier, M. “A convex optimization approach to semi-supervised identi ication of 
switched ARX systems,” 2014 IEEE 53rd Annual Conference on Decision and Control (CDC), Publica-
tion Year: 2014, Page(s): 2573 - 2578 (48%)

5. Sznaier, Mario; Camps, Octavia; Ozay, Necmiye; Lagoa, Constantino, “Surviving the upcoming data 
deluge: A systems and control perspective,” 2014 IEEE 53rd Annual Conference on Decision and 
Control (CDC), Publication Year: 2014, Page(s): 1488 - 1498, (48%)

6. Wang, Y., Dicle, C., Camps, O., and Sznaier, M. “Self Scaled Regularized Robust Regression,” 2015 IEEE 
Conference on Computer Vision and Pattern Recognition (CVPR), June 2015. 

7. Cheng, Y., Lopez, J., Camps, O., and Sznaier, M. “A Convex Optimization Approach to Robust Funda-
mental Matrix Estimation,” 2015 IEEE Conference on Computer Vision and Pattern Recognition 
(CVPR), June 2015. 

8. Lo Presti, L., La Cascia, M., Sclaroff, S., and Camps, O. “Gesture Modeling by Hanklet-based Hidden 
Markov Model.” Proc. Asian Conference on Computer Vision (ACCV), Nov. 2014 (28% acceptance 
rate)
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C. Other Conference Proceedings

1. Camps, O. “Structured Robust PCA and Dynamics-based Invariants for Multi-Camera Video Under-
standing,” Keynote Speaker, Int. Conference on Distributed Smart Cameras, Venice, Nov. 7, 2014.

D. Other Presentations

1. Seminars
a. Camps, O. “Principles of Video Analytics Anomaly Detection,” Invited Talk, IEEE HST Conference,  

Waltham, MA, Apr. 29, 2015.
b. Sznaier, M. “Surviving the upcoming data deluge: A systems and control perspective,” 2014 IEEE 

Conf. Dec. Control. (Tutorial session on Big Data and Sparsity), Dec. 2014.
c. Camps, O. “Structured Robust PCA and Dynamics-based Invariants for Multi-Camera Video Un-

derstanding,” Keynote Speaker, Int. Conference on Distributed Smart Cameras, Venice, Nov. 7, 
2014.

d. Sznaier, M., and Camps, O. “Dealing with Big Data in Systems and Control: Some Lessons from 
Machine Learning,” Workshop on Uncertain Dynamical Systems, IFAC, Aug. 2014.

2. Poster Sessions
a. Wang, Y., Dicle, C., Camps, O., and Sznaier, M. “Self Scaled Regularized Robust Regression,” 2015 

IEEE Conference on Computer Vision and Pattern Recognition (CVPR), June 2015. 
b. Cheng, Y., Lopez, J., Camps, O., and Sznaier, M. “A Convex Optimization Approach to Robust Funda-

mental Matrix Estimation,” 2015 IEEE Conference on Computer Vision and Pattern Recognition 
(CVPR), June 2015. 

c. Lo Presti, L., La Cascia, M., Sclaroff, S., and Camps, O. “Gesture Modeling by Hanklet-based Hidden 
Markov Model.” Proc. Asian Conference on Computer Vision (ACCV), Nov. 2014

d. Xiong, F., Gou, M., Camps, O., and Sznaier, M. “Person Re-Identi ication Using Kernel-Based Metric 
Learning Methods,” 2014 European Comp. Vision Conf, Zurich, Switzerland, pp. 1–16, Sept. 2014

3. Interviews and/or News Articles
a. New York Times, May 8 2015, Article on Airport Security

E. Student Theses or Dissertations

1. Yilmaz, Burak. “Sparsity Based Approaches in Systems Identi ication,” Ph.D Dissertation, May 2015.

F. New and Existing Courses Developed and Student Enrollment

New or 

Existing

Course/Module/

Degree/Cert.

Title Description Student                    

Enrollment

Existing Course Computer Vision 2 Advance course on computer vision 15

Existing Course Digital Control Sys. Undergraduate Control 40

G. Technology Transfer/Patents

1. Inventions Disclosed
a. “In the exit” airport security system to detect entrance through exit lanes.
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H. Software Developed

1. Datasets
a. Gathered and ground truthed data from CLE Airport and GCRTA.

2. Algorithms
a. Re-Id algorithms using kernels (ECCV ’14)
b. Robust Regression with outliers (CVPR ’15)
c. Robust Estimation of Fundamental Matrix (CVPR ’15)

I. Requests for Assistance/Advice

1. From DHS
a. TSA collaboration at CLE Airport.
b. GCRTA collaboration: Joint project with VACCINE DHS Center of Excellence.
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Search & Retrieval in Video
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II. PROJECT DESCRIPTION 

A. Overview and Signi icance

This project develops video analytics for maintaining airport and perimeter security. Our objectives include 
real-time suspicious activity detection, seamless tracking of individuals across sparse multi-camera networks 
and the forensic search of individuals and activities in years of archived data. 
Surveillance networks are becoming increasingly effective in the public and private sector. Generally, use 
of these surveillance networks falls into a real-time or forensic capacity. For real-time use, the activities of 
interest are known a-priori and the challenge is to detect those activities as they occur in the video; whereas 
for forensic use, the data is archived until a user decides on an activity to search for. Forensic use calls for a 
method of content-based retrieval in large video corpuses, based on user-de ined queries.
The signi icance of a real-time activity monitoring effort to the Department of Homeland Security (DHS) is 
that these methods will enable the real-time detection of suspicious activities and entities throughout an 
airport by seamlessly tagging and tracking objects. Suspicious activities include suspicious baggage drops, 
suspicious behavior and abandoning objects. 
The signi icance of the forensic search capability is that it will allow for an autonomous search that matches 
user de ined activity queries in years of compressed data. These include detecting incidents such as a bag-
gage drop, etc., as well as inding all precursors of an incident, such as who met with this target/person. To 
put this into perspective, Boston Logan International Airport (BOS) currently has the capability to store ~1 
month’s data and much of the forensics requires signi icant human involvement. Current approaches are not 
scalable given the ever-increasing deployment of cameras.
We will describe ongoing efforts on both real-time monitoring and forensic search in more detail below. In 
general, identifying relevant information for tracking across multiple cameras with non-overlapping views is 
challenging. This is dif icult given the wide range of variations, ranging from the traditional pose, illumination 
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and scale issues to spatio-temporal variations of a scene itself. We propose to develop robust techniques for a 
variety of environments including unstructured, highly cluttered and occluded scenarios. A signi icant focus 
of the project is the development of robust features. An important consideration is that the selected features 
should not only be informative and easy to extract from the raw video but should also be invariant to pose, 
illumination and scale variations. Traditional approaches have employed photometric properties. However, 
these features are sensitive either to pose, illumination and scale variations or are sensitive to clutter. More-
over, they do not help capture the essential patterns of activity in the ield of view. Consequently, they are not 
suf iciently informative for generalization within a multi-camera framework.

A.1. Real-time activity monitoring

Real-time activity monitoring requires both short-term and long-term surveillance. Short-term threat detec-
tion involves detection of baggage drops, abandoned objects and other types of sudden unusual behaviors. On 
the other hand, long-term monitoring could involve identifying, tagging and tracking individuals associated 
with short-term threats in order to determine precursors such as who met these targets etc. Ongoing efforts 
include suspicious activity detection coupled with person re-identi ication (re-id) to ensure multi-camera 
tagging and tracking of individuals across camera networks.

A.2. Forensics

It is worth touching upon the different characteristics of the forensic and real-time problem sets. In both 
problems, given the ubiquity of video surveillance, it is a fair assumption that the video to be searched grows 
linearly with time and will stream in consistently. This mandates an ability to detect a predetermined activity 
in data as quickly as it streams in, for the real-time model. In the forensic model, this massive data require-
ment means that (1) whatever representation is archived is computable as quickly as the data streams in and 
(2) the search process scales sub-linearly with the size of the data corpus. Failure to ful ill the irst require-
ment and the system will fall behind. Failure to ful ill the second and a user will have to wait too long for his 
results when searching a large dataset. 

B. State-of-the-Art and Technical Approach

B.1. Activity monitoring in real-time: person re-id

B.1.a. Related work

While re-id has received signi icant interest [1, 9 and 10], much of this effort can be viewed as methods that 
seek to classify each probe image into one of a gallery of images. Broadly, re-id literature can be categorized 
into two themes, with one focusing on cleverly designing local features [6, 11-25], and the other focusing 
on metric learning [26-38]. Typically, local feature design aims to ind a re-id speci ic representation based 
on some properties among the data in re-id, e.g. symmetry and centralization of pedestrians in images [13], 
color correspondences in images from different cameras [24 and 23], spatial-temporal information in re-id 
videos/sequences [12 and 14], discriminative image representation [6, 11 and 17] and viewpoint invari-
ance prior [25]. Unlike these approaches, that attempt to match local features, our method attempts to learn 
changes in appearance or features to account for visual ambiguity and spatial distortion. On the other hand, 
metric learning aims to learn a better similarity measure using, for instance, transfer learning [29], dictio-
nary learning [30], distance learning/comparison [31, 33 and 34], similarity learning [35], dimension reduc-
tion [36], template matching [37] and active learning [38]. In contrast to metric learning approaches, that 
attempt to ind a metric such that features from positively associated pairs are close in distance, our learning 
algorithm learns similarity functions for imputing similarity between features that naturally undergo ap-
pearance changes.
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B.1.b. Technical approach

Many surveillance systems require the autonomous long-term behavior monitoring of pedestrians within 
a large camera network. One of the key issues in this task is re-id, which deals with how to maintain enti-
ties of individuals as they traverse through diverse locations that are surveilled by different cameras with 
non-overlapping camera views. Re-id presents several challenges. From a vision perspective, camera views 
are non-overlapping and so conventional tracking methods are not helpful. Variation in appearance between 
the two camera views is so signi icant, due to the arbitrary change in view angles, poses, illumination and 
calibration, that features seen in one camera are often missing in the other. Low resolution of images for re-id 
makes biometrics based approaches often unreliable [1]. Globally, the issue is that only a subset of individu-
als identi ied in one camera (location) may appear in the other. 
We propose PRISM: Person Re-Identi ication via Structured Matching. PRISM is a weighted bipartite match-
ing method that simultaneously identi ies potential matches between individuals viewed in two different 
cameras. Figure 1a illustrates re-id with two camera views, where the 4 images labeled by green form the 
so-called probe set and the 4 entities labeled by red form the so-called gallery set. 

Graph matching requires edge weights, which correspond to similarity between entities viewed from two dif-
ferent cameras. We learn to estimate edge weights from training instances of manually labeled image pairs. 
We formulate the problem as an instance of a structured learning [2] problem. While structured learning 
has been employed for matching text documents, re-id poses new challenges. Edge weights are obtained as 
a weighted linear combination of basis functions. For texts, these basis functions encode shared or related 
words or patterns (which are assumed to be known a priori) between text documents. The weights for the 
basis functions are learned from training data. In this way, during testing, edge weights are scored based on 
a weighted combination of related words. In contrast, visual words (i.e. vector representations of appearance 
information, similar to the words in texts) are suffering from well-known visual ambiguity and spatial distor-
tion. This issue is further compounded in the re-id problem, where visual words exhibit signi icant variations 
in appearance due to changes in pose, illumination, etc.
To handle the visual ambiguity and spatial distortion in re-id, we propose new basis functions based on 
co-occurrence of different visual words. We then estimate weights for different co-occurrences from their 
statistics in training data. While co-occurrence based statistics has been used in some other works [3 and 5], 
ours has a different purpose. We are largely motivated by the observation that the co-occurrence patterns 

Figure 1: (a) Illustration of re-id, where the colors red and green label the images from two diff erent camera views and 

arrows indicate entity matches. (b) Illustration of the weighted bipartite graph matching problem for (a), where each 

row denotes a camera view, each node denotes a person entity, diff erent colors denote diff erent entities and the edges 

are weighted by 0 or 1, indicating missing matches or same entities. Each entity per view can be associated with single/

multiple images or even video snippets.
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of visual code words behave similarly for images from different views. In other words, the transformation of 
target appearances can be statistically inferred through these co-occurrence patterns. We observe that some 
regions are distributed similarly in images from different views and robustly in the presence of large cross-
view variations. These regions provide important discriminant co-occurrence patterns for matching image 
pairs. For instance, statistically speaking, ``white’’ color in one camera can change to ``light blue’’ in another 
camera. However, ``light blue’’ rarely changes to ``black.’’ 
We leverage and build on our work [6] on a novel visual word co-occurrence model to capture such import-
ant patterns between images. There, we irst encode images with a suf iciently large codebook to account 
for different visual patterns. Pixels are then matched into code words or visual words. The resulting spatial 
distribution for each codeword is embedded to a kernel space through kernel means embedding [7] with la-
tent-variable conditional densities [8] as kernels. The fact that we incorporate the spatial distribution of code 
words into appearance models provides us with locality sensitive co-occurrence measures. Our approach 
can also be interpreted as a means to transfer the information (e.g. pose, illumination and appearance) in the 
image pairs to a common latent space for meaningful comparison. 
In this perspective appearance, change corresponds to the transformation of a visual word viewed in one 
camera into another visual word in another camera. Particularly, our method does not assume any smooth 
appearance transformation across different cameras. Instead, our method learns the visual word co-occur-
rence patterns statistically in different camera views to predict the identities of persons. The structured 
learning problem in our method is to determine important co-occurrences while being robust to noisy co-oc-
currences.
To illustrate the basic mathematics involved in our approach, we are given N probe entities (Camera 1) that 
are to be matched to M gallery entities (Camera 2). Figure 2 depicts a scenario where entities may be asso-
ciated with a single image (single-shot), multiple images (multi-shot) and is unmatched to any other entity 
in the probe/gallery. Existing methods could fail here for the reason that entities are matched independently 
based on pairwise similarities between the probes and galleries, leading to the possibility of matching multi-
ple probes to the same entity in the gallery. Our approach, based on structured matching, is a framework that 
can address some of these issues. 

      (a)                 (b)
Figure 2: Overview of our method, PRISM, consisting of two levels where (a) entity-level structured matching is im-

posed on top of (b) image-level visual word deformable matching. In (a), each color represents an entity and this exam-

ple illustrates the general situation for re-id, including single shot, multi-shot and no match scenarios. In (b), the idea of 

visual word co-occurrence for measuring image similarities is illustrated in a probabilistic way, where y1 and y2 denote 

the person entities, u1; u2; v1; v2 denote diff erent visual words and h1; h2 denote two locations.
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To build intuition into our method, consider yij as a binary variable denoting whether or not there is a match 
between ith probe entity and the jth gallery entity. Denote sij as their similarity score. Our goal is to predict 
the structure, y, by seeking a maximum bipartite matching:

           (1)

where Y could be the sub-collection of bipartite graphs accounting for different types of constraints. For in-
stance, it would account for the relaxed constraint to identify at most ri potential matches from the gallery set 
for probe i, and at most gj potential matches from the probe set for gallery j. Hopefully the correct matches 
are among them.
Equation 1 needs a similarity score sij for every pair of probe i and gallery j, which is a priori unknown and 
could be arbitrary. Therefore, we seek similarity models that can be learned from training data based on min-
imizing some loss function. Structured learning [2] formalizes loss functions for learning similarity models 
that are consistent with testing goals as in Equation 1. To map it into this setting, we denote probes and gal-
lery images as documents. These documents are a collection of visual words that are obtained using K-means 
(see [6] and the Phase 2, Year 1 ALERT annual report). We propose similarity models based on cross-view 
visual word co-occurrence patterns to learn similarity weights. 
Our key insight is that aspects of appearance that are transformed in predictable ways, due to the static cam-
era view angles, can be statistically inferred through pairwise co-occurrence of visual words. In this way, we 
allow the same visual concepts to be mapped into different visual words and account for visual ambiguity. 
We present a probabilistic approach to motivate our similarity model in Figure 2b. We let the similarity sij be 
equal to the probability that two entities are identical,

where Ii
(1), Ij

(2) denote two images from camera view 1 (left) and 2 (right), respectively, u,v denote the visual 
words for view 1 and view 2 and h denotes the shared spatial locations.
Following along the lines of the text-document setting, we can analogously let wuv=p(yij=1| u,v) denote the 
likelihood (or importance) of co-occurrence of the two visual words among matched documents. This term 
is data-independent and learned from training instances. The term p(u, v | h, Ii

(1), Ij
(2)) must be empirically es-

timated and is a measure of the frequency with which two visual words co-occur after accounting for spatial 
proximity. To handle spatial distortion of visual words, we allow the visual words to be deformable, similar 
to deformable part model [18]. 
In summary, our similarity model handles both visual ambiguity (through co-occurring visual words) and 
spatial distortion simultaneously. We learn parameters, wuv, of our similarity model along with analogous 
structured loss functions that penalize deviations of predicted graph structures from ground-truth annotated 
graph structures.

B.1.c. Results

We start by interpreting our learned model parameters. A typical learned co-occurrence matrix is shown 
in Figure 3 on the next page, with 30 visual words per camera view. Recall that wuv = p(yij=1| u,v) denotes 
how likely two images come from the same person according to the visual word pairs and our spatial kernel 

(2)
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returns non-negatives, indicating the spatial distances between visual word pairs in two images from two 
camera views. As we see in Figure 3, by comparing the associated learned weights, “white” color in camera 
A is likely to be transferred into “light-blue” color (with higher positive weight) but very unlikely to be trans-
ferred into “black” color (with lower negative weight) in camera B. Therefore, when comparing two images 
from camera A and B, if within the same local regions the “white” and “light-blue” visual word pair from the 
two images occurs, it will contribute to identifying the same person; on the other hand, if “white” and “black” 
co-occur within the same local regions in the images, it will contribute to identifying different persons.

B.1.d. Experiments and comparison with the state of the art

Table 1 on the next page lists our comparison results on the three datasets, where the numbers are the 
matching rates over different ranks on the CMC curves. Overall, fusion methods achieve better performance 
than those (including ours) using single type of features, which is very reasonable, but our method is always 
comparable. 
At rank-1, our performance in terms of matching rate is 9.2% on VIPeR and 1.4% on CUHK01, lower than 
[57]. Using single types of features on VIPeR, ``Mid-level ilters+LADF’’ from [36] is the current best method, 
which utilizes more discriminative mid-level ilters as features with a powerful classi ier; ``SCNCD inal(ImgF)’’ 
from [37] is the second, which utilized only foreground features. Our results are comparable to both of them. 
However, PRISM always outperforms their original methods signi icantly when either the powerful classi ier 
or the foreground information is not used. On CUHK01 and iLIDS-VID, PRISM performs the best. At rank-1, it 
outperforms our previous work [6] and [36] by 8.0% and 11.8%, respectively. Compared with our previous 
work (see [6] and the Phase 2, Year 1 ALERT annual report), our improvement here mainly comes from the 
structured matching in testing by precluding the matches that are probably wrong (i.e. reducing the feasible 
solution space).

Figure 3: The interpretation of our learned model parameter. The enclosed regions denote the pixels encoded by the 

same visual words, as used in Figure 2. The learned weight for the visual word pair “white” and “light-blue” from the two 

camera views has a positive value, contributing to identifying the same person. On the other hand, the learned weight 

for the visual word pair “white” and “black” is negative, which contributes to identifying diff erent persons.
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B.2. Forensics

B.2.a. Related work 

All approaches to video-based exploration aim to serve the same purpose: to reduce a video to the sections 
which are relevant to the user’s interest.  The simplest form of this is video summarization, which focuses on 
broad expectations of what interests a user. Videos, which have scene transitions and sparse motion, are good 
candidates for these broad expectations; scene transitions are interesting, and absence of motion tends to 
be uninteresting.  Recent approaches [52 and 53] divide the video into ‘’shots’’ and summarize based on the 
absence of motion. More complex models of human interest rely on input from the user to denote activities, 

Table 1: R4-A.2 comparison results on the three datasets, where the numbers are the matching rates over diff erent 

ranks on the CMC curves.
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which matter to the user. In real-time problems, approaches based on previously-speci ied exemplar videos 
are extremely popular. Most approaches try to construct a common feature representation for the exemplar 
videos corresponding to each topic [42, 46 and 50].  Others try to learn hidden variables, such as rules (e.g. 
traf ic lights, left-turn-lanes and building entries), which govern behaviors in the training videos. These rules 
and behaviors are called ‘topics’ and common topic modeling techniques include Hidden Markov Models 
(HMMs) [49 and 45], Bayesian networks [56], context free grammars [54] and other graphical models [47, 
51 and 55]. Most of these approaches are primarily employed in a real-time context; models are de ined be-
fore the archive data begins streaming in and are detected as the data streams in.  This is necessary because 
training complex models from exemplar video is time-consuming. Likewise, the features that are used [42 
and 50] are memory-intensive and often over complete. Many of these techniques [47 and 49] also rely on 
tracking, which can be dif icult to perform on large datasets given obscuration, poor resolution and changes 
in lighting conditions. Once a model has been created for activities or topics, the classi ication state can be 
used to retrieve these patterns [45].
Forensics poses fundamental technical challenges, including:  
• Data lifetime: Since video is constantly streamed, there is a perpetual renewal of video data. This calls for 

a model that can be updated incrementally as video data is made available. The model must be capable of 
substantial compression for ef icient storage. Our goal is to leverage the relatively stationary background 
and exploit dynamically changing traf ic patterns to realize 1000X compression.

• Unpredictable queries: The nature of queries depends on the ield of view of the camera, the scene, the 
type of events being observed and the user’s preferences. The system should support queries that can 
retrieve both recurrent events, such as people entering a store, as well as infrequent events, such as aban-
doned objects or aimless lingering.

• Unpredictable event duration: Within semantically equivalent events, there is signi icant variation. Events 
start anytime, vary in length and overlap with other events. The system is nonetheless expected to return 
complete events regardless of their duration and whether or not other events occur simultaneously.

• Clutter: Events in real surveillance videos rarely happen in isolation. Videos have a vast array of activities, 
so the majority of a video tends to be comprised of activities unrelated to any given search.  This “needle 
in a haystack” quality differentiates exploratory search from a many standard image and video classi i-
cation problems. 

• Occlusions: Parts of events are frequently occluded or do not occur. Trees, buildings and other people 
often get in the way and make parts of events unobservable.

The challenges of search can be summarized as big data, unknown query when the data arrives, numerous 
false alarms and poor data quality. To tackle these challenges, we utilize a three-step process that generates 
a graphical representation of an activity, downsamples the video to the potentially relevant data and then 
reasons intelligently over that data.  This process is shown in Figure 4 on the next page. 
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Due to data magnitude, the irst step of any approach to a large-scale video search has to be an ef icient stor-
age mechanism for the raw video data. To this end, we de ine a broad feature vocabulary that is extracted 
in real time as data streams in. For raw video, we extract activity, object size, color, persistence and motion. 
Given a tracker, we also identify object types, such as people and vehicles. To facilitate O (1) recovery of these 
features, we store discrete features in hash tables and continuous-valued features in fuzzy hash tables using 
Locality Sensitive Hashing (LSH) [44]. 
This step addresses a number of the aforementioned challenges. Data reduction is achieved because feature 
locations are stored, rather than feature or raw pixel values.  The imprecision of the features, as well as the 
quantization via fuzzy hashing, serves to mitigate the noisiness of the data. Finally, because of the hash table 
structure, features can be extracted at a ixed cost, which allows us to construct a set of potentially relevant 
features if we can identify which bins in the hash table correspond to a given query.
Next, we acquire a query from a user. Most video search approaches rely on exemplar videos to detect a given 
activity. In the context of large-scale video search for complex actions, this becomes dif icult to do; complex 
activities require a great number of clean examples to learn models from. These models are frequently hard 
to come by.
Instead, we leverage the fact that our features are simple and semantically meaningful and provide the user 
with a Graphical User Interface (GUI) to build his own query in the form of a graph. This graph takes the form 
of a series of features (nodes) and relationships (edges) between those features that he expects to ind in the 
video. The relationships come from a separate vocabulary; common examples include spatial and temporal 
[43] relationships. However, not all relationships need to be as structured or simplistic; given a matching 
engine which compares feature pro iles of identi ied people, ‘likely the same’ could be a relationship as well.
These features and relationships comprise the query graph, Gq=(Vq,Eq), a graphical representation of the 
query of interest (see Fig. 5 on the next page). Given this graph, our goal in the second step of our approach 
is to ind the features and relationship in the archive data. The archive data can also represented as a graph, 
Gc=(Vc,Ec), albeit a large one. Our task is to ind a subgraph with maximum similarity to the query graph. We 
de ine a distance metric from the ideal query graph to a given set of features in the archive, which encom-
passes missing elements (deletions) as well as displaced elements (distortions). Computing an approximate 
subgraph isomorphism is NP-complete and thus computationally infeasible. Our approach is to solve this 
problem using a novel random sample-tree auction algorithm, which solves a series of dynamic programming 
problems to rank candidate matches in descending order of similarity.

Figure 4: From streaming video, local features for each document are computed and inserted into a fuzzy, lightweight 

index. A user inputs a query and partial matches (features which are close to parts of the query) are inserted into a 

dynamic programming (DP) algorithm. The algorithm extracts the set of video segments which matches the query.

ALERT 
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-A.2

513



We solve for matching function M: Vq  Vc, where M is a one-to-one function. As exact computation of an op-
timal subgraph matching is known to be NP-hard, we instead select a spanning tree Qt of the graph to search 
for and solve a tree-matching problem via dynamic programming (DP).  

B.2.b. Tree selection and search 

Because this is a search problem, the spanning tree selected has signi icant run-time implications. Because 
the search is iterative, starting at the root and moving down, placing discriminative nodes and edges near 
the top of the trees pays continuous dividends throughout the search. To this end, we select Qt to minimize 
the total number of look-ups. Given a tree Qt and a breadth- irst ordering of the nodes v0, v1, … , vi with V0 
being the root we de ine scores S(v), and S(v1,v2) for vertices and edges, respectively, these scores denote 
the percentage of the archive which matches vertex v or edge (v1,v2). This problem can be formulated as an 
All-Source Acyclic Longest Path problem, which is NP-hard to solve precisely. However, we have found that, in 
practice, random sampling is highly likely to yield a near-optimal tree.

B.2.c. Experiments and comparisons

We explored the VIRAT 2.0 street surveillance dataset from building-mounted cameras. This is a popular 
surveillance dataset containing 35 GB of video and represented in a graph of 200,000 nodes and 1 million 
edges. These are relatively standard 2 megapixel surveillance cameras acquiring image frames at 30 frames 
per second. Because of the smaller ield of view, there are far more pixels on target, enabling basic object 
recognition to be performed. As such, we de ine A to include object type (e.g. person, vehicle and bag) as well 
as the attributes. The VIRAT ground dataset contains 315 different videos covering 11 scenes rather than a 
single large video covering one scene.
We demonstrate run-time of our approach in Table 2 on the next page. This demonstrates the futility of 
solving a large-scale graph search problem without performing intelligent reduction irst. It should not be 
surprising that an algorithm which must explore all |Vq|-sized subsets of the data will take a long time to 
run on a large dataset. More relevant is how long it takes us to compute the tree-selection approach (MDST) 
and downsample the data to the relevant subset. We observe that this is less than a second with pre-hashed 
relationships (all examples except meetings) and 80 seconds when we do not have pre-hashed relationships. 
When we do not have hashed relationships, our algorithm must compute pair-wise relationships, which is 
expensive to do even when the data is signi icantly reduced. 

Figure 5: Graphical representation of an object deposit event.
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C. Major Contributions

We have made signi icant progress in re-id. In particular, we have proposed a new structured matching ap-
proach. The irst key aspect of this approach is that, in contrast to existing methods that match each indi-
vidual independently in other cameras, our machine learning algorithms incorporate the insight that two 
people cannot be at two different places at the same time. This insight is enforced both in training as well the 
testing phases. A second contribution of our approach is that we model for appearance changes. Speci ically, 
we incorporate the fact that aspects of appearance can be transformed in predictable ways, due to the static 
camera view angles. These appearance changes can be statistically inferred through pairwise co-occurrence 
of visual words. These two aspects are key factors in signi icantly improving the accuracy of our results. To 
summarize our contributions:
• We have proposed a new structured matching method to simultaneously identify matches across multi-

ple cameras.
• Our framework can seamlessly deal with both single-shot and multi-shot scenarios in a uni ied frame-

work.
• We account for signi icant changes in appearance through the design of new basis functions, which are 

based on visual word co-occurrences.
• We outperform the state of the art signi icantly on several benchmark datasets, with good computational 

ef iciency in testing. 
We have begun to explore the forensic theme by leveraging ongoing parallel efforts funded by the Depart-
ment of Defense (DOD)/the National Geospatial-Intelligence Agency (NGA). 
The key aspect of our approach is based on ef icient retrieval approach for activity detection in large surveil-
lance video datasets based on semantic graph queries. Unlike conventional approaches, our method does not 
require knowledge of the activity classes contained in the video. Instead, we propose a user-centric approach 
that models queries through the creation of sparse semantic graphs based on attributes and discriminative 
relationships. We then pose search as a ranked subgraph matching problem and leverage the fact that the 
attributes and relationships in the query have different levels of discriminability to ilter out bad matches. In 
summary our contributions include:
• A user-centric approach to model acquisition through the creation of sparse semantic graphs based on 

attributes and discriminative relationships. Rather than perfectly model every aspect of an activity, we 
provide a user with a series of simple semantic concepts and arrange them in a graph. 

• We use this query in a sub-graph matching approach to identifying activity; this allows our algorithm 
to effectively ignore confusing events and clutter that happen before, after and during the activity of in-
terest. This graphical representation also makes the approach relatively agnostic to the duration of the 
event, allowing it to detect events that take place over several minutes.

Table 2: Run-time of our approach.
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D. Milestones

Some of our accomplishments over the last year are:
• 1 paper presented at a top computer vision conference (2 conference papers in review and 2 journal pa-

pers in review) and development of a software library.
• 2 Ph.D. and 1 M.S. student are currently working on this project. 1 MS student graduated and is working 

at MIT Lincoln Labs. 1 former post-doctoral candidate is currently working as a research scientist at the 
Broad Institute (MIT). 

E. Future Plans

E.1. Real-time activity monitoring

While we have made signi icant progress in the context of real-time activity monitoring, our efforts have, so 
far, primarily focused on re-id for the multi-camera tagging and tracking of individuals. While this is an im-
portant aspect of activity monitoring, the problem is much broader. Real-time activity monitoring requires 
both short-term and long-term surveillance. Short-term threat detection involves detection of baggage drops, 
abandoned objects and other types of sudden unusual behaviors. On the other hand long-term monitoring 
must also determine the cause of anomalous activities such as the people responsible for these activities, 
where they came from, who they met etc. Speci ically, we propose to develop algorithms that will identify 
unusual activities happening within a short duration and validate it through long-term tracking of individuals 
involved or associated with that activity both forwards and backwards in time. This requires a new approach 
that seamlessly integrates low-level outlier detection with semantic-level association of these outliers to 
threats. In this context, we will leverage our expertise in outlier detection and re-id algorithms. Nevertheless, 
the current state of art would have to be generalized signi icantly to apply to our setting. We propose two 
closely linked thrusts for real-time activity monitoring.

E.2. Real-time outlier detection

Conventionally, video analysis has been handled through an object-based approach wherein an object may 
irst be tagged, identi ied, classi ied and tracked before analysis. This paradigm is not scalable to complex 

urban environments. Our proposed approach is based on accumulating and aggregating statistical features 
observed at the pixel(s) level. We have begun to develop a new method that requires little processing power 
and memory, is robust to motion segmentation errors and general enough to monitor humans, cars or any 
other moving objects in uncluttered as well as highly cluttered scenes. Our proposed approach is a novel 
method for locally sensitive anomaly detection. Video anomalies are assumed to be temporally or spatially 
localized but otherwise unknown. We have developed a novel graph-based statistical notion that uni ies the 
idea of temporal and spatial locality. This notion lends itself to an elegant characterization of optimal decision 
rules and in turn suggests corresponding empirical rules based on local K-nearest neighbor distances. We 
compute scores for each data sample based on these local distances and declare data samples as containing 
local anomalies based on this score. We show that such rules not only asymptotically guarantee desired false 
alarm control but also are asymptotically optimal. 

E.3. Threat detection

Our outlier detection will be coupled with longer-term semantic threat discovery. In this context, we plan to 
leverage our multi-camera tag and track algorithms. One issue with our algorithm is that it is computationally 
expensive, requiring encoding features in a joint multi-camera space. An additional issue is that it current-
ly applies only to single-shot scenarios. Nevertheless, our framework generalizes to multi-shot and video 
scenarios as well, which we propose to develop in the future. We believe that this will result in a signi icant 
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improvement in accuracy. Improvement in accuracy is a fundamental requirement for long-term threat de-
tection. This is because, to overcome errors introduced in the tagging process, one usually creates multiple 
hypotheses. The number of hypotheses explodes combinatorially with time and checking each hypothesis 
becomes intractable. Consequently, our goal would be to improve accuracy through fusion of all available 
information about each individual. Speci ically, in this context we propose to:
• Extend of single shot re-id algorithms to multi-shot, video and large-scale camera networks.
• Focus on algorithm speed, robustness and transition-readiness.
• Extend re-id to new problem domains such as open world re-id in mass transit systems.

E.4. Forensic search

Our current forensic search algorithms have primarily been applied in outdoor settings. An immediate goal 
would be to develop forensic search capability for indoor settings, with particular emphasis on airport data-
sets. While the outdoor surveillance setting does have clutter, there is signi icantly more clutter in an airport 
setting, especially during peak hours. A second thrust we propose is to identify an interesting collection of 
queries. For instance, one goal would be to represent counter low as a graph and retrieve all activities in a 
corpus of stored video data. Another goal is to determine how our storage space scales with time. This is a 
critical factor for increasing the ``forensic horizon’’ from the current setting (about a month’s worth of data at 
BOS) to over years’ worth of data. On the technical side, we propose to develop new search algorithms based 
on Maximally Discriminative Spanning Trees (MDST). The goal of MDST is to leverage statistics of archive 
data stored in a compressed database to improve the search algorithm. The idea is to exploit the sparsity of 
novel elements and calculate an optimal combination of elements to maximally reduce the archive data.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Thousands of unmanned cameras at DHS locations (airports, transit stations, border crossings). These can 
exploited to enable re-id and enhanced security. 

B. Potential for Transition

• We are developing real-time tag and track algorithms (re-id) for deployment at Cleveland Hopkins Inter-
national Airport (CLE). These algorithms can also be used to enhance safety in mass-transit scenarios. 
Working closely with RPI/NEU to develop reliable systems.

• Forensic technology is multi-use, i.e. can be used by DHS, NGA or other DOD agencies. 
• Interest has been expressed by BOS Massport for transition. Other airports and mass transit locations are 

possible.

C. Data and/or IP Acquisition Strategy

We are planning on submitting a patent disclosure for forensic search capability through BU patenting of ice.

D. Transition Pathway 

• CLE: deployment of Tag & Track system.
• Forensics: None as of yet at DHS but approached by NGA for a potential proof of concept proposal via 

their NGA University Research Initiative (NURI) program. 
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E. Customer Connections

• Re-id: Real-time Tag & Track, Transportation Security Administration (TSA) at CLE and BOS.
• Forensic Search: Currently talking to companies, including TSA at BOS and Progeny Systems.

IV, PROJECT DOCUMENTATION 

A. Peer Reviewed Journal/Conference Articles 

Pending- 
1. Z. Zhang, V. Saligrama, Person Re-ID based on Structured Prediction, IEEE Transactions on Pattern 

Analysis and Machine Intelligence, under review T-PAMI. 
2. G. Castanon, M. Gharib, V. Saligrama, P. Jodoin, Retrieval in Long Surveillance Videos using User De-

scribed Motion & Object Attributes, IEEE CSVT, inal round of review.

B. Peer Reviewed Conference Proceedings

1. Z. Zhang, Y. Chen, V. Saligrama, A Novel Visual Word Co-occurrence Model for Person Re-identi ica-
tion, ECCV Workshop 2014, September 6-7, 2014.

C. Software Developed

1. Suspicious Activity Detection (MATLAB)
2. Person Re-ID (C++) Implemented on NEU – DDS platform
3. Forensic Search Algorithm (MATLAB)
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 R4-A.3: Human Detection and Re-Identifi cation 

for Mass Transit Environments

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Rich Radke PI RPI rjradke@ecse.rpi.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Srikrishna Karanam M.S. & PhD RPI 12/2017

Austin Li PhD RPI 5/2015

Gyanendra Sharma PhD RPI 5/2019

II. PROJECT DESCRIPTION 

A. Overview and Signi icance

Large networks of cameras are ubiquitous in urban life, especially in densely populated environments such 
as airports, train stations and sports arenas.  For cost and practicality, most cameras in such networks are 
widely spaced so that their ields of view are non-overlapping.  Automatically matching objects, especially 
humans, which re-appear across different cameras in such networks, is a key research goal in computer vi-
sion and a critical problem in homeland-security-related surveillance applications.
In recent years, the fundamental research question to reach the goal of automatically matching objects has 
been distilled into the human re-identi ication (re-id) problem.  That is, given a cropped rectangle of pixels 
representing a human in one view, a re-id algorithm produces a similarity score for each candidate in a gal-
lery of similarly cropped human rectangles from a second view.  Computer vision research in re-id largely 
focuses on two issues.  The irst is feature selection; i.e., determining effective ways to extract representa-
tive information from each cropped rectangle to produce descriptors.  The second is metric learning; i.e., 
determining effective ways to compare descriptors from different viewpoints.  Feature selection and metric 
learning should work together so that images of the same person from different points of view yield high 
similarity, while images of different people yield low similarity.  Re-id algorithms are typically validated on 
benchmarking datasets agreed upon by the academic community, notably the VIPeR, ETHZ and i-LIDS MCTS 
datasets.
However, feature selection and metric learning only represent two aspects of creating an effective real-world 
re-id algorithm.  In practice, a re-id system must be fully autonomous from the point that an end user draws 
a rectangle around a person of interest to the point that candidates are presented to them.  This implies that 
the system must automatically detect and track humans in the ield of view of all cameras with speed and 
accuracy.  The candidates in the re-id gallery in practice are, thus, automatically generated and are typically 
much lower-quality than the hand-curated gallery of a benchmark dataset; in fact, many candidate rectangles 
may not even represent humans.  Furthermore, in a typical branching camera network, the camera in which 
the target reappears is unknown, so there are actually several separate galleries to search.  The timing of the 
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reappearance is also unknown; the galleries will be constantly updated with new candidates over the course 
of minutes or hours instead of being presented to the algorithm all at once.  Finally, real-world re-id maps 
naturally onto a multi-shot problem. That is, there are multiple images available to describe both the target 
and the matching candidates, since after a target of interest is detected in the ield of view of one camera, he/
she is usually tracked until leaving the current view.  
Additionally, the deployment of a re-id algorithm in a real-world environment faces many practical constraints 
not typically encountered in an academic research lab.  In contrast to recently-purchased, high-quality digital 
cameras, a legacy surveillance system is likely to contain low-quality, perhaps even analog, cameras whose 
positions and orientations cannot be altered to improve performance.  The video data collected by cameras in 
the network is likely to be transmitted to secure servers over limited-bandwidth links, and these servers are 
likely to have limited storage since many cameras’ data must be compressed and archived.  These servers are 
also likely to be closed off from the internet, so that any algorithm upgrades and testing must be physically 
done on-site.  Because the algorithm must run autonomously, a robust, crash-proof software architecture is 
required, that takes advantage of any possible computational advantage (e.g., parallel or distributed process-
ing) while still guaranteeing low latency.  On the front end, the algorithm must run in real time, updating a 
ranked list of matching candidates as fast as they appear in each potential camera, and the results must be 
presented to the user in an easy-to-use, non-technical interface.
This project addresses the design and deployment of real-world re-id algorithms speci ically designed for 
mass transit environments in which we had to surmount the above challenges.  We call this implementation 
of re-id ``tag-and-track’’, because the system begins with the user tagging a person of interest in one camera 
and attempts to track them throughout the broader camera network at the airport in real time.  This involves: 
(1) the design and analysis of new computer vision algorithms for human detection and tracking, feature 
selection, and metric learning problems for re-id; as well as (2) the selection and implementation of suitable 
algorithms in a modular, low-latency software architecture deployed at the Cleveland-Hopkins International 
Airport (CLE) for validation of the overall framework in an ALERT-designed camera network testbed.

B. State-of-the-Art and Technical Approach

B.1. State of the art

The traditional paradigm for solving the person re-id problem is to extract appearance features of the tar-
get and each candidate and then compare the feature vectors using a distance metric. This has given rise 
to two different research paths: appearance modeling and metric learning. Most re-id algorithms describe 
the appearance using texture and color histograms [8, 9]. To learn distance metrics, most methods focus on 
learning Mahalanobis-like distances [6, 10 and 11]. However, these methods are designed for the single-shot 
setting; i.e., they rely on comparing the feature vector of one probe image with the feature vector of one gal-
lery image. The naive way to extend such methods to the multi-shot setting is to compare every possible pair 
of probe and gallery images and aggregate the results.
Several methods speci ically tackle the multi-shot re-id problem.  For example, Cong et al. [12] used image se-
quences to build aggregated appearance descriptors. Wang et al. [13] proposed an algorithm that selects dis-
criminative fragments to learn a video ranking function. Li et al. [14] learned discriminative random forests 
and aggregated classi ication scores for all the available images for each person to make a decision. Image 
sequences have also been used to perform direct sequence matching. Simonnet et al. [16] used dynamic time 
warping to perform temporal sequence matching. The multi-shot re-id problem has also been formulated as 
a gait recognition problem [15], where person discrimination is based on the walking style.
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B.2. System description

The key computer vision aspects of our deployed system include human detection and tracking, feature se-
lection, and descriptor comparison for re-id.  Figure 1 illustrates the main steps of the process.

B.3. Detection and tracking

The irst step is using mixtures of Gaussians (MoG) [18] to detect foreground pixels and group them into 
blobs; the bounding boxes of these blobs de ine regions of interest (ROIs).  ROIs with small sizes or impossi-
ble locations are discarded.  Each viable ROI is input to the aggregated channel features pedestrian detector 
of Dollar et al. [17], as illustrated in Figure 2.  This detector uses a boosted decision tree classi ier to rapidly 
generate pedestrian candidates.  We found it was important to train a speci ic classi ier for each camera in the 
network to obtain good results, which was accomplished using 500 pedestrian images from each camera and 
randomly sampled background images (to create negative samples).  The pedestrian detection runs at sever-
al scales within each ROI, resulting in a set of candidate detections of different sizes within each foreground 
blob.  Because our system must run in real time, it was critical to restrict the candidate search to only viable 
ROIs, resulting in a human detector that runs at about 100 frames per second.

Figure 1: Block diagram outlining our human re-id algorithm.

Figure 2: Pedestrian detection example using MoG foreground detection to reduce computational complexity.
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Our approach to tracking the detected human candidates is twofold.  First, we perform tracking-by-detection 
in each frame as described above.  Second, another set of candidate bounding boxes is generated in each 
frame by predicting the bounding box locations of tracked pedestrians from the previous frame.  This pre-
diction is made by detecting low-level FAST corner features [19] in each previous bounding box, removing 
features estimated to belong to the background [20], estimating the motion vector for each feature with the 
KLT tracker [21] and averaging the resulting motion vectors to update the location of the bounding box in the 
current frame.
The tracking-by-detection and motion-prediction bounding boxes are merged at the current frame to pro-
duce a inal set of human detections as follows. We compute the intersection of each tracking-by-detection 
bounding box with each motion-prediction bounding box and ind the maximum ratio between the area of 
intersection and the area of the smaller bounding box. The new tracking-by-detection box is associated with 
the corresponding motion-predicted box if this ratio is above a prede ined threshold (in our experiments, 
we used 0.8); otherwise, it is used to initialize a new track. Motion-predicted bounding boxes not matching 
any tracking-by-detection box in the previous frame are retained if both their aspect ratio and location in the 
frame are plausible.

B.4. Re-identi ication

The re-id process has three key steps. First, a feature descriptor needs to be extracted from each candidate 
detection.  Second, given a pair of descriptors Xtarget and Xj (one from the tagged target and the other from the 
jth candidate detection), we must compute an appropriate similarity score sj = f (Xtarget, Xj) . Finally, by ranking 
the similarity scores sj, j = 1, 2, ..., n in each frame, an ordered list of “preferred” candidates to be shown to the 
user is generated. 
For feature extraction, we use texture and color histograms, which are popular descriptors for person re-id 
[1]. Following the approach of Gray and Tao [2], we divide the image into six horizontal strips. In each strip, 
we irst compute ilter responses of 13 Schmid and 6 Gabor ilters. The ilter responses are then used to 
compute a histogram with 16 bins. To describe the color information in each strip, we compute the 16-bin 
histograms in the whitened RGB space, the HSV space and the YCbCr space. This results in a 432-dimensional 
feature vector for each strip. The feature vectors for all of the 6 strips are concatenated to form a 2592-di-
mensional feature vector.
Given the feature vectors gi j for the gallery images and pi j for the probe images, where j denotes the jth image 
of the ith unique person, computed as described above, we then learn a feature transformation using local 
Fisher discriminant analysis (LFDA) [3]. For the sake of notational convenience, let us de ine the matrix F of 
all the feature vectors gi j and pi j as F = [{gi j} {pi j}]. The traditional Fisher discriminant analysis (FDA), which 
minimizes the within-class and maximizes the between-class scatter, fails to give satisfactory results if the 
input data is multi-modal. Indeed, in the multi-shot re-id problem, the data is multi-modal since each person 
in the gallery view and the probe view has multiple images. To this end, we employ LFDA, wherein locality 
preserving projections [4] are used to ensure that the feature vectors of each person are close in the embed-
ding space, thereby preserving the local structure of the data. Speci ically, we irst de ine an af inity matrix A 
that captures the closeness of the feature vectors F*a and F*b, where F*a is the ath column of F. The value Aab = 
1 if  F*a and F*b are close to each other; otherwise it is set to 0. Here, we use the k-nearest neighbors rule with 
k=7 to determine this closeness.
We then de ine the local within-class and between-class scatter matrices sw and sb as:
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where N is the total number of available images and  and  are de ined as:

where nc  is the number of images available for person with index c. The feature transformation T is then 
learned as: 

Now, we project the feature vectors of the gallery and probe images using this transformation matrix T and 
compute the mean feature vector to form the average descriptors for each person in each of the gallery and 
probe cameras. The next step is to ind a metric to accurately quantify similarity. Many metric learning tech-
niques have been proposed for re-id [5, 6, 17]. In our implementation, we applied the rankSVM method [1] to 
maximize the norm of a weight vector W subject to the constraints that if              is the absolute 
difference of two descriptors of the same person i , and                                       is the absolute difference of descrip-
tors of two different people i and j, then                                           for all possible pairs from same and different 
people. The idea is to minimize the norm of W that satis ies the following ranking relationship

where  is the mean feature vectors of person i in camera a projected by the learned transformation matrix  
T as described above, and P is the total number of training subjects. The RankSVM method inds W by solving 
the problem

where  is a slack variable. The re-id distance function between the two descriptors Xtarget and Xj  is then 
computed as f (Xtarget, Xj) = WT | Xtarget - Xj|.
In the approach described above, the idea of computing the mean feature vector given the descriptors corre-
sponding to multiple images of the same person is naïve and does not fully exploit the available discrimina-
tive information for each person. In Year 2, we developed specialized algorithms to address this multi-shot 
re-id problem, which are described next. 

B.4.a. Block sparsity for person re-id

Here, our algorithm design stems from the following intuitions:
1. In some learned embedding space, the feature vector of the probe image of a person approximately 

lies in the linear span of the corresponding images of that person in the gallery.
2. If we construct a dictionary D whose columns are the feature vectors in the embedding space of all 

the images corresponding to all the persons in the gallery, the feature vector of the probe image can 
be expressed as a sparse linear combination of the columns of D. Most importantly, the recovered 
sparse coef icient vector will have a block structure because the dictionary D has a block structure. 
This is true because we have several images for each person in the gallery and the sets of images for 
each person naturally form disparate blocks.

Building upon these ideas, we present a novel formulation of the multi-shot re-id problem. We pose the 
problem of determining the class of a feature vector p of a probe image as a block sparse recovery problem. 
We then solve the associated block sparse minimization problem using the alternating directions framework. 
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We evaluate our algorithm on two publicly available benchmarking datasets and demonstrate superior re-
sults when compared to the current state of the art in multi-shot re-id.  The proposed method is particularly 
well-suited to scenarios involving background clutter and occlusions.
Feature extraction and training:
We describe each image using texture and color histograms, as above. We then transform each feature vector 
using a transformation matrix T, learned using LFDA as described previously. 
Testing:
Let K denote the number of unique people in the gallery, and ni be the number of available images for the 
person with index i, denoted as Pi in the following. Let                                                         be the d-dimensional fea-
ture vector in the transformed feature space of the jth  image of Pi in the gallery. We de ine the person-speci ic 
dictionary                                            and then construct the gallery dictionary D = [G1, G2 ... GK]. 

Now consider       the feature vector in the transformed feature space of a particular image of Pi in the probe 
camera view. We hypothesize that     approximately lies in the subspace spanned by the feature vectors,       
; i.e.,.                                                                        .   Put a different way, we model, 
where                                           represents the block of coef icients corresponding to the person with index i, and 
our hypothesis is that in the most desirable solution, the contribution from the coef icient block x[i]  domi-
nates the contributions from the coef icient block x[i], j ≠ i. We note that this hypothesis is stronger than the 
model  and the hypothesis is that x is sparse.  That is, instead of expecting the solution vector to have 
as few non-zero coef icients as possible, our approach requires these coef icients to be concentrated in one 
of the person-speci ic blocks of the feature dictionary.

We then pose the re-id problem as the following minimization problem: 

Intuitively, this problem formulation attempts to minimize the l2 norm or the energy of the blocks in the coef-
icient vector x[i] = [x[1] x[2] ... x[K] ]. Subsequently, given the recovered block sparse coef icient vector xs, we  

determine the identity of the person represented by the feature vector       by simply determining the block 
that results in the least residual error. Speci ically, we compute the residual  
and assign the index of the least residual as the identity of the person. 
The images of people captured from surveillance cameras are often occluded by other people and/or objects. 
Unlike other related multi-shot re-id techniques, our formulation allows us to explicitly model occlusions. 
Speci ically, we introduce an error term e into the above problem formulation. Our linear approximation 
model now becomes  and minimization problem:

As before, given the recovered block sparse coef icient vector xs and the error vector es, we determine the 
class-wise residuals  and determine the identity of the person. Figure 
3 on the next page illustrates the overall approach.

ALERT 
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-A.3

528



The detailed results of applying the proposed approach to benchmark datasets and comparing it with the 
state of the art are reported in the conference paper cited in Section V-B-1.

B.4.b. Adaptive Fisher discriminant analysis for person re-id

Given a tracking image sequence of a person, certainly one would have more information to model the indi-
vidual’s appearance, as there can be multiple visually distinctive states of the subject. However, these states 
are not evenly distributed across the image sequence but can be roughly represented by clusters of images. 
An example is shown in Figure 4. It can be seen that at typical video frame rates, adjacent images exhibit few 
differences, but across the whole sequence there are several distinctive states. Each state can be represented 
by a cluster of images.

In such cases, if all the data samples of a person are treated equally, our representation will be highly biased 
because there is redundant information unevenly distributed across different states of the person. For some 
important states (e.g., speci ic poses or lighting conditions), it is possible that only a few samples are avail-

Figure 3: Given the probe feature vector, we project it to the learned transformation space and solve a block sparse 

recovery problem to determine its class.

Figure 4: A tracking image sequence is clustered into 5 groups.
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able. Thus, using all the data samples to ind a transformation matrix as discussed in the previous section will 
lead to suboptimal results. Instead, a sample selection scheme is necessary to avoid biased and redundant 
information. 
We propose a novel algorithm to select representative samples via hierarchical clustering based on the Fisher 
criterion function and then use the selected data to train the Fisher discriminant transformation matrix. By 
iteratively conducting clustering and LFDA, better performance can be achieved.
First, all the data samples are supplied to LFDA to initialize the transformation matrix T. In each iteration, we 
project all the data onto a low-dimensional subspace via the current  obtained by LFDA. Then for each person, 
we perform a hierarchical clustering, as discussed below. At the beginning, each image sequence forms one 
cluster, so each person has two clusters, one from each camera. After processing all the people, a new trans-
formation matrix Tnew is learned using LFDA with the updated data points. We compare the Fisher criterion 
for the new set of data points using Tnew with that of the last iteration. If it is has increased, we update T and 
continue the clustering process; otherwise we return the matrix T as the inal transformation matrix.
Within each iteration, the Fisher criterion is again applied to guide a hierarchical clustering process. Given 
the data samples of a person, we irst calculate the Fisher criterion  for the current clustering scheme. Then, 
the k-means (k = 2) clustering algorithm is performed on each existing cluster. Every split is examined by 
comparing the new Fisher criterion value Jnew with J and will be accepted only if it generates better cluster 
separation of the person. The process is repeated until there is no cluster update. To avoid over-clustering the 
data, we set an upper bound for the number of clusters.
In the proposed method, the feature space used in the intra-class clustering and the sample distribution of 
each class used in subspace learning are updated iteratively and collaboratively, ensuring local structure and 
diversity are preserved while selecting discriminative features between different people. We also note that 
there are two applications of the Fisher criterion in the proposed method: one is applied to the data samples 
within each class locally, in order to obtain the most representative data points for each class; the other is 
applied to all the data globally, for determining a discriminant feature subspace. By alternating these two 
processes, the results can be iteratively improved.
One problem that LFDA might cause in re-id is that it preserves local structures when the data is multi-modal. 
The training data employed for each person is from two different cameras. Because of viewpoint and environ-
mental variations, the appearance of the same person from these two cameras will be inherently different. 
Thus, the data samples in the feature space naturally split into two clusters, which means the data from each 
person is multi-modal. In such cases, after learning a subspace, we further learn a weighting vector to com-
pensate for the difference of the two cameras using RankSVM [1]. 

Suppose the person p captured in camera a has a feature vector set  , where . 
These data samples are clustered using the proposed algorithm. We then take the set of sample means of each 
cluster as the representative points for person p in camera a. Now we would like to learn a weighting vector 
in the favor of data pairs from the same person so as to compensate the difference caused by two cameras. 
The idea is to minimize the norm of a vector $w$ that satis ies the following ranking relationship

where  is the sample mean of representative feature vectors of person i in camera a projected by the learned 
transformation matrix T, and P is the total number of training subjects. The weight vector w is computed us-
ing the previously described RankSVM method.

The detailed results of applying the proposed approach to benchmark datasets and comparing it with the 
state of the art are reported in a conference paper under review and the Ph.D. thesis cited in Section V-D-2.
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B.5. Deployment at CLE

Over the course of the research, and as part of an associated multi-university Task Order, the ALERT team 
designed two re-id testbeds at CLE. The initial testbed included ive existing cameras leading from the garage 
to the terminals.  The second testbed included six new cameras whose locations were carefully selected by 
the research team, leading from the central security checkpoint to different concourses (see Fig. 5). This set 
of cameras has a resolution of 768x432 pixels and a frame rate of 60 fps.  The dataset is challenging because 
subjects can enter one of three concourses after passing though the checkpoint and the timing of their reap-
pearance is uncertain.  Moreover, people are likely to change clothes at the checkpoint, which means their 
appearance may change in those views. Currently, we mainly tested our algorithms on 3 cameras of this 
testbed: cameras 32, 33 and 36.

In our software implementation, we selected the open standard Data Distribution Service (DDS) middle-
ware to handle inter-process communication and guarantee compatibility as new components are added 
to the system. DDS is designed for real-time applications requiring low latency and high throughput. It uses 
a loosely-coupled, publish-subscribe communication model. In this model, participating processes contain 
objects for publishing (writing) and subscribing to (reading) data from a global data space managed by DDS. 
The global data space is organized into a number of “topics” de ined by a unique pair of names. To access 
the global data space, programs merely inform DDS of the topic name and data types they would like to read 
and/or write to; the creation of new topics is handled automatically by DDS. The interface also allows access 
from multiple programming languages such as C++, C# and Java, which makes cooperation from different 
institutions easier.
Here, we report the results of several experiments based on real-time execution of the end-to-end algorithm 
(i.e., automated tracking and re-id).  In each experiment, a target person was tagged in the tag camera (25 and 
36) and re-identi ied in the probe cameras (22 or 23 and 32 or 33). We set a re-appearance time window of 
3 minutes; i.e., we waited for 3 minutes for the target person to re-appear. The results obtained are tabulated 
in Table 1 on the next page, indicating high-accuracy performance at rank 5.  (As a comparison, a competing 
industry solution, NICE Subject Search, claims “70% probability that targets will be identi ied in the irst 5% 
of image matches”.)

Figure 5: Sample images from six cameras in the concourse testbed. Camer a position approved by TSA.
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Garage (Tag in Cam 25) Concourse (Tag in Cam 36)

Cam 22 Cam 23 Cam 32 Cam 33

Rank 1 48% (24/50) 60% (30/50) 25% (6/24) 30% (6/20)

Rank 5 81% (41/50) 78% (39/50) 70.83% (17/24) 90% (18/20)

C. Major Contributions

The key achievements of the project to date (most recent irst) include:
• (Year 2) We introduced an algorithm to hierarchically cluster image sequences and use the representa-

tive data samples to learn a feature subspace maximizing the Fisher criterion. The clustering and sub-
space learning processes are applied iteratively to obtain diversity-preserving discriminative features.  
A metric learning step is then applied to bridge the appearance difference between two cameras. The 
proposed method is evaluated on three multi-shot re-id datasets and the results outperform state-of-the-
art methods.  This work is under review for the British Machine Vision Conference in September 2015.

• (Year 2)  We proposed a new approach to address the person re-id problem in cameras with non-over-
lapping ields of view. Unlike previous approaches that learn Mahalanobis-like distance metrics in some 
embedding space, we propose to learn a dictionary that is capable of discriminatively and sparsely en-
coding features representing different people. To tackle viewpoint and associated appearance changes, 
we learn a single dictionary in a projected embedding space to represent both gallery and probe images 
in the training phase. We then discriminatively train the dictionary by enforcing explicit constraints on 
the associated sparse representations of the feature vectors. In the testing phase, we re-identify a probe 
image by simply determining the gallery image that has the closest sparse representation to that of the 
probe image in the Euclidean sense.   Extensive performance evaluations on two publicly available multi-
shot re-id datasets demonstrate the advantages of our algorithm over several state-of-the-art dictionary 
learning, temporal sequence matching, spatial appearance and metric learning based techniques. This 
work is under review for the British Machine Vision Conference in September 2015.

• (Year 2) We proposed a novel approach to solve the problem of person re-id in non-overlapping camera 
views. We hypothesized that the feature vector of a probe image approximately lies in the linear span of 
the corresponding gallery feature vectors in a learned embedding space. We then formulated the re-id 
problem as a block sparse recovery problem and solved the associated optimization problem using the 
alternating directions framework. We evaluated our approach on the publicly available PRID 2011 and 
iLIDS-VID multi-shot re-id datasets and demonstrated superior performance in comparison with the cur-
rent state of the art.  This work was presented at the IEEE/ISPRS 2nd Joint Workshop on Multi-Sensor 
Fusion for Dynamic Scene Understanding in June 2015.

• (Year 2) We proposed a novel metric learning approach to the human re-id problem with an emphasis 
on the multi-shot scenario. First, we perform dimensionality reduction on image feature vectors through 
random projection. Next, a random forest is trained based on pairwise constraints in the projected sub-
space. This procedure repeats with a number of random projection bases so that a series of random 
forests are trained in various feature subspaces. Finally, we select personalized random forests for each 
subject using their multi-shot appearances. We evaluated the performance of our algorithm on three 
benchmark datasets.  This work was presented at the IEEE Winter Conference on Applications of Com-
puter Vision (WACV) in January 2015.

• (Year 2) An end-to-end system solution of the re-id problem was installed in an airport environment, 
with a focus on the challenges brought by the real-world scenario. We addressed the high-level system 
design of the video surveillance application and enumerated the issues we encountered during our devel-

Table 1: Experimental results at CLE.
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opment and testing.  We described the algorithm framework for our human re-id software and discussed 
considerations of speed and matching performance.  Finally, we reported the results of an experiment 
conducted to illustrate the output of the developed software as well as its feasibility for the airport sur-
veillance task.  This work was presented at the Eighth ACM/IEEE International Conference on Distributed 
Smart Cameras (ICDSC) in November 2014.

•  (Years 1-2) In collaboration with Northeastern University (NEU), the design and deployment of an on-
site re-id algorithm for the new branching testbed occurred, leveraging a software architecture using 
DDS, including an experimental graphical user interface for tagging subjects of interest and viewing top-
ranked matching candidates.

• (Years 1-2) ALERT-guided design and deployment of a new 6-camera branching testbed leading from the 
exit of the central security checkpoint in CLE to each of the three concourses.

•  (Year 1).  Development of a novel re-id algorithm that mitigates perspective changes in surveillance 
cameras. We built a model for human appearance as a function of pose, using training data gathered from 
a calibrated camera. We then applied this “pose prior” in online re-id to make matching and identi ica-
tion more robust to viewpoint. We further integrated person-speci ic features learned over the course 
of tracking to improve the algorithm’s performance. We evaluated the performance of the proposed al-
gorithm and compared it to several state-of-the-art algorithms, demonstrating superior performance on 
standard benchmarking datasets as well as a challenging new airport surveillance scenario.  This work 
was published in IEEE Transactions on Pattern Analysis and Machine Intelligence., appearing online in 
September 2014.

• (Year 1)  Developed an algorithm for keeping a pan-tilt-zoom (PTZ) camera calibrated.  We proposed a 
complete model for a PTZ camera that explicitly re lects how focal length and lens distortion vary as a 
function of zoom scale. We show how the parameters of this model can be quickly and accurately esti-
mated using a series of simple initialization steps and followed by a nonlinear optimization. Our method 
requires only 10 images to achieve accurate calibration results. Next, we show how the calibration pa-
rameters can be maintained using a one-shot dynamic correction process; this ensures that the camera 
returns the same ield of view every time the user requests a given (pan, tilt, zoom), even after hundreds 
of hours of operation. The dynamic calibration algorithm is based on matching the current image against 
a stored feature library created at the time the PTZ camera is mounted. We evaluate the calibration and 
dynamic correction algorithms on both experimental and real-world datasets, demonstrating the effec-
tiveness of the techniques.  This work was published in IEEE Transactions on Pattern Analysis and Ma-
chine Intelligence, appearing online in November 2012.

• (Year 1) Establishment of an initial tag and track testbed in CLE that included a selection of cameras lead-
ing from the parking garage to the terminal.

D. Milestones

While the algorithms developed in the project have been validated on benchmark datasets from the academic 
community and showed improved performance, not all of them have been incorporated into the deployed 
system at CLE.  These include the aforementioned multi-shot algorithms, integrating probabilistic temporal 
models for transition times between camera views and incorporating on-the- ly subject-discriminative fea-
tures for the tagged candidate.
As described in the Future Plans section below, further fundamental research is still required on multi-shot 
algorithms that maximally leverage the discriminative information available in long-person tracks.

E. Future Plans

In the coming year of the project, we plan to investigate the following research problems:
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• To extend the work described in Section B.4, we will investigate faster procedures to solve the occlu-
sion-robust linear approximation problem and develop multi-shot algorithms that make a more informed 
choice as to which of the available images are most discriminative for re-id.

• While research to date has been oriented towards the real-time, forward-looking re-id problem, the same 
approach can be directly applied to the forensic analysis of camera network video.  For example, a TSA 
agent may identify the endpoint of a suspect’s trajectory (e.g., the moment they exit through a secure 
door) and then back-trace the subject’s path to a point of origin or a camera where their face is clearly 
visible.  This problem was identi ied by TSA personnel as a particular area of interest that is currently 
tedious and time-consuming.  We will modify the tag-and-track algorithms for this scenario and conduct 
additional tests to validate the performance.

• In the current interface to the algorithms, the user is presented with a rank-ordered list of candidate 
matches. The list can be improved and the underlying algorithms re ined if the user is given the oppor-
tunity to de initively accept/reject certain candidates or classify them as “maybe”.  This user-in-the-loop 
approach is atypical of academic re-id research but could be extremely helpful in real-world deployment. 
We will also meet with agents to understand the desired appearance and usage modes of the interface.  

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Course, Seminar or Workshop Development

Richard J. Radke (PI) was invited to present the described research and development efforts in a talk titled 
“Real-World Re-Identi ication in an Airport Camera Network” at the Eighth ACM/IEEE International Confer-
ence on Distributed Smart Cameras (ICDSC), in Venice, Italy in November 2014.

B. Student Internship, Job or Research Opportunities

Ziyan Wu, Ph.D., (graduated May 2013) had a semester-long internship and is now a Research Scientist with 
Siemens Corporate Research, Princeton, NJ.
Yang Li, Ph.D., (graduated May 2015) had a summer internship with Amazon, Seattle, WA, and will be a re-
search engineer at LinkedIn, Mountain View, CA.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Video surveillance is an integral aspect of homeland security monitoring, forensic analysis and intelligence 
collection.  The research projects in this area were directly motivated (and in fact, requested) by DHS of icials 
as critical needs for their surveillance infrastructure.  The presence of ALERT hardware and software on-site 
in CLE is expected to produce a wealth of new data and research problems of direct DHS/TSA interests for 
several years.   
The speci ic metric we seek to maximize for the re-id systems is rank-5 performance; that is, the percentage of 
tagged subjects who appear in the short list of 5 best matches automatically predicted by the algorithm.  We 
chose the length of the shortlist under the assumption that it is dif icult for a user to easily browse more than 
5 candidates on a graphical interface.  As reported in Section B.5, we are currently able to achieve 70%-90% 
rank-5 performance, which we believe meets or exceeds competitive solutions to the end-to-end problem.  
A continuing focus in Year 3 and the future will be a discussion with DHS end users about the performance 
speci ications and interface that would be required to transition the developed research into regular use.  
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B. Potential for Transition

Over the past three years, the video analytic group has built a great relationship with Cleveland TSA, Hopkins 
International Airport and the Greater Cleveland Rapid Transit Authority. In our irst project, we transferred a 
set of counter low algorithms to detect people entering the airport exit lanes, and worked with the TSA and 
airport of icials to display the counter low events in their coordination center for further analysis and action. 
In the current project, we are working with the same group to develop re-id and tracking algorithms that will 
satisfy their needs and match their CONOPS, so that the presented results it their operation.  The developed 
re-id algorithms are currently implemented on a custom-built PC at CLE with a working user interface. 
ALERT, in collaboration with another DHS COE, VACCINE, is additionally collaborating with the Greater Cleve-
land Rapid Transit Authority (GCRTA) police to address a problem related to re-id in the context of rail plat-
forms, bus stops and concourses.  We will follow a similar pathway forward with respect to problem speci i-
cation and CONOPS de inition.  The speci ications and CONOPS for the GCRTA are somewhat different (e.g., 
only performing re-identi ication over a single camera, but doing so over the course of many days), making 
the problem easier in some ways but harder in others. 

C. Data and/or IP Acquisition Strategy

ALERT has retained the services of an IP consultant to assess the feasibility of technology transfer for video 
analytics research and development in the center. As new intellectual property is created, the video analytic 
groups write descriptions of the new property and disclose it to their respective Universities. As the work 
matures, the disclosure will become patent disclosures and perhaps patents.

D. Transition Pathway 

As described in Section IV-B, the described re-id research has already been transitioned to CLE end-users as 
part of the associated Task Order 5.  This process involves weekly teleconferences and regular on-site visits 
involving the ALERT research team, TSA at CLE, DHS of icials and homeland security consultants and liaisons.  
This activity is hoped to continue for several years via additional Task Orders and associated projects. 
The video analytic group is surrounded by practitioners/users of video. They are willing to supply real data, 
application ideas, use cases and CONOPS. Included within the video analytic cohort are representatives from 
Siemens Corporate Research, several divisions of which are regular contractors to the video surveillance 
community. We use all of this input to help us understand how to apply our research to real problems and to 
forge a transition pathway forward.

E. User Connections

This project involves weekly teleconferences and quarterly on-site visits with DHS, Cleveland Airport, GCRTA 
and law enforcement collaborators, including:
• Michael Young, former Federal Security Director, TSA at CLE
• Jim Spriggs, former Federal Security Director, TSA at CLE
• John Joyce,  Chief of Police / Director of Security, GCRTA
• Don Kemer, Transportation Security Manager, Coordination Center, TSA at CLE
• Fred Szabo, Commissioner, CLE
• Michael Gettings, Lieutenant, Cleveland Transit Police
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V. PROJECT DOCUMENTATION 

A. Peer Reviewed Journal Articles 

1. Wu, Z., Li, Y., and Radke, R.J. “Viewpoint Invariant Human Re-Identi ication in Camera Networks Us-
ing Pose Priors and Subject-Discriminative Features.”  IEEE Transactions on Pattern Analysis and 
Machine Intelligence.  Vol. 37, No. 5, pp. 1095-1108, May 2015.  http://dx.doi.org/10.1109/TPA-
MI.2014.2360373

2. Wu, Z. and Radke, R.J.  “Improving Counter low Detection in Dense Crowds with Scene Features.” 
Pattern Recognition Letters, Special Issue on Pattern Recognition and Crowd Analysis.  Vol. 44, pp. 
152--160, July 15, 2014.  http://dx.doi.org/10.1016/j.patrec.2013.11.016 

B. Peer Reviewed Conference Proceedings

1. Karanam, S., Li, Y., and Radke, R.J.  “Sparse Re-Id: Block Sparsity for Person Re-Identi ication.”
IEEE/ISPRS 2nd Joint Workshop on Multi-Sensor Fusion for Dynamic Scene Understanding (MSF 
15), in conjunction with CVPR 15, Boston, MA, June 12, 2015. 

2. Li, Y., Wu, Z., and Radke, R.J.  “Multi-Shot Re-Identi ication with Random-Projection-Based Random 
Forests.”  Winter Conference on Applications of Computer Vision 2015, Waikoloa Beach, HI, January 
2015.  http://dx.doi.org/10.1109/WACV.2015.56

3. Li, Y., Wu, Z., Karanam, S., and Radke, R.J.  “Real-World Re-Identi ication in an Airport Camera Net-
work.”  Eighth ACM/IEEE International Conference on Distributed Smart Cameras (ICDSC), Venice, 
Italy, November 2014 (invited paper).  http://dx.doi.org/10.1145/2659021.2659039

C. Other Presentations 

1. Radke, R.J.  “Real-World Re-Identi ication in an Airport Camera Network.”  Eighth ACM/IEEE Inter-
national Conference on Distributed Smart Cameras (ICDSC), Venice, Italy, November 2014 (invited 
paper).

D. Student Theses or Dissertations 

1. Srikrishna Karanam, M.S., Electrical Engineering.   Thesis title: Dynamic Multi-Channel Feature Dic-
tionaries For Robust Object Tracking.  Graduated December 2014.

2. Yang Li, Ph.D., Electrical Engineering.   Thesis title:  Human Re-Identi ication In Real-World Surveil-
lance Camera Networks.  Graduated May 2015.

E. Software Developed

1. Datasets
a. Cleveland re-id ground-truth database (internal to ALERT). 
b. A subset of the above to be made publicly accessible upon publication of a related journal paper.

2. Algorithms
a. A highly optimized implementation of multiple-person detection in C# that gives near real-time 

results 
b. Multi-shot human re-id algorithm based on random forests and random projections
c. Multi-shot human re-id algorithm based on block sparsity
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d. Multi-shot human re-id algorithm based on clustering and local Fisher discriminant analysis
e. Real-time human re-id algorithm designed, optimized, and deployed for on-site use at Cleveland 

airport, based on DDS (Distributed Data Service), in collaboration with Northeastern University.
Algorithms (a)-(d) are under development for implementation at Cleveland airport.  Some algorithms may be 
made publicly available upon publication of a related journal paper to bene it the computer vision research 
community.

F. Requests for Assistance/Advice

1. From DHS
a. The re-id project is a direct result of discussions and requests from the TSA branch headquar-

tered at Cleveland airport.
b. Follow-on discussions with TSA regarding new algorithms for measuring passenger low from 

video were instigated in early 2015.
2. From Federal/State/Local Government

a. ALERT, in collaboration with another DHS COE, VACCINE, responded to a request from the police 
at the Greater Cleveland Rapid Transit Authority (GCRTA) to address a problem related to re-id 
in the context of rail platforms; a multi-institutional effort is underway.
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R4-B.1: Toward Advanced Baggage Screening: 

Reconstruction and Automatic Target 

Recognition (ATR)

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Charles Bouman Co-PI Purdue University bouman@purdue.edu

Ken Sauer Co-PI University of Notre Dame sauer@nd.edu

Dong Hye Ye Post-Doc Purdue University yed@purdue.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Pengchong Jin PhD Purdue University 5/2015

Benjamin Foster PhD Purdue University 8/2017

Derek Hawn PhD University of Notre Dame 12/2018

Xiao Wang PhD Purdue University 8/2016

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

A.1. Research on reconstruction

X-ray Computed Tomography (CT) for checked baggage scanning is among the most important elements of 
transportation security. The performance of image analysis algorithms is highly dependent on the quality of 
reconstruction imagery that is used as input to this analysis. When components of a reconstructed slice of a 
bag are poorly resolved or corrupted by artifacts resulting from highly attenuating materials such as metal 
objects, poor segmentation of materials may result in suf icient ambiguity in the bag’s content to require hu-
man intervention due to a “false alarm”. Any improvement in image quality is expected to reduce the number 
of such cases and reduce the cost of operation of the overall system. 
The great majority of deployed CT systems utilize image reconstruction methods based on deterministic 
descriptions of the mapping from the data (sinogram) domain and the image domain. Variants of iltered 
back-projection are most common and can be implemented at high frame rates appropriate for continu-
ous- low baggage scanning. Inversion methods, based on more accurate descriptions of the instrument and 
modeling of reliability of data, may demand more computation in their iterative solution but show promise in 
related CT applications [1,2,3 and 4], which may transfer to the security arena. We call this class of methods 
“model-based image reconstruction” (MBIR) because they rely on the relatively precise modeling of pixel/X-
ray interactions, detector behavior, photon counting and electronic noise.
The objective of this project is the improvement of MBIR in its speci ic application to security scanning. Be-
cause a major contributor to costly false alarms is poor image quality in the presence of the many metal 
objects that may be part of baggage or packed within it, our primary focus is a technique to automatically 
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compensate for the beam hardening of metal. The technique separates metal from other image content and 
models the total attenuation as a polynomial function of both the total attenuation in metal and the total 
in other materials. The coef icients of the polynomial, which will vary with the X-ray’s spectral shape, are 
estimated along with the image to allow the best it to the sinogram data, eliminating some of the large in-
consistencies due to beam hardening and other metal effects that force artifacts in images when attempting 
to match data. A second thrust is variation in the weighting of measurements according to their approximate 
variances. The most direct model, taken from the Poisson log-likelihood function, dictates weighting propor-
tional to received photon counts. However, the dynamic range of these counts may produce estimated images 
with disadvantageous properties such as poor noise texture or unnecessary emphasis of artifacts in cases 
where the modeling of high-attenuation rays are inadequately accurate.
Both the advantages of generic MBIR and the enhancements of our beam-hardening correction approach are 
evaluated using the Imatron datasets shared among participants in the Task Order 3 effort. The iterative ap-
proaches show advantages in subjective image quality. The results in the project’s metrics for segmentation 
performance are mixed relative to standard, one-pass iltered backprojection (FBP).

A.2. Research on Automatic Target Recognition (ATR)

Automatic target detection and recognition from the scanned images can help to extract important informa-
tion and support human judgments. However, developing an ATR system is challenged due to metal presence 
and tight packing [5, 6 and 7]. For example, metal introduces strong streaking artifacts with which ATR de-
tects divided objects (see Fig. 1a). In addition, ATR may not be able to separate cluttered objects because of 
tight packing (see Fig.1b).

The objective of this research is to investigate and develop a new ATR system that can handle the above-men-
tioned challenging cases. To do this, we will incorporate advanced computer vision algorithms upon the base-
line software provided by ALERT through its ATR Task Order. While recent research in computer vision has 
shown a lot of promising results in each of the ATR components such as image denoising, image segmentation 
and object detection, most of them are for the application of natural images and very few have been applied 
to CT images, in particular, for security application. So the question remains as to the potential advantages of 
the advanced techniques in ATR applications.

During the last project period, we successfully developed a new ATR system that incorporates advanced 
computer vision algorithms such as shape ilter and multi-label segmentation. We evaluated the performance 
using the standard speci ied metrics (i.e. probability of detection and probability of false alarm) and it al-
ready gives improvements over the standard ATR. We will continue to develop new techniques, particularly 

(a) metal streaking artifacts     (b) tightly cluttered objects

Figure 1: Challenges in ATR for CT images: (a) Metal streaking artifacts divide objects detected by ATR; and (b) ATR 

merges objects due to tight packing.
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in advanced feature extraction, in order to further improve the detection accuracy. With these results, we can 
propose potential directions for the improvement of ATR in aviation security.

B. State-of-the-Art and Technical Approach

B.1. Research on reconstruction

B.1.a. MBIR framework

MBIR works by formulating a mathematical optimization problem, which incorporates the model of both the 
measurement acquisition process during the scan and the image being reconstructed. A typical MBIR frame-
work is to compute the maximum a posteriori (MAP) estimate given by

where p(y|x) is the conditional distribution of measurement vector y ∈ RM given the underlying true attenu-
ation map x ∈ RN,  p(x) is the prior distribution of x, and x ≥ 0 indicates that each pixel must be non-negative.

The irst term in the optimization can be approximated by

where A ∈ RM×N is the forward projection operator and  W = diag{w1, ..., wM} ∈ RM×M is a diagonal weighting 
matrix.
The log prior term log p(x) controls the smoothness of the reconstructed image and also preserves local im-
age structures. In this study, we used the q-Generalized Gaussian Markov Random Field (q-GGMRF) model 
[4] given by

Combining the log likelihood term and the log prior term, we obtained the global objective function to be 
optimized as follows

B.1.b. MBIR with simultaneous Beam Hardening Correction (MBIR-BHC)

It is well known that the attenuation coef icient of materials depends on the energy of the X-ray and the 
low-energy portion of the X-ray normally get attenuated preferentially comparing to the high-energy portion; 
a physical effect known as the beam hardening. In practice, beam hardening can contribute to the reconstruc-
tion artifacts such as metal streaks and cupping. Since most X-ray beams exhibit a broad energy-spectrum, a 
more accurate forward model that accounts for the broadness of the X-ray spectrum is given by

where S(E) is the normalized energy spectrum, μj (E)  is the energy-dependent attenuation coef icient and 
the function rj (E) carries the energy-dependent behavior of the j-th pixel. In this study, we developed a novel 
model-based reconstruction algorithm, MBIR-BHC, which is able to simultaneously correct the beam harden-
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ing effect and we investigated the performance of MBIR-BHC on the baggage scan dataset.
In order to better model the data measurement and account for the beam hardening effect, in this study, we 
proposed a poly-energetic X-ray forward model, which is based on the assumption that different materials 
can be separated by their densities. We modeled the energy-dependent attenuations μj (E) as a convex com-
bination of two basis materials given by

where rL (E) and rH (E) are two energy-dependent basis functions of “low” and “high” density materials and 
0≤ bj ≤ 1 is the percentage of material in the j-th location that is of high density. Using this decomposition, we 
constructed a new forward projection model for the i-th projection as

where pL,i and pH,i are two energy-independent material projections given by

We further parameterized this nonlinear h(. , . ) function using a joint polynomial of  pL,i and pH,i given by

and the coef icients ϒk, l will be simultaneously estimated in the optimization process. Incorporating the novel 
poly-energetic X-ray forward model, MBIR-BHC can be formulated as

where U(x,b) = -log p(x,b) denotes the negative log joint prior of x and b for regularization.
To further simplify the model, we assumed bj ∈ {0, 1} to be binary; therefore, each pixel can be of either low 
density material or high and the vector b ∈ {0, 1}M becomes a material segmentation of the reconstructed 
image. U(x,b), is used for regularization over the image and the material segmentation. We modeled U(x,b) 
as a two-layer hybrid Markov random ield, illustrated in Figure 2 on the next page. Mathematically, it can be 
formulated as

where δ(.) is the discrete indicator function, T is the pre-de ined segmentation threshold, and αs,r , ηs,r  and β 
are regularization weights for each potential functional. To optimize the overall objective function, we used 
the Newton-Raphson approximation techniques and ICD optimization.

ALERT 
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-B.1

542



B.1.c. Data weighting matrix for metal artifact reduction

Recall that in the basic MBIR algorithm, the negative log likelihood function is approximated by

where W = diag{w1, ..., wM} ∈ RM×M is a diagonal weighting matrix. In general, the entries w1 are effectively 
specifying the reliability of each measurement. The weighting scheme can be critical, especially when the 
dataset contains a lot of high density objects and many measurements become unreliable. In this project, we 
extended our previous study in the transition task [8] and explored an adaptive weighting scheme. Mathe-
matically, to determine the weight for a particular projection, we pre-computed the metal projection of the 
initial reconstructed image x(0), e.g. FBP, and determined the percentage I1 of the metal projection in the pro-
jection, calculated as

where T is the threshold used to segment the metal object and the weight for the i-th projection is calculated 
as

Figure 2: Comparison of FBP reconstructions (left column) and MBIR with metal-adaptive data weighting (right col-

umn). Scans are (top to bottom) numbers Medium_Clutter1_123, Medium_Clutter1_295.
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This adaptation reduces the weighting of data according to the proportion of metal in the given projection. 
The philosophy behind this innovation is that there is likely to be some inaccuracy in the modeling of metal 
projections, decreasing their relative reliability beyond the value indicated by variance purely from photon 
counting noise.

B.1.d. A modi ied likelihood model for abnormal measurement rejection

Depending on the objects being scanned, the actual measurements may not always be consistent with the 
physical assumption. One cause of the inconsistency is the beam hardening, a problem we address in the 
approach above. However, it is often the case that the defective measurements can come from various effects 
coupled together, such as beam hardening, scattering, metal partial volume, etc. Sometimes, it is dif icult to 
come up with a model that accounts for all these effects individually. Here, we consider another approach [9], 
where we modify the conventional quadratic likelihood term and try to give less in luence if the measure-
ment differs signi icantly from the theoretical model. Mathematically, we consider the family of the general-
ized Huber function as our modi ication to the original quadratic likelihood, given by

where the generalized Huber function is de ined as

In this modi ied model, we control how much we it the estimation to the actual measurement depending 
on the difference of the normalized error sinogram. If the error sinogram entry is less than the threshold L, 
a normal quadratic penalty is used. If the error sinogram entry is greater than the threshold L, indicating a 
potential defective measurement entry, a linear penalty is used, reducing its effect to the total cost. In this 
study, we set τ = 0.5, L = 0.5.

B.1.e. Reconstruction results

B.1.e.i. MBIR with metal-adaptive data weighting

We irst consider our simplest approach to ameliorating metal artifacts, described in the above sections. 
Many of these artifacts result from systematic errors in projections through highly attenuating materials due 
to beam hardening and scatter, with photon counts possibly being higher than their true reliability dictates. 
The reduction of weights for heavily metal-corrupted measurements encourages greater sinogram errors for 
these measurements and allows the more reliable data plus the regularizing a prior model to suppress arti-
facts. Additionally, the transition from quadratic penalties on sinogram errors to absolute values for larger 
deviations (the Huber model) builds in tolerance for these outlier data.
Figure 2 shows improvements in cases with moderate amounts of corruption from metal. In each case, the 
reconstruction of metal components is contained within a smaller region of support than in the FBP versions. 
The principal issue arising from inaccurate reconstruction of metal objects in security applications is propa-
gating artifacts corrupting other homogeneous materials. In Figure 2, the rubber sheet atop the irst row, the 
water bottle in the lower right of the second and both the water bottle and rolled rubber sheet of the third 
row all have artifacts appreciably reduced. It is hoped that such improvements will prevent separation of sin-
gle materials into distinct segments. The segmentation results overlaying the image using Stratovan’s Tum-
bler algorithm are shown in Figure 3 on the next page. It can be seen that the segmentations are improved.
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B.1.e.ii. Beam hardening correction in MBIR

In the above sections, we introduce joint estimation of polynomial beam-hardening correction (BHC) param-
eters with imagery. In the results below, the correction is based on thresholding of the initial FBP image for a 
static, binary mask of high-density objects. The adaptation allowed by the optimal selection of the correction 
polynomial provides “relief” from especially large errors in locations where beam hardening causes incon-
sistencies. 
In Figure 3, severity of artifacts is lessened as metal reconstructions become more spatially contained. One 
may speculate that the water containers will be better segmented in the MBIR images. However, suf icient 
corruption remains to damage the results of automated analysis. In the top and bottom rows, proper segmen-
tation of the stacked rubber sheets is likely to be problematic in either column.

B.2. Research on Automatic Target Recognition (ATR)

Typically, an ATR system will consist of several separate processing units, including image segmentation, 
feature extraction and target classi ication (see Fig. 4 on the next page). Baseline ATR uses connected com-
ponent labeling (CCL) to segment objects in the CT scans. It then extracts the mass feature of each connected 
component and keeps only objects whose mass is higher than the target de inition. In the following sections, 
we will give detailed descriptions about how we advanced the baseline ATR system with computer vision 
algorithms.

Figure 3: FBP (left) and iterative (right) reconstructions of heavily metal-corrupted scans, numbered (top to bottom) as 

High_Clutter1 #350, and High_Clutter3 #194.
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B.2.a. Image segmentation

B.2.a.i. Selective morphological opening on bulk objects

Image segmentation is a core step in ATR to assess material and morphological properties of the objects in 
the CT scan. Generally, CCL is used for segmentation in CT baggage scans. CCL irst sets the foreground in the 
image and then uniquely labels subsets of connected components. Even though CCL can ind foregrounds in 
the CT baggage scan, it is not enough to separate nearby objects as it takes into account only the local neigh-
borhood. To prevent merging in CCL, morphological opening operation is generally applied to CCL results. 
However, the morphological opening operation may remove thin sheet structures. Therefore, we ind bulk 
objects in CCL result based on shape and apply morphological opening only for bulk objects.
To differentiate bulk objects from sheet objects, we extract shape features and feed them into supervised 
classi iers. To extract shape features, we use the minimum volume enclosing ellipsoid [10]. After inding the 
minimum volume enclosing ellipsoid, we describe the shape as following:
• Ellipsoid Axes
• Axis ratio: minimum axis length / maximum axis length
• Volume ratio: object volume / ellipsoid volume
Given shape features, we ind the classi ier using support vector machine (SVM) [11]. SVM is a popular 
high-dimensional classi ier in computer vision. SVM inds a hyper-plane that separates two groups by train-
ing the algorithm on a pre-classi ied set. From this pre-classi ied set, SVM selects a relatively small number 
of samples that are close to the opposite group. These samples are called support vectors and de ine the 
hyper-plane by maximizing margins between them. While the SVM classi ier is very effective in inding the 
hyper-plane, selecting the type of hyper-plane is very important. If the hyper-plane is too stiff, then the clas-
si ier may not perfectly separate the two groups. On the other hand, if the hyper-plane is too lexible, then the 
classi ier will over it the data. We determined the type of hyper-plane by the non-linear Gaussian kernels that 
map the data to a space where linear separation is possible:

where u and v are feature vectors and ϒ is a model parameter. We automatically estimate the model parame-
ter by cross-validation on pre-classi ied set.
Figure 5 on the next page presents the bene it of our selective morphological opening in ATR. In the input im-
age (Fig. 5a), there exists a thin rubber sheet that is a target to detect. Typical morphological opening erases 
the thin rubber sheet, as described in Figure 5b. Our selective morphological opening on bulk objects helps 
preserve thin structures while splitting merged bulk objects.

Figure 4. Overview of baseline ATR: Typically, ATR consists of three components: image segmentation, feature ex-

traction, and target classifi cation. Baseline ATR fi rst segments objects by connected component labeling (CCL). It then 

measures the CT mass of each segmented objects and detect targets that are heavier than certain threshold.

ALERT 
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-B.1

546
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B.2.a.ii. Multi-label segmentation on merged objects

Even though morphological opening can help split merged objects in CCL, it is not suf icient to separate high-
ly cluttered objects due to tight packing because it does not take intensity information into account. There-
fore, we further segment CCL results followed by morphological opening with the multi-label segmentation 
that utilizes intensity information. 
Multi-label segmentation is a well-studied computer vision technique that partitions the spatially continu-
ous image domain into multiple regions with minimal total perimeter [12-14]. Let Y = {ys: s ∈ {1, ..., S} be the 
discrete vector that represents the image intensity at pixel s in three dimensional image space Ω. Multi-label 
segmentation partitions the image domain Ω into R disjoint sub-regions. {ΩR       . Let X = {xs ∈ {1, ..., R}: s ∈ {1, ..., 
S} be the corresponding segmentation label at  denoted by discrete values 1 through R. Then, segmentation 
problem can be modeled in MAP framework.

where f(Y|X, ϕ) represents the forward model given parameter ϕ and p(X) is the prior model which regu-
larizes total perimeter (i.e. MRF model). The typical forward model has L2-norm of difference between pixel 
intensity and pre-determined label intensity;

where lr is the parameter that represents the constant label intensity for Ωr.
However, it is challenging to directly apply multi-label segmentation for CT images because the parameters 
ϕ = {lr}R           are not adaptively estimated given images. The incorrect parameter estimation can lead to over-seg-
mentation that splits the object. To avoid the over-segmentation issue, we irst identify merged objects based 
on the shape and then apply the multi-label segmentation only for merged objects. To identify merged ob-
jects, we use the same shape features and same SVM for the sheet/ bulk identi ier. Furthermore, we adaptive-
ly estimate the parameters via histogram analysis. Speci ically, we ind major peaks in normalized histogram 
and assign histogram bins at major peaks to ϕ = {lr}R      .

  (a)                 (b)                (c)

Figure 5. Eff ect of selective morphological opening in ATR: (a) Input image; (b) CCL result followed by typical morpho-

logical opening; and (c) CCL result followed by selective morphological opening on bulk objects. Notice that the thin 

rubber sheet is preserved after morphological opening.

1r 

1r 

ALERT 
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-B.1

547



Figure 6 presents the bene it of our multi-label segmentation on merged objects in ATR. The CCL results after 
morphological opening in Figure 6b on the next page still include the merged object. As illustrated in the in-
put image in Figure 6a on the next page, this merged object contains two materials with signi icantly different 
intensities. Our multi-label segmentation on merged objects successfully splits this merged object based on 
intensity while preserving other correctly segmented objects.

B.2.b. Feature extraction

For each segmented object, we need to determine whether it is a target or a non-target. For this task, we irst 
need to transform the image data into the set of features that describe the properties of the segmented object. 
Baseline ATR provided by ALERT uses the mass of each segmented object as a feature. However, mass, itself, 
is not suf icient in describing the complex properties of targets. Therefore, we constructed high-dimensional 
features, which are widely used in literatures:
• Intensity: Min, Max, Mean
• Physical: Mass
• Histogram: Location of max histogram, Normalized histogram
When performing analyses of complex data, one of the major problems originates from the number of fea-
tures. The analysis of high-dimensional features generally requires a large amount of memory and compu-
tational time. Furthermore, parts of features can be redundant, which blurs the performance of the analysis 
(curse of dimensionality).  So, we applied a feature-selection method called minimum-redundancy maxi-
mal-relevance (mRMR) [15] on high-dimensional features to ind important features.
Figure 7 on the next page shows the most important feature selected by the mRMR method among high-di-
mensional features. mRMR selects the location of max histogram as the most important feature, re lecting 
that the material-speci ic CT attenuation coef icient is the signature for target recognition.

  (a)                 (b)                (c)

Figure 6: Benefi t of multi-label segmentation on merged objects: (a) Input image; (b) CCL result followed by our mor-

phological opening; and (c) After our muti-label segmentation on merged objects. Notice that our multi-label segmen-

tation splits the merged objects based on intensity while preserving other objects without over-segmentation.

ALERT 
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-B.1

548



B.2.c. Target classi ication

Given extracted and selected features, we feed them into the classi ier that determines whether the segment-
ed object is a target or not. Baseline ATR provided by ALERT uses the simple threshold classi ier for one-di-
mensional mass feature. Since our new features are multi-dimensional (after feature selection), we need the 
advanced classi ier that can deal with high-dimensional features. 
For target classi ication, we again use an SVM classi ier similar to the sheet/bulk identi ier but based on 
histogram features. Instead of inding one target classi ier for all training objects, we cluster the training set 
based on shape via k-mean clustering [16] and train the target classi ier for each shape cluster. Speci ically, 
we found 15 clusters in the training set based on shaped features used for the sheet/bulk identi ier. Then, we 
ind the nearest neighbor (NN) shape cluster for each testing object and apply the corresponding classi ier in 

NN shape cluster to determine if the testing object is a target or not.
Figure 8 illustrates the bene it of our clustered target classi ier. Figure 8a shows the mean density and mass 
features of all training objects. It is worth noting that there is large overlap between target and non-target 
objects. The overlap in feature space makes it dif icult to train the accurate classi ier. Our shape clustering 
can help reduce the overlap in the feature space as described in Figures 8b and 8c. After shape clustering, 
features in each shape cluster are more separable and therefore it is easier to train the accurate classi ier.

  (a)                     (b)               

Figure 7: Most important feature selected by mRMR: (a) saline water; and (b) rubber. mRMR selects the location of max 

histogram as the most important feature. This refl ects that material-specifi c CT number (attenuation coeffi  cient) is the 

key of representing targets.

  (a)                 (b)                (c)

Figure 8: Features in training set of: (a) all objects; (b) bottle shape cluster; and (c) thin sheet shape cluster. Horizontal 

and vertical axes represent mean density and mass of each object, respectively.  Notice that there is large overlap be-

tween target (red circle) and non-target (blue cross) for all training objects in (a). On the contrary, in each shape cluster 

in (b) and (c), features are more separable and thus it is easier to train the classifi er. 
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B.2.d. ATR results

We will show our ATR results in terms of a Probability of Detection (PD) and Probability of False Alarms 
(PFA) score.
Table 1 shows the PD/PFA scores on all 188 scans with our ATR. We used a nested 5-fold cross validation 
scheme to evaluate our ATR. In summary, we detected 387 targets among 407 total targets (0.95 PD) and 
falsely detected 110 non-targets among 1371 non-targets (0.08 PFA). As expected, we achieved better per-
formance (PD: 0.97) for low dif iculty cases than for high dif iculty cases (PD: 0.94). Among high dif iculty 
cases, PD for saline was lower (0.93) than that for clay and rubber (0.95). This is because it is challenging for 
our classi ier to detect very low-density saline (<3.5% density). In terms of shape, PD for the sheet was lower 
(0.91) than that for bulk (0.96). This is because our segmentation was not suf icient in preventing splitting in 
the thin structures by beam-hardening effects.

Table 2 on the next page shows PD after segmentation to indirectly measure the bene it of each component 
of our segmentation pipeline. Compared with baseline CCL provided by ALERT, our morphological opening 
signi icantly improves PD from 0.63 to 0.89. This indicates that our morphological opening better separates 
cluttered bulk objects while preserving thin objects. Multi-label segmentation further improves PD to 0.96. 
This re lects that our multi-label segmentation correctly splits the remaining merged objects based on inten-
sity without the over-segmentation issue. The gain from Metal Artifact Reduction (MAR) is minor (from 0.96 
to 0.97) in the segmentation. But, intensity correction from MAR will be critical to extracting reliable features 
for the target classi ier.

Table 1: PD and PFA for all 188 scans.
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CCL
CCL + 

Morphological Opening

CCL + 

Morphological Opening + 

Multi-label Segmentation

CCL + 

Morphological Opening + 

Metal Artifact Reduction 

+ Multi-label Segmenta-

tion

PD 0.63 0.89 0.96 0.97

Table 3 shows PD/PFA to evaluate our classi ication pipeline. Without any classi ication, our segmentation 
achieves very high PD (0.97) but also very high PFA (0.73). This is natural, as we do not ignore non-targets 
from segmented objects. The classi ier trained on all segmented objects decreases the PFA to 0.16 but sig-
ni icantly loses the target detection with 0.89 PD. This indicates that the classi ication performance is limited 
because the classi ier is trained on highly overlapped features. On the contrary, our clustered target classi ier 
signi icantly improves the classi ication performance with 0.95 PD and 0.08 PFA. This represents that clus-
tered target classi ier is critical to achieve higher PD and lower PFA in our ATR.

Our Segmentation Only
Our Segmentation +

One Classifi er for All Training

Our Segmentation + 

Clustered Target Classifi ers

PD 0.97 0.89 0.95
PFA 0.73 0.16 0.08

B.3. Research on electron microscopy 

Given the success on CT reconstruction, segmentation and target recognition, we applied our developed tech-
niques to electron microscopy. SEM-FIB (Scanning Electron Microscopy – Focused Ion Beam) imaging is used 
to view nanoscale particles for a variety of applications. For security applications, it is desirable to view the 
imaged particles separately from their surroundings, preferably as a full three-dimensional volume. As such, 
one of the main tasks at hand is to perform a segmentation to isolate the particle(s) of interest from their sur-
rounding environment. The image data that SEM-FIB produces is directly viewable as a “stack” of cross-sec-
tional images of the particle, i.e. no tomographic operations are necessary to transform the data into natural 
images. We employed MBIR techniques to denoise and regularize our SEM-FIB data (cross-section images) 
using neighboring “slices” in preparation for segmentation, which at present is performed on individual sli- 
ces using the region-growing algorithm. Once denoising and segmentation is complete, the segmented slices 
are viewed together as the volume of a particle (or particles).

B.3.a. De-noising  

We are interested in the bonding properties of the particles and, as such, are most concerned with the edge of 
the particle that takes up the majority of the image. We then aim to transform the image into a binary image, 
where every pixel contained within the particle is “true” and every pixel outside the particle is “false” (in the 
transformed images, “true” and “false” are represented by their integer analogs 1 and 0, respectively). 
There are multiple challenges that we face in producing a good binary image. The irst is that the raw im-
ages are fairly noisy and obscure the true shape of the particle edge. To address this problem, we employ a 
model-based denoising algorithm that models the noise as zero-mean Gaussian and assumes that each pixel 
is related to its 26 neighbors in 3D space, as per the generalized Gaussian Markov random ield (GGMRF) 
model. The algorithm uses ICD optimization to bring the image closer to its MAP estimate over the course of a 
speci ied number of iterations. Figure 9b on the next page is the image that results when this MBIR algorithm 

Table 2: Evaluation of segmentation methods.

Table 3: Evaluation of classifi cation methods.
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is applied to the raw image in Figure 9a. The edge of the particle is much sharper and is much more robust 
when applying the segmentation procedures described in the following section.

B.3.b. Segmentation 

The constituent parts of the segmentation procedure are:
• Use a region-growing algorithm to construct large segments of the image and threshold appropriately to 

ensure that one of these regions aligns with the edge of the particle.
• Convert the segmented image into a binary image, where the previously alluded-to “edge-segment” rep-

resents one value and all other pixels take the other value.
• “Fill in” the areas of the particle that do not yet belong to the “edge-segment”.
Figure 10 has been created using this procedure. This procedure is repeated for all slices in a stack after they 
have been denoised. They are then read into a MATLAB function where they are displayed together as a vol-
ume. It is worth noting that the inside particle is well separated from the outside particle.

  (a) Raw SEM-FIB Image            (b) Denoised SEM-FIB Image  

         

Figure 9: Sample SEM-FIB Image or “slice”: (a) Raw; and (b) Denoised.

  (a) 2D Binary Mask            (b) Denoised SEM-FIB Image  

         

Figure 10: Segmentation result on the SEM-FIB image or “slice”: (a) 2D mask; and (b) Stack of 2D slices.
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B.4. High performance reconstruction

CT is a general method for the non-destructive imaging of objects from transmission measurements. Figure 
11 illustrates the basic concepts of how a typical X-ray CT system operates. An X-ray source is mounted on a 
rotating gantry along with a linear array of X-ray detectors.

The object to be imaged is then placed at or near the center of rotation. As the gantry is rotated, a series of 
measurements or views is taken. Each single view corresponds to a set of measurements from all the ele-
ments of the array at approximately a single instant of time. The measurements from each array element, or 
channel, are then pre-processed by taking the logarithm. The logarithm of a single detector output results in 
a single projection, i.e., an estimate of the integral density of the object along the path from the X-ray source 
to the detector. The objective is then to take this set of views and reconstruct a cross-section of the object 
being imaged. Typically, the data collected from the scanner is organized into a sinogram as illustrated in 
Figure 11a. For a 2D scan, the sinogram is a 2D data structure indexed by the channel and view angle of each 
measurement. In fact, the name sinogram comes from the fact that the projection of individual voxels in the 
image corresponds to sine wave patterns in the sinogram. These sine wave patterns are illustrated with thin 
yellow lines in Figure 11b. In order to compute the update of a voxel in ICD, it is necessary to access its corre-
sponding values in the sinogram.
In practice, the sinogram can be stored in row or column major format. However, regardless of how the sino-
gram is stored, the access to all the memory required for ICD updates will require high strides of memory ac-
cess, which will kill voxel update speeds. Modern processors access main memory by irst transferring blocks 
of local memory onto fast on-chip cache memory that may be 100 times faster than main memory. When the 
sinogram is stored in row major format, these blocks of cache memory known as cache lines are shown as 
short red line segments in Figure 11b. Each cache line must fall along either rows or columns of the sinogram 
(in this example, they are shown as rows). 
Notice that, for the most part, these red cache lines only partially overlap the yellow line of memory entries 
that must be accessed. This means that most of the space in the cache is used to hold data not needed for the 
current voxel update. One additional observation is that each individual voxel corresponds to a sine wave 
with a different amplitude and phase. Since each voxel has a unique sinusoidal path, no single transformation 

Figure 11: (a) CT system; and (b) Illustration of the image and sinogram space for a typical 2D projection geometry. 

Notice that each single voxel in the image domain traces out a sinusoidal pattern in the sinogram domain. In addition, 

each voxel traces out a diff erent sine wave pattern but, typically, diff erent sine wave patterns will intersect some set 

of views.
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of the sinogram data will align the cache lines with the sinusoidal paths in all cases. Also, when there is a 
full set of views, the sinusoidal paths for different voxels will always overlap at some points. These points of 
intersection, which are shown as red dots in Figure 11b, are important because they represent points where 
memory access con licts can occur in the update of different voxels.

B.4.a. SV-ICD 

In order to understand the key challenges and the novelties of the supervoxels (SV), the central mathematical 
and algorithmic concepts of MBIR will irst be brie ly reviewed. MBIR is based on the numerical solution of 
an optimization problem described by

Where y is an m-dimensional vector containing the measured CT data, x is a n-dimensional vector containing 
the reconstructed imaging, A is an m × n-dimensional matrix containing the forward model of the scanner ge-
ometry,  D is an m × m-dimensional diagonal matrix containing the inverse variance of the scanner noise sta-
tistics and u(x) is the regularizing prior model used to incorporate knowledge of image behavior. In practice, 
x and y can be very large, so computing the solution to the optimization problem can be a formidable task.
Figure 12 graphically illustrates the key 
innovation of the supervoxel approach. 
First, the image space is partitioned to 
where each SV is a group of spatially lo-
calized voxels. A single SV is illustrated 
in Figure 12 as a red block in the image 
space. In order to update the voxels in an 
SV, the sinogram entries corresponding 
to each voxel in the SV must be accessed. 
This group of sinogram entries is illus-
trated as a yellow band in the sinogram 
space. The memory in the yellow band is 
ef iciently copied to a buffer, which we call 
the supervoxel buffer (SVB) shown as a 
yellow rectangle in Figure 12. Notice that 
in the SVB, the memory accesses required 
for each voxel update are “straightened 
out” and each cache line falls fully within 
the SVB. This means that most or all the 
data in a cache line can be fully utilized 
with each voxel update in the SV.
The shape of the band for an SV is depen-
dent on the CT scanner geometry, but is 
captured by the non-zero entries of the forward projection operator A. The question that now arises is what 
voxels should be in a supervoxel to improve locality. Consider the radon transformation that shows where 
measurement data for a group of voxels is in sinogram space. Figure 13a on the next page shows the radon 
transformation of a square supervoxel. At each view angle θ, we record the supervoxel’s projection on a rotat-
ing sensor array. The more sensor channels that detect a projection at that view angle, the more measurement 
data will be in that view in the sinogram space. In addition, brighter points in the radon transformation indi-
cate higher levels of data reuse in the reconstruction. We can see that circular supervoxel is the ideal choice 
for a supervoxel shape because it will have the lowest average number of detected sensor channels among 

Figure 12: Memory access in sinogram space for super-voxel updates. 

Processor hardware is used to load sinogram memory into an SVB. 

Once there, GPU or CPU access is dramatically accelerated with cache 

lines fully utilized.
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all shapes. This means the supervoxel will have the least amount of measurement data and the highest data 
reuse. Circular supervoxels have a fatal low, however, they do not tessellate the image space. Consequently, 
to fully cover the image space, circular supervoxels must overlap, leading to excessive computation on voxels 
in multiple over-lapping supervoxels. To overcome this law, we use square supervoxels. As can be seen in the 
radon transformation of Figure 13a, for the square supervoxel, average reuse is lower but this is more than 
compensated for by having each voxel belong to a single supervoxel, eliminating redundant computation.

The computation time required for an iterative algorithm depends on the time-per-iteration and the number 
of iterations. Because the baseline ICD algorithm does not update all voxels in each iteration [17], we mea-
sure convergence using equivalent iterations or equits. Each set of N voxel updates, where N is the number 
of voxels in the image, is one equit. In addition, we evaluate algorithmic convergence by measuring RMSE (in 
Houns ield Units) between the result algorithm and a fully converged reconstruction after approximately 
20 equits. Because the supervoxel update order is different than the one used in the baseline ICD algorithm, 
voxels within a supervoxel are evaluated as a group and the number of equits to reach some RMSE could be 
adversely affected. Our results indicate that our supervoxels can converge to a RMSE of 8 HU after 4.1 equits 
on the benchmark data set. In addition, we did not observe a signi icant change in convergence rate for the 
SV versus the baseline ICD algorithm. Figure 13b shows a plot of RMSE versus equits for SV-ICD. We note 
that convergence is slower when using circular supervoxels than with square supervoxels. SV-ICD (square) 
generally maintains the same convergence speed as the baseline ICD algorithm, although it converges better 
in the initial equits.

B.4.b. PSV-ICD

It is common wisdom that the ICD algorithm parallelizes poorly [18 and 19]. Some work has provided limited 
speed up, e.g., [18], and obtains a speedup of 2.3 with 16 cores. It is also common wisdom that convergence 
is much faster with sequential updates of voxels rather than parallel updates. In this section, we discuss the 
challenges to effective parallelization of ICD algorithms and how those challenges are overcome.
Because of the sinusoidal nature of voxel traces in the sinogram space, it can be shown analytically that two 
traces are guaranteed to have at least one intersection as illustrated in Figure 12.  It can also be shown that 
the closer two voxels are to one another, the greater the chance that they will have more than one intersec-
tion. This means two issues involved here: (1) slower convergence with parallelization and (2) loss of locality 
with parallelization. 

   (a)                   (b)           

Figure 13: (a) The radon transformation of a square supervoxel; and (b) illustration of the fact that it is not necessarily 

good to use circular supervoxel to get benefi ts from cache locality.
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We call our technical innovation that allows ef icient inter-SV parallelization the “Augmented SVB”. The aug-
mented SVB, illustrated in Figure 14, entails parallelization and even asynchronous updating of multiple SVs 
in a single MBIR reconstruction. The dif iculty in parallelizing SV updates is that the two SVBs for the two 
different SVs overlap in the sinogram domain as illustrated in Figure 14. This means that any data added to 
these buffers will generate an inconsistency in the resulting sinogram. The augmented SVB uses two innova-
tions to solve this problem. First, each SV is allocated its own independent SVB, denoted by SVBk for the kth 
SV. These additional buffers solve the con lict as long as data is only read from the SVB. However, a problem 
occurs when data is written back to the SVB since it becomes impossible to consistently update the sinogram 
error after SV updating is complete. In order to solve this problem, we create a second SVB error buffer for 
each SV. This error buffer, denoted by SVBEk is initialized to 0 and all additions of data are made to only this 
buffer for the kth SV. When the SV update is complete, the contents of the SVB error buffer are added back to 
the full sinogram. These updates can be performed asynchronously while other SVs are being processed, so 
no synchronization is required and the overhead is hidden behind other processes.

B.4.c. Results

The following tables list detailed results of our research. In order to better understand and quantify our re-
sults, we used a very simple model of computation time given below.

where we use the following notation:
Tr = total reconstruction time
NF = No. of loating points operations (FLOP) per equit
Ne = number of equits required for reconstruction
OF = Theoretical FLOPS of CPU/GPU
ET = Processing ef iciency

Figure 14: Illustration of inter-SV parallelization using multiple SVBs. By keeping an additional SVB error buff er, it is 

possible to fully decouple SV updates, allowing for much greater parallelization of the SV-ICD algorithm.
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Using this framework, Table 4 quanti ies the results of our implementations and measurements. Notice that 
we achieved over a 300x speedup of the baseline algorithm using the SV-ICD algorithm on the 16-cores pro-
cessor. Importantly, almost 20x of the speedup is due to improved processor ef iciency. This is directly a 
result of the SVB design and its ability to more ef iciently feed the CPU’s loating point units so they spend 
less time waiting for memory copies to cache. This is particularly notable because as the parallelization of an 
algorithm increases, its ef iciency generally tends to decrease. Since the clock speeds of the two multi-core 
processors are approximately the same (e.g., 3.5 versus 3.6 GHz), the remaining speedup factor is due pri-
marily to both vector and multi-core parallelization.

Table 5 shows the speedup due to the SV-ICD algorithm on the single core platform only. In this case, we ob-
serve that SV-ICD results in a 22x increase in MBIR reconstruction speed due to improved processor ef icien-
cy. The remaining speedup is due to the conversion to single precision processing as well as smaller changes 
in the convergence speed and the number of required FLOPS.

Table 6 shows the results of an analysis of parallelization ef iciency. The important result of this table is that 
the speedup is almost linear with the number of cores. This shows that the augmented SVB is an ef icient 
method for parallelizing the updates of multiple SVs. However, notice that the single core implementation is 
slower in parallelized mode than when ran serially. This is due to the startup costs of OpenMP, due primarily 
to thread scheduling.

Table 4: Performance measurements for each of the 3 SV-ICD target platforms.

Table 5: Effi  ciency improvements due to SV-ICD algorithm on a single core platform.

Table 6: Speedup due to parallelization.
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B.5. Joint Metal-Artifact Reduction (MAR) and segmentation 

In security applications, segmentation is of great importance where objects in the image are often segmented 
before target classi ication in a typical ATR system. However, raw CT images often contain artifacts, such as 
streaks, due to dense metal objects and these artifacts can make accurate segmentation dif icult. While there 
has been a great deal of research focusing on MAR and segmentation as individual tasks, there have been very 
few attempts to solve the problem of segmenting raw CT images with metal artifacts jointly. In this research, 
we study the problem of metal artifact reduction and segmentation as a joint optimization problem.
To formulate the joint problem, we let x(orig) ∈ RN be the original raw CT image which contains the metal 
artifacts and we assume that a binary artifact mask b ∈ {0,1}N is obtained in advance, where

And also we assume that K mean material intensities μ ∈ RK are given. Therefore, our objective here is to pro-
duce a segmentation label z ∈ {1,...,K}N and a restored image x ∈ RN with metal artifact reduced. We formulate 
the overall problem as a joint optimization problem of the restored image and segmentation given by

where we use JI (x) to represent the prior terms for image. We also de ine the weights wi as wi  = wbi. Notice 
that the overall problem is formulated here as the optimization over a continuous random vector x and a 
discrete random vector z. Due to the non-convexity, the optimization can be trapped into local minimum. 
Instead, we relax the discrete labels to the continuous probability measure and convert the overall problem 
as the following

and after the continuous-valued optimization is solved, the discrete label can be generated as

For the image prior JI (x), it is used to regularize the image pixel values and ill in the correct pixel values in 
the artifact region. We use the dictionary-based image prior, same as the approach in K-SVD denoising. Math-
ematically, the overall concrete optimization problem is given by

where ϕ is the global dictionary, Ri is the matrix to extract the patch at i-th pixel location and vi is the sparse 
coef icient vector corresponding to the i-th image patch. To optimize the above function, we alternate the op-
timization over x and z iteratively, use the continuous max- low method to optimize over z and use the similar 
optimization approach in K-SVD denoising to solve the optimization over x.
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B.5.a. Segmentation and metal artifact reduction results

In Figure 18a on the next page, we show an original CT image of a baggage scan. As seen from the image, we 
have strong streak artifacts due to the high density metal in the bag. Figure 18b shows the artifact mask we 
used for the image. This mask captures the streak artifacts in the original CT image.

Figure 19 on the next page shows the segmentation results of the joint algorithm along with the results ob-
tained by applying segmentation directly on the raw CT image. Notice that, due to the strong metal streak 
artifact, directly applying segmentation on the raw image does not give a good result. In particular, the streak 
splits the object into pieces. On the other hand, the output of the joint algorithm performs very well. The met-
al streak artifacts in the restored image are greatly reduced. Also, from the output segmentation of the joint 
algorithm, we can see that the previous split objects are merged back together and therefore, the segmenta-
tion label is much more accurate.

   (a)                   (b)           

Figure 18: (a) original CT image of a baggage scan; and (b) the artifact used in the joint algorithm.
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C. Major Contributions

C.1. Research on reconstruction

Our work related to reconstruction included, most importantly, the implementation of iterative reconstruc-
tion to match the Imatron scanner data, plus several variants of the basic MBIR algorithm. The algorithm we 
developed demonstrated some potential in handling the typical cases in security screening applications. The 
related work has been carefully studied and investigated and the methodology we proposed has been care-
fully organized into a journal paper submitted for publication (see section V.A).

C.2. Research on ATR

We have developed and implemented a new ATR system for CT baggage scans, adapted the advanced image 
segmentation, feature extraction and target classi ication in computer vision to a particular security screen-
ing CT system. The major contributions are listed in the following:
• Image segmentation

o MAR in image domain
o Multi-label segmentation on merged objects

   (a)                   (b)           

   (c)                   (d)           

Figure 19: (a) original CT image of a baggage scan; and (b) the color-coded segmentation map by applying segmenta-

tion directly on (a), (c) the output restored image of the joint algorithm, (d) the output color-coded segmentation map 

of the joint.
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• Feature extraction
o Feature selection from high-dimensional histogram bins

• Target classi ication
o Shape clustered classi ier

Evaluation using a realistic set of passenger baggage scans demonstrated signi icant quality improvement 
in terms of PD and PFA. The proposed segmentation algorithm splits the merged objects by tight packing 
and corrects the partial loss due to the metal artifacts. Our classi ication helps differentiating targets from 
non-targets, decreasing false alarms. These are all factors that can lead to improved target detection in ATR 
systems.

C.3. Research on electron microscopy 

So far, we have developed a segmentation procedure that is faster and more robust than the state-of-the art 
method. The speed improvements have come from devising an ef icient segmentation routine, while the ro-
bustness improvements have come from employing an MBIR routine to clarify the edges of the nanoparticles 
imaged by the FIB-SEM system.

C.4. High performance reconstruction

In summary, we made the following contributions: 
• A method for iterative reconstruction based on the use of spatially localized voxels in 2 dimensions that 

allows for the ef icient use of the memory hierarchy. 
• A method for iterative reconstruction that reorganizes stored measurements corresponding to a super-

voxel so that the associated stored measurements are straightened to be in memory locations that can be 
ef iciently accessed by the computer. 

• A method for supervoxels to be updated out of order to speed up convergence. 
• A method to update supervoxels in parallel. 
• An experimental evaluation of the techniques showing overall performance gains, improvements in local-

ity and a study of how each contribution bene its the performance of the algorithm.

D. Milestones

D.1. Research on reconstruction
The simultaneous beam hardening parameter estimation provides a framework for a relatively simple cor-
rection of artifacts. Reconstructed images show improvement visually but the current version of MBIR ap-
plied to the provided data does not yet yield a clear overall win in the detection stage. Several aspects of the 
problem would deserve attention in subsequent, related research:
• Modeling aimed directly at metal characteristics: Our adaptations of MBIR have been relatively generic; 

attempting to perform beam-hardening correction and data down-weighting to compensate for the large 
errors encountered on metal projections. A number of more focused methods for metal correction are 
available and could aid these efforts.

• Resolution boosting in rebinned data: There appear to be resolution limits in the data used in this study 
which may originate in the rebinning process. MBIR relies on accurate system modeling to create its ben-
e its and we should enhance our system model to include whatever resolution loss may affect the data.

• Advanced a priori image modeling: More sophisticated, adaptive stochastic image models may allow sig-
ni icantly smoother homogeneous regions in our reconstructions without sacri icing edge resolution.
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D.2. Research on electron microscopy

We are still in the early stages of development for the denoising/segmentation procedure. There are many 
potential improvements to our work. In the short term, we are working toward improving our forward mod-
el of the stack of slices, as the thickness of the stack when the present image is collected is known to be a 
parameter of the image. This parameter is, as of yet, unaccounted for in the forward model part of our MAP 
estimate. Our next task is likely the implementation of a segmentation algorithm that is faster. Our hope is 
that we can assemble a cohesive denoising/segmentation software package because these two constituent 
parts of our procedure are by and large disjoint.

D.3. High performance reconstruction

With this work, the commercialization of the ICD algorithm becomes a possibility by taking advantage the 
power of supercomputing and the concept of supervoxels. As a next step, we plan to implement the PSV-ICD 
algorithm on GPU and commercialize it so that the Department of Homeland Security (DHS) may employ this 
algorithm on CT scanners at airports.

III. RELEVANCE AND TRANSITION

Our transition task was, by its very design, highly relevant to the goals of DHS in improving the detection of 
threats in checked baggage while minimizing the cost related to secondary inspection. We have shown that 
an alternative method of MBIR and ATR provides the sort of quality improvement that is likely to move the 
detection/false alarm probability curve above its present placement. The reconstruction/segmentation deal-
ing with merged/divided objects by tight packing/metal artifacts is a signi icant gain and we are con ident 
that this will translate into more ef icient automated detection performance.
Our collaboration with Morpho Detection provides immediate industrial feedback on viability of our meth-
ods. Those aspects of our work proving themselves commercially feasible will likely be adopted by Morpho, 
but will, in any case, be available to the security community. Additionally, High Performance Imaging is in 
place as a commercialization path under management of the PIs.

IV. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

Pending -

1. P. Jin, C. Bouman and K. Sauer, “A Model-Based Image Reconstruction Algorithm with Simultaneous 
Beam Hardening Correction for X-Ray CT”, to appear IEEE Transactions on Computational Imaging, 
2015.

B. Peer Reviewed Conference Proceedings

1. P. Jin, D. Ye, C. Bouman, “Joint Metal Artifact Reduction and Segmentation of CT Images Using Dic-
tionary-Based Image Prior and Continuous-Relaxed Potts Model”, IEEE Int’l Conf. Image Processing, 
2015

C. Software Developed

1. Algorithms
a. Our principal focus has been algorithm development in implementation of ATR for the CT bag-
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gage scan screening. Transition into application is envisioned with subsequent work on compu-
tational ef iciency.
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 R4-B.2: Multi-energy, Limited View Computed 

Tomography (CT)

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Eric Miller PI Tufts University eric.miller@tufts.edu

Brian Tracey Research Asst. Professor Tufts University btracey@eecs.tufts.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Hamideh Rezaee PhD Tufts University 2017

Jon Foley MS Tufts University 2015

II. PROJECT DESCRIPTION 

A. Overview and Signi icance

The development of energy selective photon counting detectors for X-ray sensing applications has created 
the possibility for signi icantly enhancing materials characterization capabilities relative to existing energy 
integrating or dual-energy systems. Energy integrating methods provide information only regarding material 
density while dual energy systems, at best, can image both density and effective atomic number (or equiv-
alently spatial maps of Compton and photoelectric coef icients).  In practice, the overlapping nature of the 
spectra employed in ielded dual energy systems as well as the nature of X-ray physics, signi icantly com-
plicates the stable recovery of atomic number.  As we argue in this report, multi- or hyper-spectral forms of 
sensing, where data are collected over a large number of narrow energy bins in such a manner as to re lect 
both attenuation as well as X-ray scattering, have the potential to move X-ray based screening signi icantly 
beyond the limitations of the current state-of-the-art systems.
In a bit more detail, the energy integrating and dual-energy methods recover information concerning the 
object of interest based on the manner in which X-rays are attenuated as they pass through the medium.  The 
attenuation properties in turn re lect both the absorption of the X-rays as well as the scattering of the X-ray 
photons from the beam.  For all ielded X-ray systems in use by DHS, these scattered photons are ignored1.  It 
is our hypothesis that there is signi icant information embedded in these photons such that their collection 
and processing can enhance the ability of DHS to characterize materials from X-ray data speci ically in the 
context of limited view systems currently under investigation and development. Indeed, in recent years, DHS 
has been exploring X-ray systems comprised of spatially ixed sources and detectors in contrast to traditional 
computed tomography (CT) types of systems where source/detector arrays rotate around the items being 
scanned. Complicating the development of these systems, the limited number of source-detector paths com-
pared to the full-scale CT case creates substantial challenges in terms of image formation and, ultimately, 
1 Th e one exception here is the Morpho Yxlon XES 3000 system, which collects and processes diff racted photons.  As we 
discuss shortly, the eff ort in this project is focused not on diff raction, but rather on Compton scattering.  While both processes 
result in photons exiting the main X-ray beam, the physical processes underlying these modalities are distinct.  Our focus here 
is on Compton scattering.  Over the long term, there may well be reason to consider fusing data from both of these processes.
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target detection. As we demonstrate in this report, using the detectors in these systems to collect scattered 
photons (in addition to the traditional attenuation-based data) signi icantly increases the number of “looks” 
we have at the scene even in these ixed geometries potentially allowing us to greatly enhance the informa-
tion content provided by these systems. 
In this regard, the most interesting scattering process for the energy range of interest in this application do-
main, Compton scattering, is characterized by two key properties.  First, the intensity of Compton scattering 
is directly proportional to the electron density in the vicinity of the event.  Second, Compton scattering is in-
elastic, meaning that the energy of the photons shift after a scattering event, thereby necessitating the use of 
energy resolving detectors to usefully capture and quantify these processes.  The shift in energy determines 
the direction in which photons are scattered.  In a sense that we make more precise shortly, this energy-de-
pendent scattering direction very much “encodes” electron density at a speci ic location.  These two proper-
ties have signi icant systems-level implications for DHS.
Realizing this potential, however, requires that we address a number of challenges.  First, the physical pro-
cesses and mathematical/computational models associated with these scattering processes are more com-
plex than traditional attenuation imaging. The development of a model, which links the observed data to the 
material properties of interest, is necessary to address the second challenge: how we use these scattered 
photons in addition to traditional attenuation data to form images. Only after these image formation methods 
are in place can we quantify the true bene its of these new data; e.g., attainable image resolution and reduc-
tion in imaging artifacts, as well as target detection and false alarm rates.
Over the past year, we have focused on the irst of these challenges: model development. By building on relat-
ed efforts in Compton and Fluorescence X-ray imaging, we have constructed a mathematical model relating 
the scattered photon data to the spatial distributions of material properties that we will seek to image, spe-
ci ically the photoelectric absorption coef icient and mass density, which is proportional to electron density 
[22]. In this time period, we have developed a computational code for this model using the Matlab program-
ming environment. The code has been designed speci ically to be ef icient when used as part of an image 
formation algorithm, which will take observed data and produce estimates of photoelectric coef icients and 
density.  Developing these algorithms and using them to quantify the value of this new and interesting data 
type constitute the work on this project for the remaining two years.  
The signi icance of this project relative to the larger ALERT program lies in the potential of these models and 
associated processing methods to improve the accuracy of screening both checked baggage as well as luggage 
inspected at the checkpoint. The algorithms at the heart of the current collection of TSA certi ied systems are 
not suf icient for the processing of the data that will be produced by the next generation of X-ray scanning 
systems.  Even the state-of-the-art model based iterative reconstruction methods are not designed to fully 
exploit the information provided by multi-/hyper-spectral X-ray data.  Neither are they capable of addressing 
the challenges encountered when considering the severely limited view nature of the data provided by these 
ixed source/ ixed detector systems. Our proposed approach to explore the utility of scattered X-ray infor-

mation to materials characterization is intended to address both of these challenges and, to the best of our 
knowledge, is the only effort within the ALERT program with this focus.    
Finally, we note the steps taken by this team in the area of technology transition. In addition to regular atten-
dance and presentation of this work at the Advanced Development for Security Applications (ADSA) meet-
ings held over the past seven years, Professors Miller and Tracey are partnering with American Science and 
Engineering (AS&E) and Lawrence Livermore National Laboratory (LLNL) on a soon-to-be awarded project 
under the 13-05 DHS RFP devoted to the development of next generation X-ray scanning systems.  As part 
of this collaboration, AS&E has committed to collecting data on the system they will be developing and that 
will be employed speci ically to validate the models and processing methods being developed as part of this 
project.   
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B. State-of-the-Art and Technical Approach

X-ray CT has been used widely in ields ranging from medical imaging [1] and non-destructive evaluation [2] 
to the investigation of the internal structures of geo-materials [3] and luggage screening [4], the application 
of speci ic interest here. Motivated by a desire to construct spatial maps of materials properties, in recent 
years, increased attention has been given to X-ray based approaches in which information is extracted from 
observations of photons other than those associated with the incident beams.  Of particular relevance to this 
project are X-ray luorescence computed tomography (XFCT) [5] and Compton scatter tomography [6], each 
of which is based on distinct physical processes associated with the interaction of X-rays with matter.  In the 
case of XFCT, used for example in micro-tomography applied to analyze biological samples [7], the sample is 
irradiated with a monochromatic synchrotron beam of low energy (less than 25 keV), which is still greater 
than the K-shell energy of the elements in the sample. As a result of photoelectric interactions occurring 
between the X-ray photons and the atoms of the elements, luorescence X-rays are produced and used as the 
basis for image reconstruction [8].   For Compton tomography, incoherent scattering [6] is the fundamental 
physical process giving rise to photons leaving the main beam. This modality has been considered for prob-
lems including analyzing human tissues [9].  While Compton scattering is most germane to the ideas we are 
pursuing for DHS, the mathematics of the models relating observations to material properties for XFCT and 
Compton tomography are quite similar.  Thus, both modalities are informative to our longer term interests in 
data processing and are reviewed here.
In terms of image reconstruction, a wide range of methods have been considered for both XFCT as well as 
Compton tomography.  In the case of X-ray luorescence, several different techniques have been developed 
to recover maps of both attenuation and material density. For example, a statistical approach has been intro-
duced in [10] assuming a Poisson distribution for the data. However, for problems where the K-shell binding 
energy of the element of interest lays between the emission energy and the K-shell binding energies of the 
other materials in the sample, it is necessary to update the system matrix at each iteration, which is a time 
consuming process. Alternatively, an iterative data re inement technique has been provided in [11], which 
updates the unknown density and luorescence attenuation at each iteration by minimizing a least square 
error type of objective function. At each iteration, one of the unknown quantities is replaced with the current 
value and the equations are solved for the other one.  A joint penalized-likelihood Poisson objective function 
of the unknown element of interest’s density and luorescence attenuation map is introduced in [12] as a 
continuation of the work done in [10].  One of the drawbacks of this method is the need to choose a number 
of parameters, included in the likelihood objective function, to avoid convergence into local minima of the 
cost function. 
In most applications of XFCT, the unknown luorescence attenuation map has been approximated as a linear 
combination of the density of the element and a modi ied version of the absorption attenuation, which may 
be a good approximation for low energies appropriate for XFCT. It is not at all clear, however, that this approx-
imation is suitable for the higher energies of interest here. Moreover, these studies have been restricted to 
cases in which a single, monochromatic source is used to illuminate the object which is rotated as a means of 
acquiring a diversity of views.    For DHS applications, more restrictive, limited view geometries are more the 
norm and data may be acquired over a range of energies. Thus, while the physical model structure of XFCT 
and the general iterative reconstruction approaches considered to date are of interest and will motivate the 
ideas we consider, signi icant work remains in terms of adapting and extending these ideas to our application 
domain.
In addition to XFCT, Compton tomography provides a powerful tool for materials characterization [14].  Most 
of the research done on Compton scattering tomography can be divided into analytical and numerical ap-
proaches.  A comprehensive review of the analytical solutions is provided in [15]. The ideas introduced in 
[16] are the basis of most of the research in the analytical domain. It is shown in [16] that the scattered beams 
collected by detectors located on a circular arc connecting the source to the detector, called the “isogonic 
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line”, allow for a closed form reconstruction algorithm not unlike conventional iltered backprojection.  In a 
related study, a Radon-transform-like model for a rotating single source/single detector system is introduced 
in [17] and provides a closed form solution for recovering the electron density on the arcs passing through 
the source and detector for each point inside the object. Further developments in [18] show that a Chebyshev 
integral transform is also applicable to the arcs passing through each point inside the object, which con irms 
the results provided by [17]. The same idea has been employed in [19] for luggage screening applications. 
There it was shown that a combination of the proposed method and conventional attenuation tomography 
can produce a map of atomic numbers. However the approach is not robust to the noise, necessitating the use 
of an ad-hoc pre-processing step of smoothing of the data. Although the analytical methods provide ef icient, 
closed form solutions, they can only be applied to very speci ic data acquisition geometries. Only numerical 
methods provide the lexibility to robustly process data for the more general class of systems currently of 
interest to DHS. 
In terms of the numerical methods for Compton scatter tomography, most of the work has focused on recov-
ering either the electron density or the total attenuation. A generalized Compton scattering transform that 
falls in the irst category was proposed in [20] to reconstruct the attenuation map of the object of interest. 
The energy dependency of the attenuation coef icient at the scattering point was not considered there. In 
[21], the energy dependency of the attenuation is taken into account by approximating the attenuation as 
a linear function of energy. The algorithm tries to recover the total attenuation coef icient with an itera-
tive minimization method and performed robustly in the presence of noise. The linear approximation to 
the attenuation holds in the cases that the range of energy change is small, which again is not the regime of 
interest in our work. One of the few studies seeking to recover the electron density combines three different 
interactions, luorescence, Campton and absorption, of the X-ray with the elements within the sample [22] 
to directly estimate the unknown luorescence attenuation map using Compton scattering measurements. 
Another approach in X-ray Compton tomography assumes the attenuation coef icient is known from a prior, 
traditional CT scan, resulting in a linear mapping from density to observations [23]. In addition to ignoring 
the dependence of attenuation on density, for the limited view problems of interest to us, it is far from clear 
that a high idelity attenuation map will be in our possession.
To summarize, the majority of the research to date in the area of Compton tomography focuses on either ana-
lytical solutions which are suitable for limited system geometries or on the recovery of either attenuation or 
electron density over a limited energy range. We contend that to characterize the materials inside the object 
of interest for DHS applications, recovery of the electron density (or in our case, the mass density) along with 
attenuation is essential. Thus, here we develop a physical model for Compton scattering tomography which 
considers both density and the photoelectric coef icient as the quantities to be estimated in subsequent pro-
cessing work. The model accounts in a rigorous manner for both scatter (dependent on density) and atten-
uation (depending on density and photoelectric absorption coef icient) and is appropriate for limited view, 
multi-energy data acquisition systems of the type currently under consideration by DHS vendors.
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To be concrete, Figure 1 represents the setup of 
the sources and detectors and is motivated by 
the systems under consideration in our collabo-
rative efforts with AS&E. Each source produces a 
pencil beam that can be scattered while traveling 
through the object and, as a result, is detected po-
tentially by all detectors.  In the Compton scatter-
ing process, the X-ray photon transfers part of its 
energy to an electron and is scattered in a differ-
ent direction. Therefore, the scattering process 
is highly related to the material characteristics, 
especially to the density, which will be one of the 
physical properties we seek to recover.  The ener-
gy of the scattered photon is 

                                                                       (1)

where E is the incident energy,  and me  is 
the electron mass, c is the light velocity and θ(r, rD 
, rD ,)  is the scattering angle, which can be calcu-

lated based on the position of sources and detectors via
          (2)     
     
Referring to Figure 1, r-rD is the vector from the interaction point r to the detector located at rD and similarly 
for r-rD , . By integrating over the contribution of each interaction point along the ray path from an individual 
source to detector D, the total absorbed intensity at detector D´ which detects scattered rays can be written 
as 
            (3)

where
•  I0 is the initial intensity of the X-ray beam.
• h(r2 , r1 , E) is the attenuation of the beam intensity at energy E along the line connecting r1  and r2 .
• ρ(r) is the mass density at the interaction point.  
• S(r , θ , E) is the scattering factor where we have suppressed the dependence of θ on r, rD and rD , to ease 

notation.
•  is a delta function along the line connecting the source to the primary detector. 
In a bit more detail, the attenuation of the beam at energy E along a linear path between two points r1 and r2 
is related to the absorption coef icient via

                   (4)

where μ(r , E) is the absorption coef icient here taken as a the linear combination of Compton and photo-elec-
tric absorption as follows:
                    (5)

In (6), ρ(r) is the mass density, NA is the Avogadro number, Z(r) and A(r) are the atomic number and atomic 

Figure 1: Setup of the sources and detectors. A ray from source 

S
1
 to primary detector D

2
 is scattered with angle θ3 at the inter-

action point r and is absorbed by detector D´.
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weight, p(r) is the photoelectric coef icients, fp(E) = E-3  and  fKN(E) is the Klein-Nishina cross section
            (6)

The scattering factor, S(r , θ , E), in our model is related to the Compton scattering cross section via

              (8)

where  is the differential Klein-Nishina cross section which gives the fraction of the X-ray energy 
scattered at angle θ as 
           (9)

where re is the electron radius.  Finally we note that the ratio  can be approximated to  for most of the 
elements [22], thereby simplifying both (5) and (8).

B.1. X-ray tomography model in discrete form

To obtain a discrete form of this model, we begin by assuming that the object area is discretized on a Carte-
sian grid with Np = N × N elements as shown in Figure 1.  Now, the number of sources and detectors, NS and 
ND, determine NSD = NS × ND , the total number of raypaths over which absorption data will be collected.  For 
each ray path j = 1, ... , NSD, the total attenuated beam intensity caused by scattering is calculated for each de-
tector D'k , k ∈ {1,2,... , ND}\{j} , which is not located on the straight raypath as shown in Figure 1.  Replacing all 
integrals by Riemann sums, the discrete equivalent to (3) is
                 (11)

where rj , l is the midpoint of the l-th pixel on raypath 
j,  is the midpoint of the line segment along the 
raypath through this pixel and  is the length of 
the line segment along raypath j crossing this pixel 
as demonstrated in Figure 2.
Because one of the goals in terms of the imaging is 
the recovery of the density, and different rays cross 
the same pixel in many ways, we make the distinc-
tion between rj , l and   so that only one unknown 
will be associated with each pixel but we still pro-
vide the correct geometry (speci ically, the correct 
scattering angles) in the speci ication of the forward 
model.  In this discrete model, attenuation due to 
absorption between two points is
      (12)

where  is a row vector of length Np whose en-
tries correspond to the length of the line segments 
crossing each pixel on the path from point r1 to r2 

and μ(E) is the lexicographically ordered vector of attenuation coef icients at energy E.  Finally, the discrete 
form of the scattering coef icient S is related to the scattering angle and the initial energy such that

Figure 2: Along the raypath j, which is from source S to 

detector D, rj , l is the midpoint of the l-th pixel,  is the 

midpoint of the line segment inside of the pixel along the 

raypath and  is the length of the line segment.
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          (13)
where  can be computed using (2). 

B.2. Results

We consider a system consisting of a single source and 81 detectors arranged as in Figure 1. We assign a num-
ber to each detector, starting clockwise from the upper left corner. The primary absorption detector (number 
41) is taken to be the one on the diagonal. The region of interest is a size of 20 × 20 cm and is discretized 
into  200 × 200 pixels. We have chosen a range of energies from 20 KeV to 120 KeV. To best understand the 
nature of the data available from our model, we assume that the source is monochromatic and leave it to 
future efforts to consider the complexities associated with a polychromatic source spectrum. To explore the 
nature of the data obtained by considering scatter, we consider a simpli ied problem of a single, homoge-
neous, circularly shaped object located in the center of the ield of view embedded in air.  We then vary the 
material (aluminum, plastic and water) as well as the radius (2 cm and 4 cm). Compton and photoelectric 
attenuation coef icients are obtained from [24].  All calculations are performed in Matlab on a Macbook Air 
with a con iguration of 1.3 GHz Intel Core i5 processor and 4 GB memory. The computation time of the model 
is approximately 10 minutes.
To begin, we consider the case of a plastic phantom of radius 4 cm. As is evident from (11), the data are a 
function of detector location, the incident energy of the monochromatic X-ray beam and the scattered energy.  
Thus, for given incident energy, the model predicts that each detector received data at a collection of energies 
depending on where the scattering events took place in the region of interest.  In Figure 3, we plot off the log 
of the data (interpolated) as a function of scattered energy and detector position for two incident energies, 
20 KeV and 120 KeV.  From Figure 3, it is evident that there is signi icant structure in the data as a function 
of space (detector location), observed scattered energy and the energy of the incident beam even when only 
a single absorption raypath is used. As we discuss in some more detail below, “opening up” the data space to 
include spatially distributed observation of scatter as a function of energy supports our hypothesis that even 
in sensing geometries traditionally regarded as limited view, there is information which can help improve 
image formation and materials characterization.  

For ease of visualization and interpretation however, in the remainder of this report, we will “integrate out” 
the scattered energy variable and plot according to the following equation: 
                        (14)  

Figure 3: Scattered energy distribution as a function of detector position and energy for 4 cm plastic target for two 

incident energies.
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In Figure 4, we display  for the 4 cm plastic phantom 
as illustrated.  The presence of the object is indicated by 
a sudden decline in the scattered intensity function for 
detectors 20 to 60. In other words, we see a distinct, en-
ergy dependent spatial “signature” associated with this 
target using only a single primary attenuation raypath 
and no rotation of either the sources and detectors or 
the target.  This observation enhances our con idence 
in being able to turn data into meaningful maps of ma-
terial properties in the coming years as described more 
fully below.
Figure 5 represents the results of the proposed forward 
model for three different materials, water, plastic and 
aluminum, at several incident energy levels. As we can 
see there are signi icant differences among the differ-
ent materials especially between metal and the other 
two.  As the energy increases, so do the distinctions.  
This result bodes well especially for locating metals 
and correspondingly reducing the associated imaging 
artifacts that plague current CT systems.   These plots 
also suggest that by considering Compton scattering, more distinguishing features like the material of the ob-
ject, are retrievable even with access to limited views which is almost impossible in conventional absorption 
attenuation based methods.

In a inal experiment, we examine the extent to which object size is re lected in the data.  Figure 6 on the 
next page illustrates the scattered intensity results for different energy levels for two aluminum targets, one 
of radius 2 cm and the other 4 cm.  As it is shown in the plots, there is a noticeable difference between the 
scattered intensity values and also the number of the detectors that received most of the scattered beam is 
limited for the smaller object. In this way, we can also obtain some information about the size of the object 
inside the luggage based on a single view. 

Figure 4: Scattered beam intensity function observed 

by each detector. The energy range of 20 KeV-120 is ap-

plied to a circle-shaped object of radius 4 cm.

Figure 5: Scattered intensity for three diff erent materials water, plastic and aluminum at diff erent energy levels.
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In summary, the results of the forward model support our hypothesis that even with limited view data, the 
use of scattered energy gives rise to distinct spatial-spectral signatures in the data corresponding to vari-
ations in object size, shape and location. These observations also support our feeling that there is strong 
value in building an algorithm to reconstruct the density and the photoelectric coef icient which provides us 
essential information about the objects and leads us to solve the issues preventing the high quality images of 
the objects like metal artifacts. 

C. Major Contributions

• Phase 2, Year 2: We have developed a tractable, analytical model capable for X-ray scattering and attenu-
ation.  The model has been instantiated in the form of a Matlab-based code that will be made accessible 
to the broader DHS community. We believe that the model can be used effectively and ef iciently in the 
context of image reconstruction methods seeking to recover spatial maps of electron density and pho-
to-electric absorption information from limited view, multi-energy X-ray data.  

• Phase 2, Year 1: Our initial efforts under Phase 2 of ALERT support was the development of a compu-
tational forward model for multi-energy, limited view X-ray scanner modeled on the AS&E CANSCAN 
system, the limited view system which is to form the basis for the 13-05 project. At the start of Phase 2, 
Year 2, we decided to move away from this absorption-only model as we began to explore the potential 
for scattered photon data to address the many challenges associated with the processing of limited view 
information. 

D. Milestones

Having developed the fundamental physical model, the tasks to be completed in the coming years are as fol-
lows:
• The development of image formation algorithms. Building on our work in [26] as well as the X-ray luores-

cence inversion ideas discussed in our review of the state of the art, we will develop variationally-based, 

Figure 6: Scattered intensity for an object made of aluminum with two diff erent sizes.
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iterative methods for stably recovering maps of density and photoelectric absorption coef icients from 
multi-energy X-ray absorption and scattering data collected in geometries similar to those considered in 
the technical approach section of this report.

• The validation of image formation algorithms. In conjunction with the AS&E 13-05 project, we will un-
dertake a data collection campaign to obtain scanner data that can be used to validate the performance 
of our processing methods. Of speci ic interest here are: (a) quantifying the ability of our approach to 
successfully identify materials of interest both in isolation and when embedded in a cluttered environ-
ment; (b) exploring the ability of these scatter-based methods to naturally reduce artifacts arising from 
the presence of metal items in the region of interest; and (c) resolving the organic-type materials that are 
located in close proximity to metal objects.

E. Future Plans

In the coming year we will be focusing on the development of an initial algorithm based on the model described 
in this report for constructing photoelectric and electron density images from limited view, multi-energy 
X-ray absorption and scatter data.  The work will be based on: (a) the ideas developed in [26] in the context 
of the full-view dual energy reconstruction problem considered under Task Order 3, where we were looking 
to form images of Compton scattering and photoelectric absorption maps coupled; and (b) the methods in 
[10,12], where joint scatter and absorption reconstruction was considered for X-ray luorescence problems. 
Under our Task Order 3 effort, a variational (optimization-based) algorithm was created which exploited the 
fact that the Compton scattering pro ile was, in a mathematically precise sense, “easier” to recover than the 
photoelectric. The underlying cost function was created which used the Compton image to help stabilize the 
photoelectric and an ef icient Alternating Direction, Method of Multipliers (ADMM) optimization algorithm 
was developed to recover images from data. For the coming year, we will expand on these ideas in a number 
of ways in light of the speci ic nature of the problem under consideration here:
• Rather than dual-energy data, we will be provided with multi-energy data.  It may well be the case that 

the information content of these data with respect to photoelectric and density will differ from the dual 
energy situation. Speci ically, we hypothesize that low energy data will be of great use in recovering pho-
toelectric absorption information while the higher energy data will be more sensitive to electron density.  
We will explore this hypothesis via sensitivity analysis derived from the physical model. Should it prove 
true, we will develop regularization methods which encourage similarity between the photoelectric and 
density images in a more symmetric manner than was the case in [26].  If photoelectric absorption is still 
dif icult to recover, regularization based on the work in [26] will be adapted. 

• In [26], absorption projection data were acquired from around the region of interest though, perhaps, 
sampled coarsely in angle. For the problem of interest here, the source/detector geometry is far more 
constrained; however our work over the past year indicates that collection of scatter data should add 
a good deal of information. Again, quantifying just how much information and developing appropriate 
mathematical stabilization methods will be of interest over the coming year. For example, referring to 
Figure 1, with sources in the lower left corner, recovery of high resolution reconstructions in the upper 
left and lower right region of the scene may be challenging, while information about structures close to 
the main anti-diagonal and in the upper right corner may be easier to obtain. Should this, or some similar 
type of space varying maximal resolution, be encountered, we can build in Prof. Miller’s work in [27-29] 
to construct scale and space adaptive regularization methods.

• The inal component of the work over the coming year will be the development of an iterative method 
for solving the resulting optimization problem. Here we are con ident that an ADMM approach can be 
synthesized, which will draw also on the methods considered for the X-ray luorescence imaging methods 
mentioned above. We anticipate that the resulting iterative scheme will be comprised of relatively simple 
individual steps, with the most complex requiring the solution to a linear least square problem. Of inter-
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est to us will be using existing iterative methods such LSQR [30] to provide ef icient methods for solving 
these linear least square “sub-problems”. Success here will be important in terms of the long term utility 
of our research, where ef icient implementation will be more of a concern.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Student Internship, Job or Research Opportunities

A portion of AS&E’s membership fee was used to provide support for Jon Foley to engage in summer work 
which led to his Master’s thesis on post-processing methods for X-ray baggage scanning.

B. Other outcomes that relate to educational improvement or workforce development

The two students who have worked on this project both have bene itted greatly from the experience.    Mr. Jon-
athan Foley received his Master’s in Electrical and Computer Engineering from Tufts University in the spring 
of 2015 where his thesis work focused on image analysis and target enhancement for three-dimensional, 
limited view X-ray CT data.  This effort represented for him an opportunity to apply and extend the ideas he 
learned in the classroom to a problem of immediate practical relevance.  Speci ically, he employed advanced 
image processing techniques for contrast enhancement of features, which in turn signi icantly improved the 
identi ications of objects of interest in luggage. Additionally, he was able to apply computer science theory to 
improve the ef iciency of the algorithms necessary for data transforms between physically collected linear 
absorption data and mathematically modeled spatial density arrays.  Upon graduation, Mr. Foley was hired 
as a Technical Support Engineer at Cognex Corp, Natick MA, a leading supplier of industrial machine vision 
systems in no small part because of the direct applicability of the methods he explored in his MS thesis work 
to the problem so interest to Cognex.   
The second student, Ms. Hamideh Rezaee, is currently pursuing her PhD in Electrical and Computer Engi-
neering at Tufts under full support from ALERT. This project has provided her with a special educational 
opportunity to engage in fundamental research on a problem that is of intense interest to a wide range of 
people. By attending the most recent ALERT program review in March, 2015, where Prof. Miller made an oral 
presentation to the review committee and the attending community about the progress of her project, Ms. 
Rezaee was able to experience, irsthand, the high level of interest and relevance in her work. In the inter-
vening months, as Professors Miller and Tracey have worked with Dr. Couture from AS&E to plan for 13-05, 
her effort on multi-energy Computon scatter reconstruction has proven to be central to this collaboration. In 
the remaining years of her PhD studies, Ms. Rezaee will be provided with a rather unique experience where 
the results of her efforts will be directly translated to our industrial partner, and via the ADSA workshops, 
disseminated to a broader community of researchers from academia, corporate labs and the government. 

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

We are seeking to address challenges associated with automated scanning and threat detection in both 
checked luggage and baggage that is inspected at checkpoints. The overall goal is to determine spatial maps 
of material properties in an automated manner from multi-energy X-ray data collected in limited-view types 
of geometries characteristic of many systems currently under development by DHS contractors.   The results 
of these efforts will be a reduction in the false alarm rate of these systems along with increased accuracy in 
the localization and characterization (size, shape, material type) of threat objects.  Any metric that quanti ies 
the accuracy of the material maps can be used to evaluate the performance of our work including:

ALERT 
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-B.2

575



• Confusion matrices capturing the percentage of correctly and incorrectly labeled pixels for scenarios 
where ground truth is known.

• If one is concerned with purely binary problems (threat object versus all other types of materials), then 
that receiver operating curve’s plotting detection probabilities versus false alarm measures could be de-
veloped.

• Finally, we could visualize accuracy using uncertainty cloud analysis developed as part of ALERT Task 
Order 3 and employed in [26]. These clouds would plot the average value and irst standard deviation 
ellipse of the distribution of photoelectric and electron density over known target regions in our recon-
structions.  In comparing multiple candidate processing methods, smaller ellipses and means closer to 
ground truth are indicators of higher accuracy.  

B. Potential for Transition

The Tufts groups is part of a team led by commercialization partner, AS&E, and includes researchers from 
LLNL who are developing a next generation multi-energy X-ray scanning system and associated threat de-
tection algorithms under support from DHS via the 13-05 program. As part of this effort, AS&E has agreed 
to collect data that can be used to validate the algorithms and models discussed in this report. Professors 
Miller and Tracey have collaborated with AS&E on a continual basis since 2011 on projects related to im-
age processing and threat detection from a variety of X-ray-based data sources in the context of personnel 
screening, vehicle screening and luggage inspection. As both the work under 13-05 and ALERT proceeds, we 
will certainly look to transition the methods developed under ALERT support to the system being developed 
under 13-05. 

C. Data and/or IP Acquisition Strategy

As noted above, data will be acquired under the 13-05 effort involving Tufts, AS&E (lead) and LLNL to val-
idate and re ine the methods being developed under support from ALERT. Any Intellectual Property devel-
oped during the effort will be disclosed, potentially become patent disclosure and perhaps a patent, if the 
importance of the IP warrants.

D. Transition Pathway 

In addition to the collaboration with AS&E, the team at Tufts is very willing to present the work discussed in 
this report at future ADSA meetings.  In addition, Professors Miller and Tracey have engaged in discussions 
with the following vendors concerning collaboration on X-ray imaging algorithms:

1. Analogic: David Lieblich
2. Rapiscan: Shiva Kumar, Dan Strellis, Ed Franco

While these discussions have not as yet yielded the same level of engagement as the AS&E collaboration, we 
are always willing and interested in pursuing transition activities.  

E. User and Commercialization Partner Connections

See response above.
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V. PROJECT DOCUMENTATION 

A. Peer Reviewed Journal Articles 

Pending - 

1. Brian H. Tracey and Eric L. Miller, “Stabilizing dual-energy X-ray computed tomography reconstruc-
tions using patch-based regularization,” Inverse Problems. In review.

B. Other Conference Proceedings

1. Eric Miller, “R4-B.2: Multi-energy, Limited View Computed Tomography,” presented as part of the 
ALERT Second Year review, March 10, 2015.

2. Jon Foley, Brian Tracey and Eric Miller, “Few-view, high-resolution inspection”, presented at ADSA 
11, November 5, 2014.

C. Student Theses or Dissertations 

1. Jon Foley, “3D Localization Algorithms for Industrial Few-View X-ray CT Imaging Systems”, April 17, 
2015, Master of Science in Electrical Engineering.

D. Software Developed

1. We have developed a fully commented Matlab code and associated user manual implementing the 
absorption and scattering model described in this report.  We are currently working with the ALERT 
administration to determine how it can be distributed to the community and expect that this can be 
accomplished by August 31, 2015.
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R4-B.3: Advanced Automated Target Recognition 

(ATR) in Security Imaging

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Venkatesh Saligrama Co-PI BU srv@bu.edu

David Castañón Co-PI BU dac@bu.edu

Joe Wang Post-Doc BU joewang@bu.edu

Ziming Zhang Post-Doc BU Zzhang14@bu.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Jing Qian PhD BU 8/2014

Yuting Chen PhD BU 5/2016

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

This project is organized along two thrusts. The irst thrust is high-throughput screening. We propose al-
gorithms based on a hierarchical network of classi iers. This is critical both in portal systems, where high 
throughput requires signi icant automated decision support, and in standoff systems where the proliferation 
of multimodal data can overwhelm human interpretation. 
Speci ically, this project will leverage existing sensors, imaging modalities and explosive detection algorithms. 
Some modalities such as Active Millimeter Wave (AMMW) and Human Inspection can be time-consuming. To 
improve detection performance and maintain high-throughputs, the proposed scheme will selectively route 
subjects sequentially through different stages. Subjects that do not pose threats exit the system early. In our 
preliminary experiments involving several benchmark datasets, we have shown that on average our scheme 
can improve throughput by as much as 50% without sacri icing detection performance. We have also con-
ducted experiments with AMMW, Infrared and Passive Millimeter Wave (PMMW) modalities. For this sce-
nario in our proposed scheme, we can show that with 47% AMMW utilization, namely, on 47% of selectively 
chosen subjects, we can match the detection rate when AMMW is used on all of the subjects. Since AMMW is 
far more time-consuming than Infra-Red (IR) it follows that our throughput gains can be signi icant.
The second thrust focuses on detection methods. Our high-throughput screening methods hinge on high-ac-
curacy detectors for different imaging and sensing modalities. The goal in this thrust is to develop concepts 
for next-generation ATR algorithms for Advanced Imaging Technology (AIT) and standoff detection that are 
robust, increase probability of detection, reduce false positives, and extend to broad classes of AIT/ATR sen-
sors, such as mm wave scanners, passive IR, X-ray backscatter, and other concepts. 
The suite of new algorithms will improve effectiveness in the screening of people in airports, which is of sig-
ni icant interest to TSA.  Our fundamental assumption is that it is too slow or costly to collect full sensor data 
on every object of interest, either for training, or during real-time operation.  Thus, it is important to develop 
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technologies that identify the right set of information to collect on individuals automatically, based on the 
most recent collected information. 
The new algorithms will also impact standoff detection algorithms for suicide bombers, which is of interest 
to other agencies within DoD and the State Department. The efforts are aimed at developing a robust surveil-
lance system for pervasive and persistent detection capability. Improved ATR concepts for AIT is of particular 
interest to mm wave and x-ray backscatter vendors.  Our goal is to perform standoff detection of concealed 
explosives at low false alarm probability and near certain probability of detection. 
The long-range impact of this research will be the development of adaptive, high throughput risk-based 
screening algorithms for different combinations of sensing modalities that exhibit improved sensitivity/
speci icity over conventional approaches.

B. State-of-the-Art and Technical Approach

B.1. Hierarchical network of classi iers for high-throughput screening

Our work is closely related to the prediction time active feature acquisition (AFA) approach in the area of 
cost-sensitive learning. Our objective is to make sequential decisions of whether or not to acquire a new fea-
ture to improve prediction accuracy.  Figure 1 illustrates some of the main concepts in this context. Baggage 
or an individual could either be inspected by an imaging technique such as X-Ray or Active Millimeter Wave, 
or inspected by a human.  Some of these inspections are time-consuming leading to low throughput. We can 
view the suite of sensors as a network and sequentially determine which object must be routed through what 
sensor. There are cases where an object must be lagged for complete human inspection while there are other 
cases that may only require X-ray. We hope to learn a policy that will adaptively determine which sensors to 
utilize for an object. In this way we propose to improve the average throughput.

There is extensive literature on adaptive methods for sensor selection for reducing test-time costs. It argu-
ably originated with detection cascades (see [24, 5] and references therein), a popular method in reduc-
ing computation cost in object detection for cases with highly skewed class imbalance and generic features. 

Figure 1: Proposed method illustrates a hierarchical network of classifi ers for high-throughput screening for check-

point screening. Some modalities such as AMMW and Human Inspection can be time-consuming. To improve detec-

tion performance at high-throughputs the proposed scheme routes subjects sequentially through diff erent stages. 

Subjects who do not pose threats exit the system early such as after an IR –based diagnosis. 
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Computationally cheap features are used at irst to ilter out negative examples and more expensive features 
are used in later stages. Our technical approach is closely related to Trapeznikov et al. [19] and Wang et al. 
[21, 20]. Like us they formulate an Empirical Risk Minimization (ERM) problem and generalize detection 
cascades to classi ier cascades and trees and handle balanced and/or multiclass scenarios. Trapeznikov et al. 
[19] propose a similar training scheme for the case of cascades, however it restricts their training to cascades 
and simple decision functions, which require alternating optimization to learn.
Conceptually, our proposed method is closely related to Xu et al. [23] and Kusner et al. [13], who introduce 
cost-sensitive trees of classi iers (CSTC) for reducing test time costs. Like our proposed method they propose 
a global ERM problem. They solve for the tree structure, internal decision rules and leaf classi iers jointly 
using alternative minimization techniques. Recently, Kusner et al. [13] propose Approximately Sub-modular 
Trees of Classi iers (ASTC), a variation of CSTC which provides robust performance with signi icantly re-
duced training time. 
Generative methods [17, 3, 10, 11, 8] pose the problem as a Partially Observed Markov Decision Process 
(POMDP), learn conditional probability models, and myopically select features based on information gain of 
unknown features. Markov Decision Process (MDP)-based methods [6, 12, 9, 4] encode current observations 
as state, unused features as action space, and formulate various reward functions to account for classi ication 
error and costs. He et al. [9] apply imitation learning of a greedy policy with a single classi ication step as ac-
tions. Dulac-Arnold et al. [6] and Karayev et al. [12] apply reinforcement learning to solve this MDP. Benbouz-
id et al. [4] propose classi ier cascades within an MDP framework. They consider a ixed-ordering of features 
and extend sequential boosted classi iers with an additional skip action.

B.1.a. Concept

We brie ly present some of the mathematics that govern much of our approach. Note that in our context, the 
statistical models governing sensor measurements are unknown. Our network of classi iers/sensors setup 
is described in Figure 2 for the purpose of illustration. For explosives detection, one could acquire measure-
ments irst from a mm-wave scanner. Based on these measurements one may decide whether or not to require 
a part/full-body inspection by a different technique. The main difference between the conventional decision 
scheme and our problem is that we also incorporate throughput in addition to detection accuracy. We will 
show in some of our experiments that we can obtain the same accuracy with 50% increase in throughput.

Figure 2: An example decision system of depth two: node g
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B.1.b. Theory

A data instance, X, can consist of M sensor measurements, x = (x1, x2, … xM). Each data instance has a label 
(threat & type of threat or not-a-threat) and in general belongs to one of L classes indicated by its label y. Each 
sensor’s throughput rate is encoded in terms of a cost measure, Cm. We represent our decision system as a bi-
nary tree.  The binary tree is composed of K leafs and K - 1 internal nodes. At each internal node, j, is a binary 
decision function, sign (gj(x)). This function determines which action should be taken for a given example. 
The binary decisions, gj(x)’s, represent actions from the following set: stop and classify with the current set 
of measurements, or choose which sensor to acquire next. Each leaf node, k = 1, …. K, represents a terminal 
decision to stop and classify based on the available information. We assume that the classi iers (or detectors) 
at each leaf, fk (x), are given and ixed. We propose methods for learning these detectors as part of our second 
thrust. Our objective here is to learn the decision functions: gj (x)’s. The learning problem can be described in 
terms of a risk-minimization objective.

Here g=(g1, g2, … gK) is the set of decision functions corresponding to the different imaging modalities (sensor 
measurements) and Rk(fk,x,y) is the risk of making a decision at a leaf k . It consists of two terms: error of the 
classi ier at the leaf and the cost of sensors acquired along the path from the root node to the leaf. Sk is this 
set of sensors, and  is a parameter that controls trade-off between acquisition cost and classi ication error.

Our goal is to ind decision functions that minimize the average empirical risk, namely,

Unfortunately, the objective is not only non-convex but the decision at any stage, j, is hopelessly coupled (de-
pendent) on decisions made at earlier stages as we see from the equation below.

where, Pk,j takes binary values and is one if and only if on the path to leaf k a decision node j takes a positive 
decision. Similarly Nkj also takes binary values and is one if only if on the path to leaf k a decision node j takes 
a negative decision.
For this reason. the state-of-the-art has considered special cases of this objective either by ignoring informa-
tion from earlier stages and/or myopic settings (a scenario where only one sensor is going to follow next).
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B.2. Convex programming and reduction to linear programming problem 

A major contribution of our work is a method to disentangle this coupled objective and solve the problem 
globally using convex programming techniques. We show in our recent work that the risk objective can be 
expressed as an extremal point of a sum-of-indicator functions. Speci ically, we can reformulate our objective 
formally as follows (see Wang et. al. [21]):

C. Major Contributions

where the w’s are pre-determined weighting functions. Note that the left hand side is exactly our empirical 
objective while the right hand side is a minimum over a family of K weighted indicator functions. We can now 
follow exactly along the lines of supervised learning. We compute upper bounds to the indicator functions 
with various convex loss surrogates. In particular, if hinge loss functions are chosen as surrogates, the re-
sulting loss reduces to piecewise linear functions. We will then be in a situation of minimizing a maximum of 
linear family of functions. This is precisely a Linear Program.

B.2.a. Experiments

We have compared our approach to existing state-of-the-art techniques including myopic approaches as well 
as alternative minimization techniques. The discriminative myopic strategy rejects observations by thresh-
olding classi ication con idence at each stage. This strategy does not consider future costs, instead it looks 
only at current uncertainty and is therefore considered myopic. The non-convex (alternative minimization) 
algorithm attempts to minimize the empirical risk of the system using alternating minimization. After a ran-
dom initialization, the algorithm attempts to optimize each decision function, g, by ixing all other decision 
functions and minimizing the empirical risk. 
We performed experiments on several datasets including the threat dataset. Our results are based on the 
datasets chosen from UCI machine learning repository. As seen from Figure 3 on the next page our algorithm 
outperforms the conventional myopic strategy and achieves the same performance as the inef icient alter-
native minimization method. More importantly, these results also show that we can double the throughput 
while achieving nearly the optimal accuracy.

B.2.b. Results on Explosive Simulants Dataset

We now describe some of our results on a dataset containing explosive simulants, provided by Reveal Imag-
ing.  This dataset contains images taken of people wearing various simulants, obtained by different sensing 
modalities at a modest standoff distance.. The imaging is done in three modalities: IR, PMMW, and AMMW. All 
the images are registered to a common coordinate system. We extract many patches from the images and use 
them as our training data. We learn threat-no threat detectors for this training data using an approach that 
will be described in Section B.3.  For the purpose of describing our experiment here, a patch carries a binary 
label such that it either contains a threat or it is clean. IR and PMMW are the fastest imaging modalities but 
also less informative. AMMW is slow since it requires raster scanning a person but it is the most useful. There 
are a total of 1230 body images in the dataset. 
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We use this data set to illustrate our adaptive screening technique.  The idea is to determine which types of 
imagery should be collected on each individual.  An example of a basic inspection strategy is illustrated in 
Figure 4.  Initially, a PMMW image may be examined for indicators of concealed objects.  Subsequently, an 
IR image can also con irm the presence of such concealed objects.  Finally, an AMMW image can be used to 
provide suf iciently discriminative information to classify the object as a threat.  Note that, after each image 
is collected, the system can decide there is no threat present, thereby avoiding the extra effort to collect the 
additional imagery. 

We also obtained ROC curves that highlight the advantages of using our inspection strategy over a centralized 
approach wherein the person is scanned with all the sensor modalities before any decision is made.  Figure 5 
on the next page illustrates the performance of the adaptive system with different sensing budgets, parame-
terized by the reject rate: the percentage of individuals that require AMMW information to determine a good 

Figure 3: Comparison of error vs. average budget trade-off s between a myopic approach, a non-convex optimization 

approach, and our linear programming algorithm. Our linear programming approach clearly outperforms the myopic 

approach, and generally matches or exceeds the non-convex approach with the added benefi t of reduced computa-

tional cost, repeatability, and guaranteed convergence. In the case of the pima dataset, the LP is outperformed by the 

non-convex approach for small budgets due to the discreteness of the fi rst stage data.

Figure 4: Illustration of Inspection Strategy consisting of three diff erent scanning schemes.
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threat/no threat decision.  Note that at a 50% reject rate, we obtain the same detection/false alarm perfor-
mance as a centralized system where all the sensor measurements are irst obtained before any decision is 
made, indicating that our adaptive system would use AMMW in only 50% of the individuals in the system.

B.3. Explosive detectors for imaging modalities

In an imaging medium, explosives manifest as anomalies with respect to the background. This is often dif-
icult because we generally do not have good models for anomaly or background characteristics because of 

signi icant variation across different items. Background can vary signi icantly in content while anomalies 
can vary signi icantly in shape/texture/intensity. For this reason adaptive data-driven approaches are often 
required.   Data driven approaches for detection identify local anomalies by means of visual saliency, name-
ly, identifying local visual attributes that signi icantly differ from the surrounding image attributes. Indeed, 
detection of localized anomalies has been described in a number of papers in statistics and the data mining 
literature. Most data mining approaches focus on algorithms and do not provide statistical guarantees [22, 
23]. Much of the focus in the statistics literature is on parametric model-based approaches, where the models 
are customized to speci ic applications. Nominal parametric models are irst estimated from data and then 
anomalies are detected whenever a temporal data sequence deviates from that predicted by the nominal 
model. Nominal temporal data is usually modeled as a moving average or other autoregressive models [24, 
25]. Anomalies are detected when a target data sequence deviates from the model. The drawback of these 
approaches is that nominal models are generally unknown. Our approach is non-parametric as in [30, 31] 
and makes no assumptions about the anomaly or background. We differ from existing statistical approaches 
in that we can characterize in the set of all contiguous shapes by means of convex constraints. Our proposed 

Figure 5: ROC curves for adaptive inspection scheme with diff erent sensing budgets. The diff erent curves correspond 

to the average number of instances when AMMW is utilized for detecting threats. Thus the blue curve is the baseline 

and corresponds to the case when AMMW is never used. We note that with 47% AMMW utilization the ROC perfor-

mance is close to using 100% AMMW utilization, i.e., on all subjects.
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method then is a detector that identi ies contiguous shapes that look different from the background. 
To understand this approach we consider the case where the background is characterized by a Gaussian (or 
Poisson or any other exponential family) distribution and whose intensities are independent across differ-
ent pixels. Note that our approach does not require this but we do so here for the purpose of exposition. We 
assume that the explosive is a contiguous shape such as the one in Figure 4 where the foreground intensity 
of the pixels corresponding to the explosive are somewhat elevated and form an unknown contiguous shape. 
We denote by yi the pixel intensity at pixel i. The variable M is a mask taking non-negative values. Its support 
determines candidate locations for the explosive. We formulate the following convex programming objective 
to determine candidate locations:

The main contribution of our work is in terms of the constraint imposed on the Mask, M. We have shown 
in our recent work [32] that we can describe the combinatorial problem of looking for unusual continuous 
shapes in terms of convex constraints. This is what CLMI refers to in the above optimization problem. It has 
two parameters and the second parameter refers to connectivity of the shape. The higher the value of the 
more ``rounded’’ the shape. Small values of  correspond to thin ``snake’’ like structures. Explosives typically 
correspond to intermediate values.
A decision that an explosive exists is made if the value of the objective function is above some threshold. In-
terestingly in our work [32] we also show that such a detector is minimax optimal. In other words we show 
that we can obtain the same false alarm/missed detection performance as a brute force detector that can 
score all the combinatorially many connected sets and select the optimal threshold for detecting unusual 
shapes.

B.3.a. Experimental results

We will now describe the detection procedure used for the explosive simulants dataset that led to the results 
in Figure 5. In that dataset, we are given images of subjects (people) wearing anomalous objects. 
The dataset statistics are summarized as:
• Number of Samples: 1230
• Modalities: IR, PMMW, AMMW
• Number of Views: 4

Image Size/View: 700x400
The images have 4 views: front, back, left and right as shown in Figure 6 below.

We divided the body into image patches, and within each patch, we obtain feature values corresponding 
to the different modalities. In our preliminary work, we chose these feature values for each modality to be 

Figure 6: Illustration of the diff erent views (front, back, left and right) collected for each imaging modality.
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the average of pixel intensities within the image patch. This leads to a 4-dimensional vector for each image 
patch corresponding to the four views.  We then applied our LMI-based anomaly detection algorithm. This 
algorithm is able to detect anomalies by eliminating many isolated instances that appear to be anomalies 
but are in fact, general false positives. Groups of a few image patches are unlikely to be anomalies even when 
they have abnormally small scores. This is because real targets are larger and spread across several image 
patches. On the other hand, groups of several image patches that are all clustered are identi ied to be targets.  
We combine these individual detectors with our adaptive classi ier management scheme to determine which 
information is collected for which individuals, leading to the results in Figure 5.

C. Major Contributions

We have developed new approaches for adaptive classi iers that can separate test cases into explosive threats, 
non-threats and ambiguous objects needing further attention, in a Bayes optimal manner taking into ac-
count the relative costs of different types of errors plus the cost of additional tests. These techniques have 
been applied successfully in many real-world datasets increasing the sensitivity and speci icity of the automat-
ed decisions.  The underlying assumption is that there is an expensive, but very accurate, mode of detection 
(e.g. manual inspection) that should be invoked infrequently.
Our recent work [20, 21] is based on Prediction Time Cost Reduction approach [11]. Speci ically, we assume 
a set of training examples in which measurements from all the sensors or sensing modalities as well as the 
ground truth labels are available. Our goal is to derive sequential reject classi iers that reduces cost of mea-
surement acquisition and error in the prediction (or testing) phase.
We developed a novel convex framework for learning decision functions on sensor trees to train a hierarchi-
cal network of classi iers for high-throughput screening. We reformulated the multi-linear empirical risk as 
an extremal point of linear superposition of indicators. This allows for construction of a linear upper bound 
that appears to produce Bayes consistent decisions. Surprisingly, empirical evidence on limited yet challeng-
ing datasets suggests that restricting lexibility of the system does not result in performance loss. Further 
study is warranted to fully understand the tradeoffs of our limited system against a lexible system.
In the context of explosive detection we propose to view the problem as detection of anomalous observa-
tions on some unknown connected subgraph, to represent the amorphous shapes that explosives can take. 
This problem can be formulated in terms of optimization of suitable objectives on connected subgraphs, a 
problem, which is generally computationally dif icult. We overcome the combinatorics of connectivity by em-
bedding connected subgraphs into linear matrix inequalities (LMI). Computationally ef icient tests are then 
realized by optimizing convex objective functions subject to these LMI constraints. We prove, by means of a 
novel Euclidean embedding argument, that our tests are minimax optimal for an exponential family of distri-
butions on 1-D and 2-D lattices. We show that internal conductance of the connected subgraph family plays 
a fundamental role in characterizing detectability. In particular, we can obtain the same false alarm/missed 
detection performance as a brute force detector that can score all the combinatorially many connected sets 
and select the optimal threshold for detecting unusual shapes.

D. Milestones

We list two major milestones we would like to achieve in our future work. The irst milestone is dynamic threat 
detection for high-throughput screening with high detection accuracy. An advanced checkpoint-screening 
system calls for signi icant increase in throughput and detection accuracy.  This poses signi icant challenges 
at the physical processing, as well as systems layers. We propose to develop novel Risk-Based-Screening 
methods for adaptive application of multiple sensing modalities for next generation checkpoint screening by 
leveraging our current work on a network of classi iers. We propose a dynamic system that will seamlessly 
and adaptively integrate information from multiple sensing sources and will route passengers adaptively 
through the appropriate modalities, including human search.  We envision systems that include 3-D X-ray 
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screeners, current and next-generation AIT, metal detectors, as well as trace sensors.  The key to our system 
is that it will apply needed sensors with a mind to maintaining throughput, selectively using slower tests on 
higher-risk passengers and carry-on baggage. 
The second milestone is new concepts for enhanced threat detection for imaging sensors. Next-Gen systems 
call for carry-on-luggage screening without the need for removing any liquids or electronics from the carry-on 
baggage. These systems call for localizing the regions of threats for improving throughput. Unfortunately, ex-
plosives/threats have amorphous shapes. We propose to leverage our graph-theoretic approach to segment 
such shapes and classify them. The main challenge here is that our current technique would have to be ex-
tended from anomalous shape detection to shape segmentation and classi ication. Our algorithms would also 
need to be accelerated for real-time computation when dealing with 3-D volumetric imagery, similar to what 
is expected of carry-on or checked luggage.   Our goal in Year 3 would be to develop fast methods for rapid 
segmentation, which can be tested in some of the ALERT datasets involving checked luggage imagery.

E. Future Plans

Our research in these areas is breaking new ground and our objectives are to develop processing and sys-
tem-level techniques that will dovetail with next-generation sensing modalities envisioned by DHS for their 
future checkpoint systems. Speci ically, Next-Gen plans (RFP HSTS04-15-RFI-CT7999) call for screen-while-
walk systems. These pose signi icant challenges for check point and carry-on baggage screening. In addition, 
the RFP calls for traf ic optimization to meet steady state and burst demands to handle varying traf ic. TSA 
envisions high throughputs exceeding 500 items/hour with passengers walking at a normal pace and with-
out the need for removing liquids etc. from carry-on baggage. Furthermore, in order to minimize human 
intervention, the goal is to localize threat regions and cue human operators to those regions. 
Our goal is to develop Risk-Based Screening methods that will incorporate existing and envisioned next gen-
eration sensors and integrate information from multiple sources for dynamic threat detections. We will de-
velop low-level processing methods for improving and localizing threats. At a systems level, we will develop 
methods that adapt to different sources of information to optimize throughput while maintaining high detec-
tion accuracy.
Our anticipated Year 3 Outcomes include a new graph-based representation of stand-off measurements from 
different imaging modalities. We propose to extract features and associate graphs for DHS relevant appli-
cations. We also propose to model threats and background clutter for improving detection accuracy. For 
future years and beyond, we propose to develop deformable models to characterize body parts.  We propose 
methods for rapid search algorithms for isolating threat locations while ensuring low false alarm and missed 
detection. We plan to test and validate performance on ATR systems.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

• Improved ATR algorithms for AIT, such as X-ray backscatter and mm wave imaging.  The resulting algo-
rithms can be used for anomaly detection in many different modalities that are image-based. 

• Development of ATR for check point and checked luggage. 
• Development of adaptive sensing algorithms for risk-based screening at checkpoints
• Effective standoff detection of concealed explosives.
• Improved probability of false alarm and probability of detection while maintaining needs system through-

put at checkpoints.
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B. Potential for Transition 

• Improved ATR concepts for AIT are of particular interest to mm wave imaging and X-ray backscatter im-
aging vendors.

• Improved algorithms for exploitation of real time sensing information in adaptive risk-based screening is 
an important area with increasing interest for checkpoint applications.

C. Data and/or IP Acquisition Strategy

We propose to use existing datasets collected by ALERT that were used to test segmentation and object rec-
ognition algorithms as the test cases for validating the theories for threat detection.  For the multisensor risk 
management, we will work with our projects in the R2/R3 thrusts to identify models of sensor performance 
that can be integrated into simulation experiments.

D. Transition Pathway

We will present our results at workshops to industry practitioners, and collaborate with them to transition 
the technology into systems. 

E. Customer Connections

Due to the speculative, basic research nature of the work, we have not pursued customer connections at this 
time.  The research is targeted for future system concepts.  Once our results are validated on ALERT experi-
mental data, we will present the results to several vendors to explore transitions.

IV. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

Pending-

1. M. Rohban, V. Saligrama. “Minimax Optimal Sparse Poisson Recovery.” IEEE Transactions on Signal 
Processing, under review.

2. F. Nan, J. Wang, V. Saligrama. “Accuracy-Cost Trade-offs for Max-Cost Discrete Function Evaluation 
Problems.” Information Processing Letters, under review.

B. Peer Reviewed Conference Proceedings

1. J. Qian, V. Saligrama, “Learning  Ef icient Anomaly Detectors from KNN Graphs, 18th International 
Conference on Arti icial Intelligence and Statistics (AISTATS) 2015,” Journal of Machine Learning 
Research, W&CP, 2015

2. Z. Zhang, V. Saligrama, “Rapidly Accelerated Proximal Gradient Algorithms, 40th IEEE International 
Conference on Acoustics, Speech and Signal Processing (ICASSP), 2015. 

3. M. Hanawal, V. Saligrama. “Ef icient Detection and Localization on Graph Structured Data.” 40th IEEE 
International Conference on Acoustics, Speech and Signal Processing (ICASSP), 2015. 

4. Jing Qian, V. Saligrama, “Ef icient Minimax Detection on Graphs.” 28th Annual Conference on Neural 
Information Processing Systems (NIPS), December 8-13, 2014.

5. J. Wang, T. Bolukbasi, K. Trapeznikov, V. Saligrama. “Model Selection by Linear Programming.” ECCV 
2014 – European Conference on Computer Vision, September 6-12, 2014.
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C. Other Presentations

1. Invited Speaker
a. V. Saligrama, “Signal Detection on Graphs,” 52nd Annual Allerton Conference on Communication, 

Control, and Computing, October 1-3, 2014.
b. V. Saligrama, “Topic Modeling Approach for Ranking,” Simons Institute, UC Berkeley, March 2015.

2. Colloquium Speaker
a. V. Saligrama, “Geometric Approach to Topic Modeling,” Univ. of Michigan, April 2015
b. V. Saligrama, “Geometric Approach to Topic Modeling,” North Carolina State University, March 

2015

D. Student Theses or Dissertations

1. Qian, Jing “Unsupervised Learning in High Dimensional Space,” PhD, Systems Engineering, Boston 
University, August 2014.

2. Wang, Joe “Local Learning by Partitioning,” PhD, Electrical and Computer Engineering, Boston Uni-
versity, December 2014.
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R4-B.4: Integrated Reconstruction/Recognition

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Clem Karl Co-PI BU wckarl@bu.edu

David Castañón Co-PI BU dac@bu.edu

Limor Martin Post-doc BU limor@bu.edu

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

In CT-based security screening, a challenging problem is to correctly identify and label objects in a scene from 
X-ray projection data. Conventionally, material parameter reconstruction and labelling are performed as two 
decoupled steps. Image artifacts induced from metal and other clutter cause variations in apparent material 
density as well as streaking that can break up homogeneous objects, making their correct identi ication and 
assessment challenging. In this project, methods are developed that incorporate the tools of machine learn-
ing, physical modeling and Bayesian inference into a uni ied framework for direct material identi ication and 
labeling. Reliable material labelling is critical to the ef icient operation of the checkpoint, which is made ex-
tremely challenging due to the large range of objects that can appear in baggage, the presence of high clutter, 
and metal induced image artifacts. The new approach that has been developed can mitigate image artifacts 
and robustly label materials, thus reducing the number of corner cases, which can in turn reduce false alarms 
and the need for On-Screen Alarm Resolution Protocol (OSARP) and manual inspection.

B. State-of-the-Art and Technical Approach

A challenging problem in CT-based screening is inding and labeling objects of interest in the scene [1-5]. Tra-
ditional approaches perform decoupled steps in obtaining material labels. The irst step performs image pro-
cessing, such as iltering and denoising, in an attempt to reduce noise and image artifacts. These processed 
images are then labeled or segmented in an attempt to ind objects and determine their underlying materials 
cut [12, 13]. We have developed a new direct, dictionary-based method for material labeling from Multi-En-
ergy Computed Tomography (MECT) measurements. This new method takes into account the system model 
information together with a dictionary-based model of the measured sinograms. The linear attenuation coef-
icients (LACs) of the materials of interest are used as dictionary elements. The typically decoupled approach 

and the new proposed joint approach are illustrated in Figure 1.

Figure 1:   Object segmentation and labeling: decoupled (typical) versus joint (proposed) paths.
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The observed normalized log-sinogram data in MECT sensing follows the non-linear Beer-Lambert law of 
X-ray imaging [8-10]:

where Is (  )  is the measurement along ray-path     for spectral weighting s, ws(E) is the spectral weighting 
function S used in the measurement, and μ(x, E)is the LAC of the material at spatial location X and energy E, 
which identi ies the material present at that location. Examples of LAC curves and spectral weighting func-
tions are shown in Figure 2.

The characteristics of the material at spatial location X are captured through the energy dependent function 
μ(x, E). Typically, this function is approximated as a linear combination of only two basis functions [11], such 
as the photoelectric and Compton basis functions. In the security application, however, we are less concerned 
with accurate representation of the function than with accurate identi ication of the material at that spatial 
location. In this work we focus on this identi ication aspect.
Initially, we developed a irst principle physics-based approach starting from the MECT projection data for 
the estimation of the material label image. The approach takes into account the tomographic system model 
through the Beer-Lambert law. The novel component is that a dictionary-based model of the materials of in-
terest in the scene is used, with the LACs of materials of interest used as the dictionary elements. Dictionary 
coef icients are estimated using a sparsity constraint and then used to identify material labels that match the 
observed multi-energy observations. A Markov random ield (MRF) type model, which captures our belief 
that the label ield should display spatial coherence, is used to suppress artifacts. This spatial coherence re-
lects the behavior of objects in the scene and serves to further our goal of preventing the splitting of objects.

Speci ically, we create a dictionary of LACs of the few materials of interest:

where μk  is a vector representing the LAC of material label k as a function of (discretized) energy level. This 
dictionary provides an overcomplete basis for representing the material LAC in the scene. Let cx  be the LAC 

 

Figure 2:   Left: the linear attenuation coeffi  cient (LAC) curves of a few example materials. Right: examples of spectral 

weighting functions w
s
(E) used in X-ray based sensing (normalized to unit sum).
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composition vector for the pixel at location x in the scene. The LAC of the material at pixel location x is then 
given by the linear combination of dictionary elements speci ied by the product Dcx. Since we believe there 
is only a single material at pixel x, we assume sparsity of the vectors cx such that only a single entry of cx will 
be 1 and the rest 0. We ind the material labels by solving a uni ied optimization problem with this dictio-
nary-based scene model under the previous Beer-Lambert X-ray observations. The overall formulation is:

The irst summation in the formula above is a data idelity term. It is de ined as the squared error between 
the measured sinogram and the dictionary-based model based on the physical Beer-Lambert law. The second 
term is a Potts-type MRF prior term. This term penalizes any differences in dictionary coef icient vectors for 
pixels in a small neighborhood. Different coef icient vectors correspond to different labels and the desire is to 
increase the coherency of the label ield. The minimization is performed subject to the constraints that only 
a single entry of any coef icient vector cx  at spatial location x is equal to 1. These constraints re lect the belief 
that there is only one material at each spatial location, and that this material is associated to a particular 
column of the material dictionary D. A solution is obtained by an iterative process that solves for each cx  in 
sequence while keeping the others ixed. All the material possibilities are tested and the one that provides 
the lowest value of the cost function is selected. Note that this new approach is performing direct, integrated 
segmentation and labeling in contrast to conventional ad-hoc multi-step processes. We call this method the 
“dictionary labeling” method.
While the above dictionary labeling method exploits the complete physical sensing model as well as knowl-
edge of material X-ray behavior and scene construction through a dictionary, it requires detailed knowledge 
of system parameters, such as sensing geometry, spectral shapes, material LACs, etc., and can be compu-
tationally demanding because repeated tomographic mappings are required in its solution. As a result, a 
more recent thrust of our research in this project has focused on the development of ef icient data-driven 
approaches using machine learning and graph-cut methods [14]. In this second approach, we start from 
conventionally formed effective attenuation images for each multi-energy experiment, which are natively 
available, and then directly learn the conditional appearance model for each material of interest from a set 
of such training data. As a result, explicit physical models of the complete tomographic system and detailed 
information on material LACs are not needed. Given this learned multi-energy appearance model, a discrete 
label-based optimization is performed for material type. The optimization functional includes prior knowl-
edge of the nature of typical security image artifacts, allowing for their suppression.
To develop the method, let       and         denote the conventionally created effective attenuation images for a 
high energy and low energy X-ray CT scan, respectively. Extension to more than two energies is straight for-
ward. At any spatial location x, the appearance of a material in these two scans is modeled as a probability 
density

conditioned on the label lx of the material at that location. This density captures the potential variability in 
material appearance and is directly found using machine learning kernel density estimation techniques from 
training data. In this way, the method directly captures appearance uncertainty and does not require detailed 
or explicit physical material or scanner knowledge.

H L
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Unfortunately, conventionally created effective attenuation images may contain streaks [7], which cause the 
splitting of objects and shading, resulting in the corruption of attenuation values. The probabilistic appear-
ance model can capture and model a portion of this variability, providing some mitigation, but direct incorpo-
ration of additional prior information can improve the inal result. For example, a large source of artifacts in 
luggage scans is the presence of metal objects. Further, such metal artifacts are often stronger the closer the 
pixels are to the metal object. To re lect this insight, observed data near metal objects is assumed less reliable 
and, therefore, down weighted.  In addition, to prevent object splitting and reduce attenuation variability in 
homogeneous regions, an object boundary ield is used.
Overall, material labels at each pixel location and segmentation of objects is obtained jointly as the solution 
of the following optimization problem:

In this framework        and        are the conventionally formed effective attenuation images obtained from mea-
surements with two different (high and low) spectral weightings, lx  is the material label at pixel x,

is the learned appearance model for material label lx  at pixel x, vj are data weights which down-weight data 
points in the vicinity of metal, λ is a non-negative regularization parameter and gMRF = (l1, l2, ... lN, s) is an MRF 
smoothing term, which is based on an estimate of the image boundary ield S. This MRF model captures local 
coherence of material labels and takes into account an estimate of object boundaries to further ensure label 
homogeneity within an object. Figure 3 on the next page shows the main components of the method for an 
example slice from the Imatron scans database. The resulting optimization problem is a non-convex, dis-
crete label problem, which are, in general, challenging to solve. To accomplish this optimization, an ef icient 
graph-cut based method has been developed. Such graph-cut methods have been popular in the computer 
vision land discrete optimization literature, but have not been used in this domain. These methods map the 
original optimization problem to an equivalent graph low problem and a minimal cut of this graph provides 
the optimal solution. These methods have shown great success in producing ef icient near optimal solutions 
for very challenging discrete problems, and are well suited to our application. We call this overall method 
“learning-based object identi ication and segmentation” or LOIS.
In contrast to existing methods, LOIS incorporates machine learning methods for appearance model gener-
ation, obviating the need for complex tomographic models. LOIS includes prior knowledge of security-based 
artifact behavior, reducing splitting and shading and, thus, reducing false labelling. LOIS also directly gener-
ates material labels through an inherently discrete, label-based solution built on ef icient graph-cut methods.

H L
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Figure 3:   Illustration of the main components of the learning-based graph-cut labeling method. The left column gen-

erates the learned appearance models, which account for variability and materials of interest. The middle column gen-

erates an object boundary fi eld, used in the smoothing term. The right column generates a map of metal and corre-

sponding metal-sensitive data weights. Data points close to metal are given lower weights.  All three components are 

used in the overall graph-cut based optimization at the bottom. 
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C. Major Contributions

We have developed and tested our new methods for robust material identi ication from multi-energy X-ray 
sensed data. Using LOIS, we have developed a robust and ef icient learning-based method for direct material 
labeling from multi-energy data sets. This method exploits the physics of multi-energy imaging and the pow-
er of machine learning. An integrated framework incorporating prior knowledge of artifact behavior reduces 
false alarms. Direct labeling is accomplished through a graph-cut based optimization approach. 
 We tested our methods by creating direct labeling of material from dual-energy CT data. We implemented 
the methods described above and tested them on real dual-energy data from the Imatron scans database 
obtained under ALERT Task Order 3 (TO3). These are dual-energy scans of different objects in bags obtained 
with 95 kVp and 130 kVp source spectra. 
For the dictionary labeling method, we constructed a dictionary with the LACs of graphite, magnesium and 
silicon, providing four possible material labels: graphite, magnesium, silicon and background (air). We ap-
plied the method to a scan slice that had graphite, magnesium and silicon rods, which were placed in foam 
inside of a plastic case. The results are shown in Figure 4. The labeling results seem to be accurate and we see 
that the MRF prior helps maintain object homogeneity.

Figure 4:  Material label images using the dictionary labeling method for a slice with graphite, magnesium and silicon 

rods placed in foam inside of a plastic container. The magnesium rod is on the left, the graphite rod is in the middle 

and silicon is on the right. The dictionary was composed of graphite, magnesium and silicon LACs. Graphite is labeled 

in light blue, magnesium is labeled in yellow, silicon is labeled in red and background is labeled in dark blue. Top: ini-

tialization. Bottom left: result with no MRF prior. Bottom right: result with an MRF prior. The method achieves accurate 

material labeling and, using the MRF prior, helps to get more homogeneous results.  
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For the LOIS learning-based graph-cut labeling method, in this period, we have extended our preliminary 2D 
slice-by-slice results to a fully 3D solution and compared it to a conventional K-nearest neighbor (KNN) clas-
si ier trained with the same data. Training data was obtained for the following material labels: water, doped 
water, rubber and metal. Everything else was treated as an “other” category, which included background, air 
and unmodeled materials. The learning-based method automatically creates an appearance model for these 
things. Figure 5 shows a typical result from the Imatron data. On the left are cross-sections of the original 
high-energy input image. In the middle are the results obtained from a conventional KNN labeling approach.  
On the right are the results obtained with LOIS. In these images, water is dark blue, doped water is light blue, 
rubber is green, metal is orange and background is yellow. Despite the presence of metal and its associated 
streak artifacts, as well as signi icant clutter materials, the object materials of interest, in this case rubber 
sheet objects and doped and undoped water (blue shades), are correctly labeled without splitting or breaks. 
Overall, image quality is greatly improved.

Figure 5:  Original 130kVp image cross-sections (left column), conventional KNN labeled cross-sections (middle col-

umn) and LOIS labeled cross-sections (right column). Water is dark blue, doped water is light blue, rubber is green, 

metal is orange and background is yellow. Rubber sheets and water bottles are correctly found despite metal streaks 

and signifi cant clutter.
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Overall, these methods provide physics-based principled approaches for direct material labeling in the face 
of a large clutter class that contrasts current ad hoc, two-step decoupled approaches. The potential gain of 
such optimal methods are reduced artifacts, lower false alarms and improved material labeling.                       

D. Milestones

The project as originally envisioned has reached the following major milestones:  
1. Theoretical formulation of a novel integrated learning-based classi ication framework for dual-en-

ergy CT with integrated artifact mitigation;
2. Initial controlled simulations to validate the concept and re ine formulation;
3. Application to single slice dual-energy images using TO3 datasets
4. Extension of the method from 2D to a fully 3D approach; and 
5. Application of the method to multi-energy volumetric image data from TO3.

E. Future Plans

Our future plan is to merge the robust learning-based automated recognition work under R4-B.4 with the 
artifact mitigation developments under R4-C1 and focus on a new direction motivated by advanced X-ray-
based checkpoint screening. In particular, this new direction would aim to address current limitations identi-
ied, for example, in TSA RFI HSTS04-15-RFI-CT7999 together with the requirements for the next generation 

checkpoint. These goals include enhanced screening with lower false alarms, higher throughput and auto-
mated target identi ication. In addition, these goals need to be met with limited scanner footprint, weight and 
cost. To accomplish this, scanners will need to create 3D images from limited numbers of views and utilize 
novel, non-rotational geometries. We propose to incorporate the lessons learned from our previous projects 
to develop new algorithms for highly-limited-view tomographic reconstruction, artifact suppression and uni-
ied learning-based object identi ication based on compressed sensing and coded-aperture methods coupled 

with powerful optimization solver approaches, such as ADMM. We will exploit and adapt our previous work 
on non-conventional, limited geometry synthetic aperture radar reconstruction to these challenging security 
problems. One aspect of this work will focus on reducing the number of projection views needed for satis-
factory reconstruction quality through the use of sparsity and compressed sensing methodologies. Another 
aspect of this work will focus on development of robust material models from training data.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Course, Seminar or Workshop Development

Special session for ICIP 2015 on Computational Imaging is being developed. 
Graduate course on image formation called “Image reconstruction and restoration” was conducted with 15 
enrolled students.

B. Other outcomes that relate to educational improvement or workforce development

Ahmet Tuysuzoglu graduated with his PhD in Electrical and Computer Engineering in 2014 from Boston Uni-
versity. He is now working as a research scientist at Siemens Corporate Research.
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IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

This project is of relevance to the DHS enterprise because it is developing methods to mitigate image artifacts 
in an effort to cope with the large and unstructured class of clutter materials in baggage in multi-spectral CT 
scanning. These approaches can reduce the number of corner cases and false alarms, which in turn can re-
duce the need for OSARP and manual inspection. These concerns will grow as the use of multi-spectral X-ray 
scanning increases at the checkpoint.

B. Potential for Transition 

Interest at TSA, TSL & DHS EXD for evaluation on CT explosives data. For example, R. Krauss from TSL has 
expressed interest in evaluating the LOIS method.

C. Data and/or IP Acquisition Strategy

Data from the Imatron scanner acquired under TO3 were used for demonstration and validation.

D. Transition Pathway

The novel methods developed in this effort have been disseminated to vendors through workshops and prior 
student engagement in summer internships.  Vendors could incorporate the methods being developed in 
this project into their ATR chains. Several vendors at the symposium for the TO3 “Research and Develop-
ment of Reconstruction Advances in CT-based Object Detection Systems” effort supported by DHS Task Order 
Number HSHQDC-10-J00396, (e.g. L3) commented that they had not thought that results this good could be 
obtained directly from dual-energy data. In addition, TSL/S&T personnel (C. Love, R. Krauss, and R. Klueg) 
expressed interest in collaborating with us to see how well these methods would perform on laboratory ma-
terial samples.

E. User Connections

TSL/S&T personnel (R. Krauss) expressed renewed interest in collaborating with us to see how these meth-
ods would perform on laboratory material samples presented at the twelfth Advanced Development for Se-
curity Applications workshop (ADSA12).

V. PROJECT DOCUMENTATION

A. Peer Reviewed Journal Articles

1. A. Tuysuzoglu, W. C. Karl, I. Stojanovic, D. A. Castanon, and   S. Unlu, ``Graph-cut based Discrete-Val-
ued Image Reconstruction,’’  IEEE Trans. on Image Processing, Vol. 24, No. 5, May, 2015.

2. L. Martin, A. Tuysuzoglu, W. C. Karl, P. Ishwar, ``Learning-based object identi ication and segmen-
tation using dual-energy CT images for security,’’ IEEE Trans. on Image Processing, Vol 24, No. 11, 
2015.
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B. New and Existing Courses Developed and Student Enrollment

New or 

Existing

Course/Module/

Degree/Cert.

Title Description Student                    

Enrollment

Existing Course Image reconstruc-

tion and restoration

Graduate course on image formation 15

C. Software Developed

1. Datasets
a. TO3 and TO4 Data resources
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R4-C.1: Advanced Multispectral Computed 

Tomography (CT) Algorithms

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Clem Karl PI BU wckarl@bu.edu

David Castañón Professor BU dac@bu.edu

Limor Martin Post-Doc BU limor@bu.edu

II. PROJECT DESCRIPTION

A. Overview and Signi icance 

Explosives represent a continuing threat to aviation security [1-4]. Dual-energy X-ray computed tomography 
(DECT) attempts to use the additional energy-dependent material information obtained by making multiple 
energy-selective measurements of attenuation. DECT methods estimate a small number of material-speci ic 
parameters at each image location and use them for material discrimination. A pair of commonly used pa-
rameters are the photoelectric and Compton coef icients, which are derived from a physics-based X-ray at-
tenuation model. Conventional DECT methods are mostly targeted at medical applications, which have fewer 
artifacts. In the security application, many different materials may be scanned in various degrees of clutter 
and metal objects are common. In this application, image noise and metal artifacts are more severe and can 
lead to less reliable estimates of the photoelectric and Compton coef icients. In this project, we developed 
a new structure-preserving dual-energy (SPDE) method for the formation of enhanced photoelectric and 
Compton coef icient images. This framework greatly reduces the noise and artifacts present in photoelec-
tric and Compton images compared to conventional DECT results. The improved images can lead to more 
accurate subsequent material and object identi ication, resulting in fewer false alarms, greater security and 
reduced passenger inconvenience.

B. State-of-the-Art and Technical Approach

Several DECT techniques have been suggested since the 1970s [6-8]. They are mostly targeted at medical 
applications and do not deal with the image artifact mitigation necessary for security applications [11-14]. In 
contrast to existing work, this project developed a new structure-preserving dual-energy inversion method 
(SPDE) for the formation of enhanced photoelectric and Compton coef icient images for security needs. We 
form the images as the solution of an optimization problem which explicitly models the physical tomographic 
projection process. Metal induced streaking is reduced by appropriately down-weighting unreliable data. 
A boundary-preserving prior based on [9] is incorporated to improve object localization. In particular, we 
estimate a mutual boundary- ield along with the photoelectric and Compton images. The boundary ield pro-
vides accurate object localization and allows smoothing inside the objects.
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The observed normalized log-sinogram data in DECT sensing follows the non-linear Beer-Lambert law [5-7]:

where ws(E) is the spectral weighting used in the measurement, μ(x, E) is the linear attenuation coef icient 
(LAC) of the material at spatial location  X and energy E and Is(  ) is the measurement along ray-path    for 
spectral weighting S. Examples of LAC curves and spectral weighting functions are shown in Figure 1.

The characteristics of the material at spatial location x are captured through the energy dependent function 
μ(x, E). Typically, this function is approximated as a linear combination of a few basis functions [9]. A com-
mon choice of basis functions in DECT are the photoelectric and Compton functions. The LAC representation 
in the photo-Compton model is given by:

where fp(E) and fc(E) are the photoelectric and Compton energy-dependent basis functions, and ap(x) and 
ac(x) are the corresponding material-dependent coef icients at each spatial location x. The photoelectric and 
Compton basis functions and photoelectric and Compton coef icient pairs for a few example materials are 
shown in Figure 2 on the next page. The goal is to separate materials on the basis of their coef icient values.

 

Figure 1:   Left: the linear attenuation coeffi  cient (LAC) curves of a few example materials. Right: examples of spectral 

weighting functions w
s
(E) (normalized to unit sum).
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In many DECT methods, the goal is to reconstruct the coef icient images ap(x) and ac(x), given the dual-energy 
measurements I1 (  ) and I2 (  ). Since the problem is nonlinear and high-dimensional, a well-known solution 
approach is to separate it into two decoupled sub-problems. In the irst sub-problem, a nonlinear set of equa-
tions is solved for the basis coef icient sinograms Ap(l) and Ac(l) de ined as

The second sub-problem is tomographic reconstruction of the basis coef icient images ap(x) and ac(x), from 
these sinograms. This reconstruction step is usually accomplished by applying iltered back projection (FBP) 
to each sinogram individually and as such mutual structure information is not used.
Our focus in this work is on improving the solution of the second sub-problem in DECT; i.e., reconstruction 
of the basis coef icient images from the sinograms. This problem is related to the ield of multi-sensor image 
fusion. Each basis coef icient sinogram may be regarded as observations obtained from a different measure-
ment channel/modality. In our SPDE method, we utilize the mutual structure information and reconstruct 
the coef icient images jointly. In this way, object localization may be improved in both images. An illustra-
tion contrasting the similarities and differences between the typical DECT and the proposed approaches are 
shown in Figure 3 on the next page.

Figure 2: Top:  The photoelectric and Compton basis functions. Bottom: A scatter plot of the photoelectric and Comp-

ton coeffi  cients of a few example materials.
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The general formulation of SPDE in vector form is given by the following:

where S is a common fused boundary ield, T is the tomographic operator, D is the derivative operator, Wz  is 
a data weighting matrix, Wps  and Wcs  are weighting matrices derived from s, and λi are non-negative regular-
ization parameters. 
Three effects are explicitly captured in the formulation above. First, the scanner tomographic model T, 
capturing the geometry of the data acquisition, is used. Inclusion of this model for allows the use of non-con-
ventional scanning geometries, as has been suggested recently for non-rotational or limited angle X-ray scan-
ners, and links the measured sinograms to the property images. Second, explicit use is made of a mutual ob-
ject boundary- ield S to mitigate and limit the propagation of artifacts as well as fuse information from both 
scans, thereby improving object delineation and suppressing streaks. Third, the sinogram data are weighted 
through Wz  to reduce the effect of unreliable, low count rays caused by metal. The presence of explicit prior 
knowledge about artifact effects is important to improve the quality of the inal images.

Figure 3: Top:  Typical DECT reconstruction approach. Bottom: Proposed approach.
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C. Major Contributions

The new SPDE framework generates a uni ied, joint estimate of the coef icient images where object boundary 
information from both scans are combined to provide explicit preservation of region values and boundaries. 
In particular, the more robust Compton image information helps stabilize the more noise sensitive photo-
electric image. We have implemented a 2D version of this framework and demonstrated preliminary results 
in reducing the artifacts in dual-energy photoelectric and Compton imagery on two representative slices. In 
particular, we have reduced metal artifacts and object splitting and improved material property uniformity. 
Figure 4 shows results obtained from 95kVp and 130kVp data obtained from the Imatron C300 CT scanner 
under Task Order 3 (TO3). The top row shows the results of conventional reconstructions of the photoelec-
tric and Compton coef icients. The presence of metal causes severe streaking in the photoelectric image and 
shading and intensity variation in homogeneous regions of the Compton image. Such light and dark streaking 
can lead to object splitting in subsequent segmentation and labeling tasks of an ATR, compromising threat 
identi ication. In contrast, the bottom row shows our new SPDE method. The reduction of streaking artifacts 
is readily apparent, as is the improved uniformity of homogeneous object regions.

In Figure 5 on the next page, we show the corresponding improvement in the percent of pixel SNR relative to 
the conventional FBP approach. Improvements of 100-300% can be seen.

Figure 4:  Two example slices from the Imatron data set for TO3. Top: conventional FBP-based photoelectric and Comp-

ton reconstructions based on decoupled processing. Severe streaking and shading due to metal are evident. Bottom: 

New SPDE reconstructions. Reduction of streaking and improved uniformity of object regions demonstrated.
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A key important goal is to reduce the spread of material property values, which will produce improved classi-
ication outcomes. To this end, we plotted the photoelectric value versus the Compton value for three labeled 

materials to examine the impact of the new method on feature spread. Figure 6 shows scatter or cloud plots 
of the photoelectric mean versus Compton mean for different object materials. These points illustrate the 
potential for improvement in material separability possible with the new method. With SPDE, the material 
clusters become tighter relative to the conventional approach. Thus, SPDE shows promise for more accurate 
and reliable material classi ication results.

Figure 5:  Improvement in mean SNR of the new SPDE reconstructions relative to the conventional FBP approach as a 

percentage. Improvements of 100-400 percent are achieved. 

Figure 6:  Cloud (scatter) plots of object photoelectric mean versus Compton mean following methodology in TO3. 

Each point corresponds to one object and ellipsoids correspond to 1-sigma line. Each color corresponds to single ma-

terial. Tighter clustering of points means less variability of measured material properties and better ability to separate 

material. Left: Results with the conventional DECT method. Right: Results with SPDE. It can be seen that while there is 

still signifi cant variability, the spread of the three material groups has been reduced in the case of SPDE, which has the 

potential for more accurate material classifi cation. 
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D. Milestones

The project, as originally envisioned, has reached the following major milestones:
1. Theoretical formulation of a novel joint reconstruction framework for artifact mitigation in dual 

energy CT;
2. Initial 2-D simulations to validate concept and re ine formulation
3. Extension of formulation to real 2-D data from TO3; and 
4. Initial validation on real 2-D scanner projection data.

E. Future Plans

Our future plan during Year 3 is to merge the artifact mitigation developments under R4-C.1 and the robust 
reconstruction and recognition work under R4-B.4 and focus them on a new direction in advanced X-ray 
based checkpoint screening. In particular, this new direction would aim to address current limitations identi-
ied, for example, in TSA RFI HSTS04-15-RFI-CT7999 together with the requirements for the next generation 

checkpoint. These goals include enhanced screening with lower false alarms, higher throughput and auto-
mated target identi ication. In addition, these goals need to be met with limited scanner footprint, weight 
and cost. To accomplish this, scanners will need to create 3D images from limited numbers of views and 
utilize novel, non-rotational geometries. We propose to incorporate the lessons learned from our previous 
projects to develop new algorithms for highly limited view tomographic reconstruction, artifact suppression 
and uni ied learning-based object identi ication based on compressed sensing and coded-aperture methods 
coupled with powerful optimization solver approaches, such as ADMM.   One aspect of this work will exploit 
and adapt our previous work on non-conventional, limited geometry synthetic aperture radar reconstruction 
to these challenging security problems. We will focus on reducing the number of projection views needed for 
satisfactory reconstruction quality through the use of sparsity and compressed sensing methodologies. An-
other aspect of this work will focus on integrating classi ication and reconstruction in a uni ied process. Yet 
another aspect of this work will focus on development of robust material models from training data.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Course, Seminar or Workshop Development

Special session of ICIP 2015 on Computational Imaging is being developed. 
Graduate course on image formation called “Image reconstruction and restoration” was conducted with 15 
enrolled students.

B. Other outcomes that relate to educational improvement or workforce development

BU PhD student Limor Martin graduated and became a postdoctoral associate working on this project.  She 
now works for Applied Materials Inc., in Rehovot, Israel.

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

This project is of relevance to the DHS enterprise because it is developing methods to mitigate image artifacts 
in X-ray based baggage sensing, serves to optimize information extraction from raw data and provides tools 
to improve response to new threats. These approaches can reduce the number of false alarms, which in turn 
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can reduce the need for OSARP and manual inspection. These concerns will grow as the use of multi-spectral 
X-ray scanning increases at the checkpoint.

B. Potential for Transition 

Demonstration of improved performance of dual-energy CT systems.

C. Transition Pathway

The novel methods developed in this effort are being disseminated to vendors through workshops and 
through prior student engagement in summer internships.  The research was applied to TO3 validation data 
for proof of concept. In addition, as a result of the presentation of this work at the twelfth Advanced Devel-
opment for Security Applications workshop (ADSA12), TSL/S&T personnel (C. Love, R. Krauss, R. Klueg) 
expressed interest in collaborating with us to see how these methods would perform on laboratory material 
samples.

D. User Connections

• Christina Love, Transportation Security Administration 
• Ronald Krauss, Department of Homeland Security
• Robert Kleug, Department of Homeland Security

V. PROJECT DOCUMENTATION

A. New and Existing Courses Developed and Student Enrollment

New or 

Existing

Course/Module/

Degree/Cert.

Title Description Student                    

Enrollment

Existing Course Image reconstruc-

tion and restoration

Graduate course on image formation 15
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 R4-C.2: Algorithms and Architectures for X-ray 

Diff raction Imaging

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

David Castañón PI BU dac@bu.edu

Clem Karl Professor BU wckarl@bu.edu

Graduate, Undergraduate and REU Students 

Name Degree Pursued Institution Month/Year of Graduation

Parisa Babahedarian PhD BU 12/2017

II. PROJECT DESCRIPTION 

A. Overview and Signi icance

This project investigates the development of improved automated explosives detection and classi ication 
algorithms through the fusion of multiple modalities. Of particular interest are techniques that can poten-
tially penetrate luggage and complement the information provided by dual-energy X-ray imaging.  Our effort 
is focused on extracting additional signatures from X-ray excitation beyond the conventional density and 
effective atomic number by using X-ray diffraction.  X-ray diffraction can provide information concerning 
coherent scatter distributions at different locations for different momentum transfer levels.  This coherent 
scatter distribution is a function of the electron distribution in molecules and provides a surrogate signature 
that can serve to specify the type of material in a manner that is complementary to the typical dual-energy 
absorption pro iles.
There are major limitations in current X-ray diffraction systems. First, there is a need to localize the coher-
ent scatter to regions so that the signatures can be associated with speci ic objects inside luggage.  Second, 
the resulting scattered signals from different volumes inside the luggage undergo complex absorption and 
secondary scatter on the way to detectors, which must be compensated for. Third, the measured signals are 
relatively weak, as the fraction of scattered photons is spread over volumetric angles in a frequency-depen-
dent manner, so the signals collected by each detector are limited. In this project, we investigate different 
algorithmic and architectural approaches that can combine information from multiple frequencies and scat-
tering angles at the image formation stage, leading to improved signal-to-noise ratio (SNR) and subsequently 
improving threat detection and classi ication.
Our algorithms provide the basis for coherent scatter image reconstruction for future luggage inspection 
systems, providing information beyond density and effective atomic number. Our architecture comparisons 
highlight the relative performance of alternative architectures for practical X-ray diffraction imaging systems. 

B. State-of-the-Art and Technical Approach

X-ray Computed Tomography (CT) is a well-established modality for non-invasive medical diagnostic imag-
ing and security inspection. In conventional single-energy transmission X-ray CT, an X-ray source with a given 
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energy spectrum is used to radiate an object. The transmitted X-ray intensity through a straight-line path is 
measured at the detectors and used to construct estimates of the spatial distribution of the linear attenuation 
coef icient (LAC) of the material inside the object. In dual-energy systems, two different source spectra are 
used and the LAC is often represented in terms of two basis functions, corresponding to the Compton and 
photoelectric effects. For material identi ication purposes, the coef icients of these two basis functions are 
often transformed into estimates of density and an effective atomic number.
X-ray diffraction imaging (XDI) is currently an 
emerging technology that synthesizes two import-
ant characteristics of X-rays: their ability to form 
images and the ability to perform material analysis 
via representative X-ray diffraction pro iles [8, 11, 
12 and 18]. Originally developed as an analytical 
technique primarily used for the identi ication of 
crystalline material samples, XDI has been devel-
oped over the years to become an alternative im-
aging modality for performing spectroscopic anal-
ysis of complex, extended objects. In contrast to 
conventional X-ray imaging systems, XDI measures 
low-angle coherent scatter and yields the spatially 
resolved coherent-scatter form factor, also termed 
diffraction pro ile, illustrated in Figure 1. Locations 
of peaks in the diffraction pro ile, known as the Bragg peaks, provide molecular structure information that 
can be used as spectral signatures. The high dimensional nature of these feature pro iles makes them desir-
able for distinguishing and detecting the presence of speci ic materials of interest.
XDI systems designed by Morpho Technologies have been incorporated into certi ied luggage inspection sys-
tems [5, 9 and 10]. However, these systems require the use of tube collimators that restrict observed scatter 
to a ixed scatter angle, in order to localize scattering location. They also require the use of polychromatic 
X-ray sources and narrow band photon-counting detectors to measure the diffraction pro ile at each detec-
tor given scattering at a speci ied angle. As a consequence, these systems have slow scan performance and 
low SNR for estimating the diffraction pro ile, as most of the scattered photons are at angles blocked by the 
collimators. 
Alternative approaches based on X-ray Diffraction Tomography (XDT) have been proposed [11-14], whereby 
each detector can collect coherent scatter at multiple angles.  These approaches combine X-ray CT and XDI 
techniques and, thus, use advanced reconstruction algorithms to localize the scattered radiation and esti-
mate coherent scatter form factors for different spatial locations. Early reconstruction algorithms for XDT 
[13 and 14] were mostly based on algebraic reconstruction technique (ART) with high computational cost 
and exploited a dense angular imaging architecture similar to CT.  A modi ied three-dimensional (3D) iltered 
back-projection (FBP) algorithm was developed in [15] that resulted with two orders of magnitude faster 
reconstruction speed compared to ART, although at a loss in reconstructed image quality and requiring dense 
spatial sampling. The algorithm also required monochromatic illumination; signi icant extensions would be 
required for using multi-energy illumination.
There has been extensive recent work at Duke University [18-24] on alternative X-ray diffraction architec-
tures that use both multi-energy illumination and energy sensitive detectors, exploiting the use of coded 
apertures and advanced computational imaging algorithms to reconstruct the coherent scatter form factors. 
Most of their experiments to date focused on imaging isolated materials and have not addressed many of the 
concerns that arise when imaging luggage, such as the presence of signi icant attenuation, beam hardening 
and interference from neighboring objects.  

Figure 1:  Coherent scatter form factor for TNT.
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Motivated by these gaps in the available theory, we focused our efforts on studying tomographic imaging 
architectures for X-ray diffraction and corresponding computational inverse algorithms that were designed 
to work with multi-energy illumination for the imaging of densely packed volumes that include both metallic 
and non-metallic objects.  Since these architectures were notional, most of our experiments involve detailed 
Monte Carlo simulations of measurements provided by simulators such as GEANT4 [25] and are, thus, lim-
ited in scope due both to computational limitations as well as the dif iculty in mathematical representation 
of the contents of suitcases. In our work [16 and 17], we developed novel tomographic inversion techniques 
that lead to enhanced image formation and material identi ication and improve upon the reconstruction 
algorithms provided by ART. By extension of our previous work on THz diffraction tomography, we studied 
alternative architectures for imaging densely packed diverse materials and identi ied relative strengths and 
weaknesses for use in future luggage inspection systems. We discuss the foundations of X-ray diffraction and 
our technical approach below.
The interaction of X-ray photons with matter in an energy range between 20 and 150keV can be described 
by photoelectric absorption and scattering. Scattering encountered in radiology arises through coherent 
(Rayleigh, elastic) scattering and Compton (inelastic, incoherent) scattering. Whereas Compton scattering 
varies slowly with angle, coherent scatter occurs mostly in forward directions and its angular spread has 
a distinct structure, characteristic of the type of material. Coherent scatter is often measured in terms of a 
scattering form factor |F(q)|2 , where q is the momentum transfer and the form factor is proportional to the 
scattering cross-section of the material.  The momentum transfer parameter q depends on the excitation 
wavelength λ and the deviation angle Θ from the straight path, as:       
  

Hence, there are different ways to vary and mea-
sure momentum transfer. For example, knowing the 
X-ray excitation energy, and observing the scattered 
photons at different angles will vary q. Alternatively, 
knowing the angle of observation varying the exci-
tation energy (thus wavelength), will vary q. The lat-
ter approach is used in current commercial scanners 
[9 and 10], where the deviation of broad spectrum 
X-rays are measured at a single ixed de lection angle, 
as constrained by tube collimators, and photon-counting detectors can measure the relative photon counts 
for the different energy levels, corresponding to different momentum transfer levels.  Such an architecture 
is illustrated in Figure 2 and has the advantage that the material in question is interrogated from a single 
direction, rather than requiring multiple directions. In addition, each detector is focused on a unique voxel, 
making the association between the measured scattering form factor and the physical location straightfor-
ward.  However, the main limitation of the architecture is that most of the scattered photons fail to reach the 
detectors and, hence, it takes signi icant time to acquire suf icient signal strength to discriminate materials 
reliably.
In our work, we focused on two alternative architectures that show promise for increasing signal strength 
by collecting scattered photons from multiple locations at each detector. This implies that the localization 
of scattered photons must be done computationally through the solution of an inverse problem. The irst 
architecture is an XDT architecture similar to that proposed in [12] and shown in Figure 3 on the next page. 
In this architecture, a given plane in an object is illuminated and off-plane detectors collect scattered infor-
mation from multiple locations in the plane. The illumination source rotates around the object, along with the 
detectors, providing multiple views of the object. In order to isolate the number of locations that contribute 

Figure 2:  X-ray diff raction imaging system.
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to scatter in each off-plane detector, vertical collimators are used to restrict the locations that contribute 
scattered photons to a detector to those locations in a beam aligned with the projection of the detector on the 
illuminated plane. In such an architecture, the source and detectors would rotate as in current CT systems. Al-
ternative versions of these architecture that would not rotate detectors include electron-beam tomography, 
but the source be excited from different locations.  While our analysis focused on the rotating architecture, 
the results would be similar when using architectures such as electron-beam tomography.  
The second class of architectures we studied were coded aperture architectures, where the object of interest 
is not required to rotate between the source and detectors.  This architecture is similar to that proposed in 
[19 and 20] and uses a coded aperture mask between the object of interest and the detectors, as illustrated in 
Figure 4. This architecture differs from the irst architecture in several ways. First, it uses three ixed projec-
tions, as opposed to a rotating set of projections. Second, the system allows for the mixing of scatter signals 
from multiple beams in the plane, thereby collecting more of the scattered photons at the detectors. 

The three directions of illumination are chosen to be 60 degrees in orientation to provide illumination di-
versity. Each direction illuminates a plane in the object and allows the scattered photons to scatter off-plane 
to a set of scatter detectors. Unlike the approach in Figure 3, no collimators are used between columns of 
detectors; instead, scattered photons from the entire plane pass through a coded aperture that blocks some 
scatter directions on the way to detectors. Figure 4 illustrates one direction of illumination, where a plane of 
X-ray excitation at wavelength λ illuminates the object under investigation. Coherent scatter radiation from 
the illuminated plane passes through a coded aperture before reaching a 2D detector array. 
We developed mathematical models of the above XDI systems and used them as the basis for developing 
tomographic reconstruction algorithms for X-ray diffraction images. The details of these algorithms are doc-
umented in our paper [18] and the thesis [1]. We provide a brief overview of the formulation and techniques 
below.
Consider the illumination geometry illustrated in Figure 4 without the code aperture.  The object is being il-
luminated at a projection angle ϕ by source G units away from the detector array. The intensity at wavelength 
λ at (t, s, 0) is given by

Figure 3:  Tomographic X-ray   diff raction. Figure 4: X-ray diff raction imaging.
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where A(t,s,0) is the exponential expression describing the attenuation along with the incoming radiation 
that reaches the object at voxel (t,s,0). The intensity of coherent scattering from a voxel centered at (t,s,0) 
towards the detector element at position (t, D, h), where h is the off-plane height of the detector, can be mod-
eled as

except a constant factor describing the proportionality. The form factor of interest that we are trying to re-
construct is F(t,s,q) at each voxel position (t,s) for each momentum transfer level q. The last approximation 
assumes small scatter angles that are typical of coherent scatter.
In our rotating XDT systems, detector columns are separated by sheet collimators whose blades are angled 
towards the source. This guarantees that detector element at (t, D, h) only collects photons from scattering 
along the same t, mixed from different s positions. Let B(t, s, h) be the wavelength-dependent attenuation 
from the coherent scatter at (t, s, 0) to the detector element at (t, D, h); the intensity received at this detector 
element is given by

For intensity detectors with cutoff frequencies (λmin, λmax) and area A at off-plane height h from the illumina-
tion plane, the effective area exposed to radiation is 

and the overall intensity detected at (t, D, h) is the integration over the voxels along path at t inside the object, 
averaged over the intensity distribution over frequency, as

The above equation represents the basic mathematical model relating the observed measurements, high-
lighting a key issue: to model the measurements, one requires knowledge of the frequency dependent atten-
uation (A, B in the equation above) along the transmitted and scattered paths. That may require information 
collected from dual-energy or multi-energy transmission imaging.
The above measurement model was derived for energy detectors.  If photon-counting detectors are used with 
frequency bins of halfwidth Δ centered at frequencies λk , the observation model yields an energy at in each 
bin, as 

The above measurement model is based on restricting the scatter to a vertical off-plane direction. In our cod-
ed aperture architectures, we allow more general scatter directions, so this model gets modi ied to include 
effective cross-area for off-line detectors, as

and the new measurement models depend on the side offset t’ as well as the height h, given by
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To construct the images from X-ray diffraction measurements in both systems above, we used computational 
imaging approaches that exploited the sparse measurement structure. The detailed approaches were doc-
umented in the thesis [26]. We pose the XDI reconstruction problem as an inverse problem, reconstructing 
objects slice by slice, estimating for each illuminated object slice a 3-dimensional  intensity distribution b 
(in x, y and q) from its observations y. Here, the imaged ield of view is discretized into N spatial x, y voxels, 
and at each voxel the ield has an M-dimensional value, where M is the number of momentum transfer levels. 
Discretizing the measurement models discussed previously yields a model expressed as

where the variable n represents model errors. Below, we highlight two algorithmic approaches for construct-
ing the images; the details of these and other approaches were documented in [26].  
The irst approach is based on using total variation regularization on the image derivatives. We used this 
regularization on the spatial coordinates but not on the momentum transfer coordinate because we expected 
to image objects with spatial extent, however, the coherent scatter form factors had different structure.  Our 
algorithm IRL1 obtains the reconstruction by solving the optimization problem:

where Wy is a data-dependent diagonal matrix used to represent the Poisson nature of the measurements.   
We solve this nondifferentiable convex optimization problem using standard approaches such as half-qua-
dratic approximations.
The second algorithm is based on edge-preserving regularization, explicitly attempting to estimate boundar-
ies between spatial objects in an approach that generalizes the well-studied Mumford-Shah functional for im-
age segmentation. Using the Ambrosio-Tortorelli relaxation, for each spatial voxel (x,y), we estimate a bound-
ary ield s(x,y) that can be interpreted as the probability that this voxel is an object boundary. Our algorithm 
IREP solves for the reconstructed image and the boundary ield in an integrated optimization approach, with 
objective based on our previous work [1-4], as 

where Ws is a diagonal weight matrix that avoids regularization near edges, as:

To evaluate the performance of our algorithms, we used a couple of simple test phantoms that could be sim-
ulated for each of our architectures. One of these phantoms is a 3-dimensional block composed of a mixture 
of crystalline and amorphous materials: PVC, PMMA, Graphite and Aluminum. The phantom is homogeneous 
in the vertical dimension; since coherent scatter is measured off the plane of illumination, the vertical dimen-
sion affects the coherent scatter through absorption of the scattered radiation, with signi icant reduction in 
signal strength. This phantom is illustrated in Figure 5, on the next page, along with the momentum transfer 
form factors and the linear attenuation coef icients for each material. This phantom has materials with both 
concentrated form factors with sharp peaks (graphite, aluminum) as well as diffuse form factors (PMMA, 
PVC). It also has signi icant metal content with a high linear attenuation coef icient, which can lead to the 
creation of artifacts. Our main reasons for exploring this phantom was to determine the types of artifacts that 
result in the architectures for X-ray diffraction imaging and to identify algorithms that can mitigate those 
artifacts.
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One of the main results of our analysis was to evaluate whether one needed accurate information regarding 
the energy-dependent linear attenuation coef icients of the object of interest, which would have to be ob-
tained from other modalities such as dual-energy imaging.  Our measurement model above requires such 
knowledge to compensate for photon losses along the incoming and scattered path. Without this information, 
one must make approximations regarding these losses as part of the reconstruction algorithms.  One possible 
approach to avoid this is based on our extensions of an approximation suggested in [15], as follows. The idea 
is to obtain a measurement of energy received along the transmission path and de ine new measurements 
based on the ratio of the scattered measurement energy to the transmitted measurement energy. For photons 
with energy level λ, the attenuation along the scattering path can be approximated by the attenuation along 
the transmitted path as:

Then, we de ine the ratio measurement for the tomographic architecture with vertical collimation as

Note that, with the approximation, the normalization yields a model that no longer requires knowledge of 
the attenuation. However, this model requires monochromatic illumination as well the approximation of the 
attenuation. If the X-ray source had a spectrum, even if measured using photon-counting detectors, the ratio 
would be:

and the last simpli ication requires that straight path attenuation and intensity are approximately constant 
in the frequency range of interest.  
To evaluate whether this approximation is suf icient, we performed reconstructions using both accurate lin-
ear attenuation coef icients as well as the approximations developed when one did not have this side infor-
mation, using multienergy excitation from 60 to 72 keV and photon counting detectors with 4 keV resolution, 
along with the X-ray diffraction architecture of Figure 3.  The results are summarized in Figure 6, on the next 
page, using the IRL algorithm. The IREP algorithm gives similar results. The results highlight that, for this 
architecture, the use of the approximate model provides reconstructions that are only slightly degraded rel-
ative to the reconstructions obtained using the side information when photon counting detectors are used, 
even with a coarse energy resolution. This suggests that the architecture of Figure 3 can form images without 

Figure 5: Left: Experiment phantom; Middle: momentum transfer form factors; and Right: linear attenuation coeffi  -

cients for each material in the phantom.
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fusion from dual-energy CT when using photon-counting detectors. Other results we obtained indicate that 
this is not true when only using energy detectors and can be found in [17 and 26]. 

We performed a similar analysis using the coded aperture architecture of Figure 4 with 3 illumination direc-
tions. To simplify the reconstruction, we used monochromatic illumination. The results are shown in Figure 
7 on the next page. Note that the peak corresponding to graphite at 1.3 nm-1 has been smeared over a larg-
er area, and the peak corresponding to aluminum at 2.14 nm-1 has been eliminated. There are also issues 
with respect to the form factors for the amorphous materials. The results imply that, for this coded aperture 
architecture, it is essential to use fusion information regarding linear attenuation coef icients in order to 
compensate for photon path loss in the reconstruction algorithms. This can be explained in part because the 
coherent scatter reaching any one detector comes from many different rays, so the approximation using the 
transmission attenuation is much less accurate than when you restrict scatter to a vertical direction along an 
incoming ray, which was homogeneous given the vertical symmetry of our phantom object.  
We also conducted experiments to illustrate the performances of the different algorithms. Using the coded 
aperture architecture with three different illumination directions and photon-counting detectors with 4 keV 
resolution, we compare the reconstructions obtained by algorithms IRL1, IREP and a variation called IREP-C 
documented in [25], that uses object boundaries obtained from CT images.  The results, shown in Figure 8 
on the next page, indicates that the crystalline regions are reconstructed homogeneously and clearly by the 
different algorithms. In particular, the IREP algorithms localize the geographic extent of the crystalline re-
gions well, with sharp, accurate boundaries. However, there is reconstruction of the amorphous materials, as 
energy from the peaks of the crystalline materials appears at other momentum transfer levels.  Note also that 
the IREP and IRL1 algorithms have dif iculty segmenting the aluminum block due to signi icant self-attenua-
tion of the scattered photons in the aluminum block, whereas the IREP-C algorithm has much more accurate 
reconstruction in that area.

Figure 6: Images of coherent scatter form factors at 0.86, 1.30, 1.66 and 2.14 nm-1 using the tomographic imaging ar-

chitecture of Figure 3.  
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Figure 7: Images of coherent scatter form factors at 0.86, 1.30, 1.66 and 2.14 nm-1 using the coded aperture imaging 

architecture of Figure 4. 

Figure 8: Images of coherent scatter form factors at 0.86, 1.30, 1.66 and 2.14 nm-1 obtained for diff erent reconstruction 

algorithms using the coded aperture imaging architecture of Figure 4. 
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In this past year, we focused on exploring a new class of algorithms for reconstruction of X-ray diffraction 
images based on image dictionaries. Our goal was to improve reconstruction of the amorphous form factors, 
which were dif icult to reconstruct in our previous approaches, as indicated by our results in Figures 6-8.  
Dictionary-based processing is a recent tool used in image processing for a variety of problems, from denois-
ing to inpainting. In our prior work [16 and 26], we had shown that using known form factors for speci ic 
materials as dictionary elements for reconstruction yielded improved accuracy for non-crystalline coherent 
scatter form factors. However, the set of all possible compounds would yield too large a dictionary for such 
techniques to be practical.  
Instead, we designed an overcomplete dictionary of 
splines tailored to exploit the coherent scatter form 
factor structure across the momentum transfer direc-
tion with sharp peaks for crystalline materials and 
smooth variations.  The basis functions for this dic-
tionary are shown in Figure 9. We then designed an 
inverse image formation algorithm that extended our 
IRL1 algorithm to represent the resulting q-images at 
each location as a sparse sum of multiples of dictio-
nary elements, exploiting principles of compressive 
representations by including an l1 penalty on non-ze-
ro coef icients in the objective function. Thus, the 
objective function included a spatial smoothness ob-
jective to represent object regions, and a sparse form 
factor representation to encourage the use of a small 
number of basis functions to represent the underlying 
coherent form factors.  We refer to this new algorithm as IRWS.  The performance for the IRWS reconstruc-
tions is shown in Figure 10 on the next page for data collected using the coded aperture architecture of Fig-
ure 4. The results show improved reconstruction of the areas where non-crystalline materials are present, 
supporting our conjecture that dictionary representations would be useful. Our inal investigation in this 
project expanded on the idea of dictionary representations. In the past decade, several groups [27 and 28] 
have proposed techniques for learning dictionary elements and adapting them based on the speci ic image 
being processed. These techniques have been used primarily for image enhancement and restoration, not for 
inverse problems. In the context of image enhancement, the techniques have shown improved design of basis 
functions that lead to sparse representations and improved image quality. We extended techniques such as 
K-SVD [27] to apply to dictionary learning for X-ray diffraction imaging. We found there is one signi icant dif-
ference in the tomography problem from the image restoration problem: the observation operator is non-lo-
cal, which makes learning a dictionary for local patches dif icult. In our implementation, we used the IRL1 
algorithm to construct an initial X-ray diffraction image, which we used to learn an overcomplete dictionary 
basis.  We found that the quality of reconstruction obtained from the initial IRL1 image was insuf icient to 
identify good dictionary elements in this problem. Given the complexity of this problem, we thought it would 
be best to focus the use of adaptive dictionary learning on simpler problems such as artifact mitigation in 
conventional CT. This effort is under way and will be part of the Year 3 workplan.

Figure 9: Dictionary of spline functions for fi tting sharp 

peaks and smooth form factors.
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Our results established the feasibility of new classes of X-ray diffraction imaging architectures based on to-
mographic principles with sparse observation geometries that increase the amount of observed scattered ra-
diation versus current approaches, and which can generate X-ray diffraction images in a timely manner.  Our 
results also identi ied the need for including energy-sensitive detectors as well as the integration of infor-
mation from dual-energy CT systems in order to properly reconstruct the diffraction images using advanced 
computational imaging techniques.  Our investigations also established the presence of potential new classes 
of artifacts that result from inclusion of metallic materials with high linear attenuation along with softer ma-
terials such as liquids, plastics and organic materials. These artifacts include spectral contamination where 
crystalline peaks in the form factors from one material appears in nearby materials, to obscuration due to 
attenuation of the scattered spectra and increased noise due to lack of collimation to reduce incoherent scat-
ter. These pose signi icant challenges that must be addressed through the use of advanced algorithms such as 
the ones developed in this work. 
There are several directions in which this work could be extended, including further experimentation with 
different materials, development of faster reconstruction algorithms and evaluating different architectures.  
However, there is much work in industry that is currently considering the development of new architectures 
for XDI. The extensions of this work need to wait for further architecture de inition by the DHS vendor com-
munity so as to be relevant for the emerging new devices. Our current results are suf icient to provide sup-
port in these architecture design endeavors.   

C. Major Contributions

• Provided a systematic analysis of alternative X-ray diffraction architectures and established performance 
limitations as well as requirements for fusion with dual-energy CT.

• Developed advanced algorithms for tomographic reconstruction of X-ray diffraction images and charac-
terized their relative performance.

• Developed results th at establish the feasibility of tomographic X-ray diffraction architectures that have 
greater ef iciency in collecting coherent scatter signals when compared with current commercial models. 

• Developed extensions to advanced image processing techniques such as dictionary-based image en-
hancement to apply to X-ray diffraction imaging and evaluated the performance of these extensions.

D. Milestones and Future Plans

We anticipate that this project will have achieved its milestones by December, 2015 and will not continue as 
part of the ALERT research portfolio. The student involved in the project will be focusing on a new direction 
involving adaptive reconstruction for artifact mitigation in CT imagery motivated by check point and checked 
luggage dual-energy CT, which is ALERT project R4-C.1.  We will transition the work in this project to support 
our effort under DHS BAA 13-05 that includes analysis of multi-modal object recognition with new signa-

Figure 10: Images of coherent scatter form factors at 0.86, 1.30, 1.66 and 2.14 nm-1 obtained for IRWS algorithm using 

the coded aperture imaging architecture of Figure 4.
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tures such as X-ray form factors of materials.  Our plans for the fall of 2015 are to transition the tools and 
insights developed under this project to that effort.  

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Student Internship, Job or Research Opportunities

Graduated student, Dr. Ke Chen, is now employed by CCC Industries in Chicago.

IV.  RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

This project is developing technologies for improving automated detection and classi ication of explosive 
materials in checked luggage by imaging additional properties of materials that can provide improved dis-
criminants. Of particular interest is the potential for improving detection of complex explosives such as liq-
uids and homemade explosives (HMEs) using these advanced discriminants.  

B. Potential for Transition

Prototype X-ray diffraction systems are currently under investigation or development by many companies, 
including Morpho, Analogic, L-3, Reveal and others.  We have presented our results to each of these groups to 
integrate into their design considerations.  

C. Data and/or IP Acquisition Strategy

We have no plans to acquire further data at this point. There are no systems currently built that work on to-
mographic principles, so data has to be simulated.  In terms of IP, all of our results are available in the public 
domain.

D. Transition Pathway 

We have presented our investigations and discussed the results with several potential end users. They will 
integrate the lessons learned into their development process. If there is opportunity for speci ic algorithm 
technology that is well-suited for their use, we will assist in transitioning that technology and tailoring it for 
their speci ic system design. 

E. Customer Connections

• David Lieblich, Analogic  (infrequent seminar and discussions) – interested in results, but not involved 
in project

• Boris Oreper and David Perticone, L-3 Communications (infrequent seminar, discussions) – interested in 
results, but not involved in project

• Robert Shuchatowitz, Reveal Imaging (infrequent seminar, discussions) – interested in results, but not 
involved in project

• Sondre Skatter and Matthew Merzbacher, Morpho Detection – (technical discussions) – interested in re-
sults, but not involved in project. 
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V. PROJECT DOCUMENTATION 

A. Other Presentations 

1. Seminars
a. D. Castañón, “Algorithms and Architectures for X-ray diffraction tomography,” Reveal Imaging, 

July, 2014
b. D. Castañón, “Algorithms and Architectures for X-ray diffraction tomography,” Analogic, July 2014
c. D. Castañón, “X-Ray Diffraction and Cargo Inspection,” ADSA 11, November 2014. 

B. Requests for Assistance/Advice

1. From DHS
a. We have discussed our results with DHS to assist in understanding the emerging body of aca-

demic work on X-ray diffraction imaging.
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 R4-C.3: Advanced Cargo Screening 

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Clem Karl PI BU wckarl@bu.edu

David Castañón Professor BU dac@bu.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Zach Sun PhD BU 6/2016

Christopher Chang MS BU 5/2015

II. PROJECT DESCRIPTION 

A. Overview and Signi icance

A national security goal is the uniform screening of all cargo and checked baggage. Meeting this goal is chal-
lenging because of the volume of goods to be screened and the nature of screening required. This project aims 
to develop accurate physics-based models of cargo and checked baggage sensing, and to use these models 
to create methods for physics-based reconstruction and explosives recognition using novel multispectral 
modalities for cargo imaging. These methods will incorporate tools from compressed sensing and compu-
tational imaging to yield superior image quality from reduced measurement geometries and limited photon 
budgets that are typical for cargo applications. The methods developed will lead to more accurate and ef i-
cient screening of cargo, improving throughput, increasing detection, and reducing false alarm. 

B. State-of-the-Art and Technical Approach

Conventional methods for baggage and cargo screening consist of fully helical CT for smaller objects (checked 
baggage) or planar radiography or trace detection for larger cargo. Such methods usually involve imaging the 
absorption properties of cargo of interest, and in cases where dual energy systems are used, imaging addi-
tional properties such as the effective atomic number.  Helical CT is complex and expensive because of the 
need to encircle the cargo containers, requiring large instruments, and thus is not practical for larger cargo. 
On the other hand, planar radiography yields only limited information that makes threat identi ication and 
localization dif icult. 
In this project we aim to develop the tools necessary to create fully 3-dimensional property maps (i.e. re-
constructions) from limited view, potentially high-energy sensing modalities. One aspect of this work has 
focused on developing models and methods for non-rotational, limited angle tomography. A new aspect of 
this project that we have begun is focused on developing non-rotational methods for tomographic imaging of 
modalities that can capture additional spectral properties of the materials contained in the ield of view, such 
as nuclear resonance luorescence (NRF) [1-6].  NRF is the process of resonance excitation of speci ic nuclear 
levels by absorption of photons and subsequent decay of these levels by re-emission of equivalent radiation. 
Since the energy level structure is unique for each isotope, the observed energy spectrum of the resonantly 
scattered photons can be used to identify the presence of speci ic isotopes.  
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An NRF system for imaging of shipping containers has 
been built [1, 2] and is undergoing evaluation for detec-
tion of different materials.  This system uses the con-
ventional method of localization based on the combined 
use of source and sensor collimation, and thus collects 
only a small fraction of the luorescence emissions.  To-
mographic methods offer the potential for collecting an 
increased fraction of the luorescence emissions, but 
pose a dif icult reconstruction problem to isolate and 
localize the different emission sources.  Our goal is to 
develop algorithms for tomographic reconstruction of 
NRF emissions with non-rotating, limited views, and 
evaluate whether the reconstructed imagery provides 
appropriate quality for material discrimination.   
Nuclear resonance luorescence achieves its effect by 
exciting nuclei through photon absorption. These ex-
cited states subsequently decay by the emission of 
(gamma-ray) photons in all directions [1]. Further, the 
energy distribution or spectrum of such emissions pro-
vides a signature of a material related to its chemical 
composition. Figure 1 shows such spectra obtained for 
three different materials [1]. The three materials can be 
identi ied by their unique spectra. 
This material speci ic signature produced by NRF pro-
vides the potential to non-intrusively interrogate the 
composition of cargo. The interrogating photons are of 
high energy, in the range of 2-8 MeV and thus can pene-
trate thick and dense materials typically found in ship-
ping container applications. A cargo inspection system 
utilizing this idea is being developed by Passport Systems 
[2]. In this system, an electron beam of broad energy dis-
tribution and narrow focus illuminates a con ined line of 
an object, as illustrated in Figure 2. Only the locations in 
the illuminated beam are excited, which then luoresce 
in all directions. To achieve spatial localization along 
the illuminated line, a set of collimated energy sensitive 
detectors are used. The intersection of the illumination 
line and the collimation opening localizes the measured 
response to a single spatial location. The energy sensi-
tive detectors allow measurement of the material spec-
trum, which can be used to identify the material.  
Collimation based localization eliminates the need for image reconstruction, since the geometry of the prob-
lem localizes the spatial response. But the cost of this simple sensing scheme is that a majority of the emitted 
resonance photons are never measured. The relative photon ef iciency of the collimation approach can be 
seen to be limited to a fraction of the circle observed by the collimated solid aperture angle. The consequence 
is a signi icantly reduced signal to noise ratio (SNR) and the need for long integration times. This is coupled 
to the need to scan the illuminating beam through the entire volume, thus slowing the scanning operation. 
To overcome this, the Passport Systems approach is to perform a limited angle CT tomographic reconstruc-

Figure 1: NRF Spectra for water, melamine, and a simu-

lant explosive done by Passport System, Inc.

Figure 2: Diagram of a NRF system setup from Passport 

Systems, Inc.
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tion to identify areas of interest, before focusing the multispectral collection on the areas of interest to dwell 
and collect enough photons to achieve accurate estimation of material composition.  We propose to study 
alternative architectures and algorithms that have the potential to collect enough photons to make a broader 
multispectral tomographic reconstruction.  In addition, we are also interested in determining the classi ica-
tion performance that can be achieved by automated classi ication algorithms that exploit this information 
to identify potential explosives/contraband.
One aspect of this work is focused on replacing the 
current collimation-based localization approach 
with a coded aperture approach [11]. To this end, 
the collimators are replaced with a coded mask, as 
illustrated in Figure 3. In this architecture, emissions 
from the illuminated voxels can scatter to multiple 
radiation detectors, increasing the effective number 
of photons measured.  This poses the subsequent 
challenge for processing the detected emissions to 
reconstruct the emissions generated by each voxel.  
The coded mask, denoted by h, ilters the spatially 
distributed emission data, x through a linear convo-
lutional process to create the measured signal y:

        
   (1)

Since the process is governed by counting statistics, the Poisson distribution applies. The overall SNR is then 
determined by the mean of the resulting measurements. In the coded mask case, this mean can be higher, 
since more overall counts are obtained at each detector at each of the energy bins measured. The penalty 
that is paid is that the spatial material distribution is now coded in the measurements and cannot be simply 
observed at the detector output. Instead the equation (1) must now be inverted. This process is shown sche-
matically in Figure 4. A simple model assumes that the emissions at each energy bin add linearly from the 
different luorescing sources, therefore the reconstruction problem decouples into independent problems at 
each energy bin. In practice, we solve a regularized version of the implied inverse problem, with a regulariza-
tion parameter chosen to suppress noise [10]. In the analysis that follows we focus on a reconstruction for a 
single energy bin. 

Figure 4: Schematic Illustration of Coded-mask Observation and Processing

Figure 3: Diagram of proposed NRF system with coded 

mask localization.

Figure 4: Schematic Illustration of Coded-mask Observation and Processing.

ALERT 
Phase 2 Year 2 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-C.3

631



We have begun simulation experiments using mask-based cod-
ing to model and understand the potential bene its of such an 
approach. To illustrate this, consider a 1-dimensional pro ile re-
covery problem. The initial underlying true spatial distribution 
pro ile is shown in Figure 5 and is composed of two adjacent 
cosine pulses.   For a coding mask we have initially used three 
small apertures. For this mask the overall signal magnitude of 
the data will be tripled relative to a fully collimated approach. 
Corresponding noisy, coded data for this case is shown in Fig-
ure 6 for an array of un-collimated detectors. As can be seen, 
the original distribution is obscured by the coding process of 
the observation and must be inverted to obtain the desired pat-
tern. In Figure 7, we show the original spatial distribution to-
gether with the resulting data inversion. 

We extended the above results to a 2-dimensional reconstruction.  Of particular interest is whether a coded 
aperture that is ixed in space can serve to provide variable focus at different depths.  The simulation ge-
ometry is shown in Figure 8.  We developed several variations of 2-D algorithms with different complexity: 
Since the source is basically a line scanner, we could reconstruct the pro iles one line at a time, or we could 
try for a more complex 2-d inversion algorithm.  We also implemented an algorithm that is equivalent to the 
direct interrogation method using collimation that is im-
plemented in the current Passport Systems device to see 
whether there were advantages to the coded aperture 
approach.  The results are shown in Figure 9 on the next 
page. The igure compares the true 2-D object layout 
with that obtained by reconstructions that use either full 
collimation, line by line reconstruction with coded aper-
ture sensing, and full 2-D inversion with coded aperture 
sensing.  The results illustrate that the more expensive 
processing with 2-D coded apertures has a more homo-
geneous reconstruction that is a closer approximation of 
the true object.  

Figure 5: Simulated 1D Phantom.

Figure 6: Observed Data Corresponding to a Three 

Hole Mask.

Figure 7: Simulated reconstruction using a simplifi ed cod-

ed mask.
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Figure 8:  2-D sensing geometry for NRF experiments.
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These results are preliminary, and will be expanded in 
our future work. Another part of this research is based 
on developing material recognition algorithms based on 
the NRF luorescence spectra.  One of the main goals of 
the effort is to develop approaches for robust algorithms 
for detection of explosives.  There can be signi icant vari-
ations in the contents of explosives, based on differenc-
es in sources of materials and manufacturing processes.  
Thus, one would like to develop material recognition al-
gorithms that can be robust to these variations.  
For this part of the research, we are using the sensing 
architecture designed by Passport Systems, along with 
data collected from their instrument.  Passport Systems 
provided data collected by their instruments, similar to 
that in Figure 2, for the following compounds:  Carbon, 
Lead, Steel, Aluminum, Water, Melamine, Salt, Calcium 
Chloride, HDPE, Cocaine, Bentonite, Fertilizer, Tobacco, 
Wood, Vodka, Gasoline, Hydrogen Cyanide, Ammonium 
Nitrate/Fuel Oil, Black Powder and Reddot.  They also provided side information concerning the mass of the 
respective materials tested, and the relevant energies of interest that correspond to nuclear luorescence 
events for the various elements involved in the compounds measured.  Based on this information, we devel-
oped mathematical models of the observations for the purposes of designing automated target recognition 
algorithms, which we describe below.  
We assume that photon-counting detectors with high spectral resolution are looking at a volume of material 
that may contain multiple elements.  Associated with each element isotope mi are resonant energies em

i, i = 
1, …, nm; at each of these energies, there is a rate of nuclear luorescence towards the detector, sm

i, measured 
in photons/gram (we assume a known integration time, although that can also be a variable).  In addition, 
there is a mean level of background luorescence b(ek) at energies ek that is observed in real time, based on 
emissions at energies in neighborhoods of ek.  
The observations collected by the sensor consist of measured radiation y(ek) at different energy levels ek, k 
= 1, …, N, corresponding to the energy bins in the photon counting detectors.  We model the observations as 
the superposition of Poisson-distributed emissions [7, 8] from background and from the nuclear resonance 
luorescence of elements present, corrupted by small additive Gaussian noise, as:

where Mm is the unknown mass in grams of element m (which could be zero if the element is not present in 
the sample) and I[] is the indicator function.  Based on this model, we want to detect the presence or absence 
of element m, and estimate its mass Mm if the element is present.  Our approach is based on developing a 
generalized ratio test [12] for estimating the mass of each element based on a subset of measurements cor-
responding to its resonant peaks.   Speci ically we test the hypothesis that element m is present according to 
this model:

Figure 9: 2-D Reconstruction results.
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where H1 denotes the presence of the element and H0 its absence. The standard deviaton of the Gaussian er-
ror, σm

j is thus set to 0.01*b(em
j).    We assume conditional independence of the measurements at each energy 

level given the mass of the element, which results in a generalized likelihood ratio test (GLRT) of the form 

where T is a threshold to be chosen to satisfy desired false alarm probabilities, and p(y|H,M) are the densities 
implied by the statistical models above.  
To apply the GLRT we need to solve the maximization occuring in the numerator, effectively determining the 
best estimates of compositional mass under the assumption the material is present. The density p(y|H1,M)  
is given by: 

 
where the standard deviation is set as indicated previously.  To solve the maximization problem, we approx-
imate the Gaussian noise by a delta function and take the log-likelihood, to get

Differentiating the global log-likelihood and setting the result equal to zero yields the equation that the mass 
estimate Mm must satisfy:

Determining a solution is straightforward, as one can start with the estimate with no background contribu-
tion, and iterate to ind the maximum likelihood estimates. Once the mass estimates are obtained they can 
then be used in the GLRT to determine the presence or absence of a material. We have also explored approx-
imating the Poisson distribution model to simplify the optimization process [9].
We tested these algorithms on simulated data based on the data 
provided by Passports systems.  We estimated the rates sm

j from the 
measurements obtained for compounds that contained the differ-
ent elements, and tested the approach over a range of experiments.  
One experiment was aimed at detecting the presence of carbon and 
estimating the appropriate mass of carbon present in three materi-
als:  Carbon, Gasoline, and HPDE.  Our mass estimation results are 
shown in Figure 10.  We overestimated the mass in gasoline while 
having accurate estimates in the other two compounds.  
Figure 11 on the next page shows the receiver operating characteristic (ROC) in terms of probability of detec-
tion versus probability of false alarm for some of the elements we tested for, across many compounds.  The 
curves were computed over 100 Monte Carlo runs of the measurements, using the models indicated above.  
We simulated compounds that contained the elements, and declared a detection when the Generalized Like-
lihood Ratio test for the presence of the element exceeded the threshold.  The results indicate that many of 
the heavier elements were easy to detect, having a near perfect ROC.  Detecting the presence of chlorine and 
oxygen was harder, as the mass fraction of these elements was smaller.  

Figure 10: Estimate of Carbon mass in dif-

ferent materials.
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We also tried to characterize the potential mass estimation performance as a function of the available sig-
nal strength given the statistical model we developed.  We evaluated the Cramer Rao bound [12] to get an 
estimate of the best possible unbiased estimator variance, for the case with very light background, which 
allows for an analytical evaluation of the bound.  The Cramer Rao bound for the Fisher information  matrix is 
computed as

To make this computation tractable, we neglected the effect of the additive Gaussian noise and the back-
ground contribution.  This allows the computation of an analytic lower bound, as 

This bound was used to perform some interesting analysis.  For instance, we can compute the ratio of the 
lower bound on standard deviation of the error to the true mass, which is given as 

Such a ratio gives insight into the SNR required for a given level of estimation reliability. For example, to get 
an estimate standard deviation that is around 5% of the true mass value, one requires measured scattered 
radiation in the neighborhood of 400 counts when summed across the different detector energies that are 
relevant for the material m. In our simulation experiments, some of the elements had signi icantly lower 
counts, which correlates well with the error we saw in the estimate of mass fraction for those elements.  
When background radiation is added, the bound becomes

which is a smaller bound for the Fisher information matrix, and hence a larger bound for the standard devia-
tion.  Thus, higher observed counts would be required to achieve the ratio discussed above. 
As a inal set of results, we computed the classi ication performance for the entire set of compounds we 
had data for.  Ideally, one would detect the elements and infer the chemical formula for the compound.  As 
a preliminary step, we simulated the full multi-energy NRF response for the compounds, and developed a 
multi-element classi ier using a discriminant function based on a Poisson plus Gaussian noise model for the 
individual measurements at each energy level.  The results are shown in Figure 12 on the next page as a con-
fusion table.  Across all of the simulations, the compounds were easy to separate.  Of course, this test is very 
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Figure 11: ROC curves for element detection across the tested compounds.
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limited, as the universe of possibilities was limited to the 20 compounds.  Ideally, one would have to identify 
the presence of elements, and infer the chemical formula for the compounds of interest from the available 
mass fractions.  

C. Major Contributions

This is the irst complete year that this project has been active.  Last year, we began and completed a lit-
erature survey to identify areas of opportunity for enhanced algorithms for cargo inspection.  Our major 
contributions this year were the development of physical models for NRF sensing to develop approaches for 
new tomographic reconstruction techniques and for automatic material recognition algorithms.  We have 
developed simulation models for generating test data to support algorithm development, and we have de-
veloped initial tomographic reconstruction algorithms to use as a baseline for comparison with alternative 
direct measurement architectures.  We have also collaborated with Passport Systems, the developer of a 
commercial NRF imager for container screening, and obtained experimental data to support our model and 
algorithm development.  We have developed a set of approaches for material recognition, and characterized 
the expected accuracy for estimating the mass fraction associated with different elements.  

D. Milestones

• Development of initial high-energy X-ray sensing model of nuclear resonance luorescence.
• Design of ef icient coded aperture masks.
• Development of enhanced coded aperture inversion algorithms
• Evaluation of signal-to-noise enhancement for coded aperture NRF tomographic reconstruction
• Characterization of performance for element detection algorithms
• Development of robust compound detection algorithms
• Evaluation of robust compound detection algorithms

  Carb     Lead     Steel
    
Alum.     H2O     Mel.     Salt     CaCl     HDPE     Coca.     Bent.     Fert.     Toba.    Wood

    
Vodka     Gas.

    H. 
Cya.

    
ANFO

    B. 
Pwdr

    
Redd.

    Carbon 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

    Lead 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ŽŽ 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

    Aluminum 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ŽŽ 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

    Melamine 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0

    Salt 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0

    CaCl 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0

    HDPE 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0

    Cocaine 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0

    Bentonite 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0

    Fertilizer 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0

    Tobacco 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0

    Wood 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0

ŽŽ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0

    Gasoline 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0

    H. Cyanide 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0

    ANFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0
    
BlackPowder 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0

    Reddot 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100

Figure 12:  Confusion matrix for compound detection experiments.  Rows are the estimated types, columns are the true 

types. 
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E. Future Plans

Future plans include the continuation of our effort to create NRF sensing models appropriate for data inver-
sion and the creation of an associated accurate cargo sensing simulator for NRF based sensing in the MEV 
range, which can be used as a testbed for new coded aperture and tomographic sensing concepts. One aspect 
will focus on more complex, and faithful models of the NRF sensing physics. Our initial work has ignored 
path attenuation and further study is needed to understand if this is adequate. Another aspect will focus on 
CONOPS and geometry. We will initially continue with our 2-dimensional simpli ied geometry and optimize 
the coding mask, studying resulting SNR, reconstruction quality, and ease of inversion. We will then extend 
these developments to 2D, initially exploring the use of 1D excitation and 2D sensing. We also aim to examine 
if full sheet excitation is possible, which would greatly increase throughput.  We will examine non-rotational, 
sparse tomographic sensing con igurations, which would allow fast full volume measurements. We will apply 
compressed sensing methods to these challenging geometries. We will evaluate the performance of element 
classi iers and associated mass estimation algorithms based on variations of generalized likelihood ratio 
tests aimed at robust detection.  We will develop robust versions of compound classi iers by integrating phys-
ically meaningful chemical constraints with accurate characterization of mass estimation errors.  We will also 
develop dictionary-based compound classi iers utilizing libraries of compounds of interest.  

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The development of new methods of fully three dimensional non-helical screening and direct material identi-
ication of checked baggage and cargo would provide increased security.  Currently, inspection of cargo mate-

rials is required, but is often done only with exterior sampling rather than with imaging of the cargo contents.  
However, there is a desire to have more accurate inspection of cargo and shipping containers that can detect 
hidden explosives.  If our technology proves feasible, it could reduce the scanning time for shipping contain-
ers and provide a modality that can provide atomic composition of materials in areas of interest, as well as 
automatic threat detection and identi ication algorithms.  Such approaches could have direct relevance at the 
checkpoint.

B. Potential for Transition

This project is directly relevant to the shipping container screening system developed by Passport Systems, 
Inc. Passport Systems has provided data for our use and a joint project on the classi ication aspect of the 
problem was done with them.  Furthermore, the concepts can be scaled down for smaller cargo inspection 
systems provided acquisition time is reduced. The technology for limited angle tomographic reconstruction 
can also be applied to 3-D X-ray systems with constrained source-detector geometries.

C. Transition Pathway 

• We plan to disseminate our work to different vendors through workshops.
• We expect to provide summer interns to work with Passport Systems for transitioning of ideas. 
• We will provide our results and conclusions to Passport Systems for their system design. 
• We have started a separate project with Passport Systems funded via the John Adams Innovation Institute 

collaboration with ALERT.
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D. Customer Connections

Cody Wilson, Passport Systems is in weekly contact with us. 

IV. PROJECT DOCUMENTATION 

A. Other Presentations 

1. Castañón, D. “X-Ray Diffraction for Cargo Inspection.” ADSA11 Workshop, October 2014.
2. Karl, C. “Coded Aperture X-Ray Fluorescence Cargo Inspection.” ADSA11 Workshop, October 2014.

B. New and Existing Courses Developed and Student Enrollment

New or 

Existing

Course/Module/

Degree/Cert.

Title Description Student                    

Enrollment

Existing Course Image reconstruc-

tion and restoration

Graduate course on image formation 15
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July 01, 2014 - June 30, 2015

225
Faculty 40
Administrative Staff 10
Technical Staff 22
Graduate Students 83
Undergraduate Students 62
K-12 Teachers 1
K-12 Students 7

53
Co-authored with Students 38

22
31

4
11
12

1

9

3

10
1
1
1

10

33, 286
1,161

5

1

7

4
6
3

14

14
6
7

# of Events 3
Total # of Attendees 328

# of Events 11
Total # of Attendees 217

# of Events 3
Total # of Attendees 80

ALERT Graduates Working In

Technology Transfer

Government
Academic Institutions

Industry

Bachelor's Degrees Granted

Undecided/Still Looking/Unknown

Educational Outreach Events for Community College or Undergraduate Students 

Inventions Disclosed (Submitted to Agencies by Researchers or 
Technology Transfer Office)
Patent Applications Filed

Members

Spin-off Companies Started
Licenses Issued

Software Products Developed
Knowledge Transfer

Requests for Assistance or Advice from DHS
Requests for Assistance or Advice from Federal, State, 
Local Government 

Publications Downloaded from Website
Website Page Views

Student Internships in Industry or Government

Workshops:

Doctoral Degrees Granted
Degrees to ALERT Students

Master's Degrees Granted

Short Courses

ALERT-Sponsored Active Information Dissemination/Educational Outreach

Patents Awarded

News Articles

Table 1: Center Accomplishments

Personnel
TOTAL

Theses
Posters

Strategic Reports

Outputs

Publications That Result from Center Support

Industrial and Practitioner Participation, Collaboration and Associated Funding

In Peer-Reviewed Technical Journals
In Peer-Reviewed Conference Proceedings

All Publications
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