
Awareness and Localization 
of Explosives-Related Threats

A Department of Homeland Security Center of Excellence

Phase 2, Year 1 Annual Report • September 2014

ReportCover_09172014.indd   1 9/19/2014   10:02:42 AM



Table of Contents

Section 1:  ALERT Phase 2 Overview and Year 1 Highlights ......................... 1

Section 2:  Research and Transition Program .................................................... 7 

Section 3:  Education Progam ...............................................................................15

Section 4:  Industrial/Practitioner and Government Partnerships ..........27

Section 5:  Strategic Studies Program ................................................................37

Section 6:  Safety Program .....................................................................................41

Section 7:  Information Protection Program ....................................................47

Section 8:  Infrastructure and Evaluation ..........................................................51

Section 9: Conclusion ..............................................................................................55 

Appendix A:  Project Reports ................................................................................57

Appendix B:  Bibliography of Publications .................................................... 385

Appendix C:  Tables ................................................................................................ 391



This page intentionally left blank.



SECTION 1: ALERT Phase 2 Overview and Year 1 Highlights

1.1 ALERT OVERVIEW

ALERT (Awareness and Localization of Explosives-Related Threats) is a Department of Homeland Security-
funded Center of Excellence (COE) is currently completing its irst year of funding under the 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.

Partners
The ALERT academic partnership is led by Northeastern University with the three core partners University 
of Rhode Island, Boston University, and Purdue University, and eight additional research partners: Hebrew 
University of Jerusalem, New Mexico State, Rensselaer Polytechnic Institute, Texas Tech University, Tufts Uni-
versity, University of Notre Dame, University of Puerto Rico at Mayagüez, and Washington State University.
The report that follows contains information on ALERT research, transition, and education programs. The 
major elements of the ALERT COE are as follows:

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 Raman 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 will 
also focus on 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 characteriza-
tion, 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.

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 
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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 eight held during ALERT Phase I. 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 will launch a new workshop 
series focused on quantifying trace sampling ef iciency in Year 2. 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 materi-
als 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 
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.

ALERT 
Phase 2 Year 1 Annual Report Section 1: ALERT Phase 2 Overview and Year 1 Highlights

2



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 complex 
enterprise presents a challenge equal to the basic research challenges. To meet this challenge, ALERT is man-
aged 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 striv-
ing 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.

1.2 ALERT PHASE 2 YEAR 1 HIGHLIGHTS

A.  Student Honors and Awards

Yolanda Rodriguez-Vaqueiro, a NEU Doctoral candidate (Fig. 1-1, 
left), and Borja Gonzalez, a PostDoc at NEU, won the Best Propaga-
tion Paper Award at the EuCAP 2014 (the 8th European Conference 
on Antennas and Propagation). Their paper, “A compressed sens-
ing-based imaging system,” was presented by Prof. Yuri Álvarez at 
the conference, which was held at the World Forum in The Hague 
in The Netherlands, on April 6th – 11th, 2014. Also at NEU, Gregory 
Allan, an undergraduate student, was awarded a Barry M. Goldwa-
ter Scholarship in March of 2014. 
Jon Canino, a Ph.D. student at URI (Fig. 1-1, right) working with 
Profs. Jimmie Oxley and Jim Smith on ALERT’s Explosives Polymer Interactions Project, was awarded the 
$10,000 First Prize at the 8th Annual National Security Innovation Competition. Jon’s winning submission, 
“Safe Training Aids for Bomb Snif ing Dogs,” was chosen out of over 100 submissions. This is the second time 
the First Prize at the National Security Innovation Competition has been awarded to ALERT students, after a 
research team at NEU under Profs. Carey Rappaport and Jose Martinez-Lorenzo, received the award in 2012.  
Dane Tomasino, who graduated from WSU with a Ph.D. in Chemistry in the spring of 2014, was recently 
awarded the Agnew National Security Fellowship at LANL.

B. ALERT 101 Brings Explosives Detection Technologies to       
a Broad Audience

ALERT Phase 2 has continued to produce video shorts in an 
ongoing series entitled “ALERT 101.” These 5-6 minute videos 
are available online and describe different technologies and re-
search areas that the center engages in. Our second product for 
ALERT 101: Video Analytics, features ALERT researchers Rich-
ard Radke, Octavia Camps, and Venkatesh Saligrama explaining 
what it is, how it’s used, and how they teach computers how to 
see and learn (see Fig. 1-2).

Figure 1-1: ALERT students Yolanda 

Rodriguez-Vaqueiro (left) and Jon Canino 

(right).

Figure 1-2: Opening image from the fi rst ALERT 

101-Video Analytics, featuring Richard Radke, 

Octavia Camps, and Venkatesh Saligrama.
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To date, ALERT 101: Airport Security Technologies has been featured on iNSolution, Northeastern University’s 
Research Blog, distributed through K-12 and Department of Homeland Security Enterprise online communi-
ties, and has been viewed by over 1,595 people from 52 countries. The videos are educating and informing 
the global community on ALERT research topics in an accessible and enjoyable way.

C. ALERT Holds Second and Third Annual Student Pipeline Industry Roundtable Events (ASPIRE)

ALERT Phase 1 and its predecessor, the Bernard M. Gordon Center for Sub-
surface Sensing and Imaging Systems have had a ifteen year history of close 
collaboration with industrial partners. We have been continuing this tradition 
yearly with the Annual Student Pipeline Industry Roundtable Event, otherwise 
known as ASPIRE.
ASPIRE’s goal is to have our industrial partners introduce their companies, 
their products, and their future needs to one another, to our faculty, and to our 
student population.  Both the industry and our student population have been 
pleased with the event. 
Many of our participants requested that ASPIRE be held semiannually.  In re-
sponse, we hosted our second ASPIRE event on November 7, 2013. The meeting 
format was slightly different than the previous Spring ASPIRE because there 
were no graduating students.  Instead of having a roundtable, we substituted 
three panel discussions centered on whether there is a need for an “Industrial 
PhD” program (see Fig. 1-3).  We also had a Poster Session for the students to 
present their research to our membership. 
The third ASPIRE was held on April 6, 2014 and returned to the Spring 2013 
format, which allowed graduating ALERT students to present their research 

work and career goals to the ALERT Industrial Advisory Board Members.
Through such events, ALERT hopes to create closer collaboration amongst our industrial base, while ind-
ing 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.

D. Successful Transition with Cleveland Hopkins E2E Testbed

ALERT’s Video Analytic Surveillance Transition Project is developing video analytics methods at Cleveland 
Hopkins International Airport (CLE) to address two existing airport security concerns, “in-the-exit” 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 installed in September 2013 and consists of video cameras, computer hardware 
and research algorithms processing the airport’s live video feeds (3 camera feeds for the South Exit) to iden-
tify security breaches such as people trying to enter the secure area via the exit. Once the testbed provided 
consistent “in-the-exit” security breaches, a communications system was added to transmit potential in-the-
exit events to the Transportation Security Of icers in the airport Coordination Center for their evaluation and 
operation. The “in-the-exit” program was conducted with three ALERT video analytic research groups and 
three industrial/government partners, Siemens Corporate Research, the Cleveland Federal Security Director 
and Airport Commissioner. The project has demonstrated success in solving the “in-the-exit” problem, result-
ing in 100% probability of detection and 0.07% probability of false alarms. The south testbed has been in 
operation for two years, providing information about potential in-the-exit events to the Coordination Center 
for approximately a year. The event information is used by the security of icers to make a decision about the 

Figure 1-3: Mark Witinski, 

President of Eos Photonics 

Inc. discusses the option of an 

Industrial PhD at the fall 2013 

ASPIRE.  
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situation. The in-the-exit testbed provides a video clip of the event. The security of icers decide, if the event is 
a violation. This year HDS, OUP has provided a consultant to help commercialize the in-the-exit functionality.
In the coming year the Video Analytic Surveillance Transition (VAST) Project will provide other testbeds. The 
“in-the-exit” solution will be adapted to two other (middle and north) exit locations in the Cleveland Airport. 
Once the testbeds have proven their utility, a single frame picture or video clip of events at the new locations 
will be transmitted to security of icers in the Coordination Center for their review and operation. Also in the 
next year an additional “tag-and-track” testbed will be installed and video analytic research will begin to tag 
suspects and track them through the sparse array of video cameras in the old and new testbeds to interdic-
tion. The initial results from the irst tag-and-track testbed have been published this year. The next phase of 
the effort will measure and improve the performance to achieve an operational testbed for the security of-
icers, so they can track suspects through the testbeds. Then ALERT and Airport Security will work together 

to develop a CONOPS for the tag-and-track testbed and the research and testing will continue.

E. ALERT and Los Alamos National Laboratory (LANL) Received Follow on Funding of $240,000                                
from DARPA

ALERT and Los Alamos National Laboratory have received an additional $240,000 DARPA award for their 
continuing partnership in Nuclear Magnetic Quadrupole Resonance research. Their proposal, titled “Multi-
Modality Electromagnetic Detection and Localization of Implanted Explosives Using Ultra Low Field MRI and 
Nuclear Quadrupole Resonance,” is led by Prof. Carey Rappaport, the Principal Investigator from Northeast-
ern University, and partner lead, Michelle Espy, from LANL. This brings the total amount of the DARPA award 
to over $700,000.

F. ALERT DHS HS-Stem Career Development Program- Continuing and Graduating Students

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 graduate fellowships to full-time students pursuing MS 
or PhD degrees in Electrical and Computer Engineering. 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 development 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 selected 
to participate in the program, engaging in research on security threat detection. Alex’s work speci ically fo-
cused 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.  
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.  Ted also completed the 
GEL Program in the summer of 2013 and continues to work towards his MS degree in Electrical and Com-
puter Engineering. He completed his 10-week summer research experience at LLNL during the summer of 
2013, and is scheduled to complete his course requirements and receive his degree in 2015, when he will 
begin his one year of service or employment at a DHS related venue engaged in relevant DHS related R&D. 
Michael Collins began working with Prof. Rappaport on investigating Nuclear Quadrupole Resonance sens-
ing for non-invasive detection of concealed explosives. He spent the summer of 2013 at Los Alamos National 
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Laboratory for his 10-week summer research experience, and com-
pleted his MS degree in Electrical and Computer Engineering in the 
summer of 2014.  Michael has received a one-year appointment as a 
Visiting Researcher with the NATO Science and Technology Organiza-
tion’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.  Thomas Hebble 
(Figure 1-4) continued working with Prof. Octavia Camps on video 
analytics-based detection and tracking of suspicious behavior in air-
ports that he began as an undergraduate. Tom has been very involved 
in the ALERT collaborative work with the Cleveland Airport TSA and 
spent his 10-week summer research internship in the Active Percep-
tion and Cognitive Learning Group at Scienti ic Systems Company, Inc. 
He is scheduled to complete his MS degree this summer, and plans 
to continue his education and ALERT research in a Ph.D. program at 
Northeastern University with one more year of funding through the ALERT DHS HS-STEM CDG Program. 

Figure 1-4:  NEU CDG Fellow, Tom Hebble 

with his advisor, Prof. Octavia Camps.
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Section 2: Research and Transition Program- A Strategic Overview

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.

Figure 2-1: The ALERT 3-level strategy focuses resources on achieving protection from explosive threats.
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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 
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; spi-
ral development occurs as the plan evolves.
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 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
• 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 Il-
licit 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.
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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, Yang (URI), Howard, Hoffman (Notre Dame), Eiceman 
(NMSU): This thrust concentrates on understanding the fundamental problems of trace and vapor detection 
of explosives. The goal of this effort is to enable development of sensing and sampling systems capable of 
detecting 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.

R3: Bulk Sensors and Sensor Systems, Thrust Lead Carey Rappaport (NEU)

Key Personnel: Martinez-Lorenzo, Rappaport (NEU), Hernandez (UPRM), Espy (LANL): This thrust is focused 
on designing and implementing novel bulk sensors and multi-sensor detection systems, including the opti-
mization 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 experi-
mentation, model-based reconstruction, and automatic threat detection of explosives.  We will investigate 
integration of trace and vapor detection sensors with bulk sensors into multi-modal AIT and standoff sys-
tems 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), Castañón, Karl, Saligrama (BU), Bouman (Purdue), Radke (RPI), Miller 
(Tufts), Sauer (Notre Dame): This thrust focuses on multi-camera video anomaly detection in scenarios rel-
evant to passenger tracking and area monitoring in public spaces; signature analysis work based on devel-
oping fundamental processing algorithms for trace; and bulk and multi-sensor systems extracting maximal 
information from available sensed signals to increase the probability of detection and classi ication of explo-
sives while reducing the number of false alarms.  The research also includes improved Model-Based Iterative 
Reconstruction 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 fu-
sion in AIT and standoff threat detection.
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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. Ap-
proximately 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 aca-
demic researchers, to be used in evaluating, improving, and re ining state-of-the-art techniques while foster-
ing deeper communication within the segmentation reconstruction and recognition algorithm community. 
More details 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 on the next page. More details are given in the reports in the R3B Section of Appendix A.

Figure 2-2:  Segmented image (L) of doll (M), extracted from CT image dataset of luggage (R).
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Testbed T3: Advanced Imaging Technologies (Whole Body Imaging)

The objective of the Advanced Imaging Technologies (AIT) testbed is the creation of an unbiased, academic-
oriented facility for development and evaluation of multi-modal sensors and algorithms for whole body im-
aging. 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 auto-
mated 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 Neurologica and AS&E. Neurologica, a leader in CT im-
aging, provided a gantry from which different sensors can 
be mounted in varying con igurations, while AS&E, which 
specializes in advanced X-ray inspection systems, provided 
a backscatter X-ray machine (Fig. 2-4) which can be run 
using alternative algorithms and complementary sensors. 
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 on the next page, T4 is a Video Analytics effort that addresses the needs of TSA to 
monitor and mitigate threats by individuals to airport security.  During ALERT Phase 1, this testbed evolved 
into a major Engage to Excel (E2E) effort. ALERT and the TSA Ohio Senior Federal Security Director (FSD) 
put together a team of researchers from three universities (NEU, BU and RPI) and TSA practitioners to de-
velop and transition 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.

 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.

Figure 2-4: Prof. Carey Rappaport, left, and Richard 

Moore, right, work with ALERT student Kristin 

Tgavalekos in the AIT facility at Northeastern.
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To date, the E2E team has completed the irst phase of imple-
menting a solution for the in-the-exit problem, which leverages 
live video from a portion of the CLE video network without in-
terfering with airport operations. The testbed implementation 
resides in the TSA control room and is powered by a 4-core com-
putational platform with 384-core GPU support, a Siemens (hard-
ware 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 im-
prove 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 stor-
age for one hundred pounds of explosive and is licensed to man-
ufacture and store explosive. While funding of this project has 
not come through the COE, but rather the US Army, further de-
velopment is underway that will make these facilities outstand-
ing assets to the Center. Already vendors have come to test their 
explosives detection instrumentation and bomb squads in both 
Massachusetts and Rhode Island have used the testing range to 
prepare training aids (see igure 2-6). Ongoing discussions with 
the Army and University should make this a premier site for irst 
responder training, both “hands-on” and in the classroom.

In addition to the test range, for the last six years URI has maintained a database of explosive properties.  This 
extensive database contains physical properties (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, simi-
lar to the community of researchers in medical CT,
2. Improving the performance of future explosives detection systems (EDS) that includes increased probabil-
ity 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 

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

airport terminal. This is an example of a frame 

where an individual going against the fl ow is 

detected. 

Figure 2-6: Standoff  detection test at URI 

Field Range.
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to the security industry vendors, DHS and other third-parties to transfer the science and technology they cre-
ated during the task order into the security enterprise.
To date there have been four 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.

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 transistion 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. Two new task order proposals are currently in pro-
cess. The irst 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.  The second deals with 
Acceleration of Model Based Iterative Reconstruction for CT-based Explosive Detection Systems which will 
leverage Testbed T1.  Both of these efforts will transfer science and technology speci ically to a commercial 
partner and present the same science and technology 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)
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• 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)

2.6 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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Section 3: Education Program

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 will be 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 One initiatives.
As  shown in Figure 3-1, the ALERT Education Program initiatives are 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 and Community College Awareness and Involvement.

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 within 
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 in-
structional vehicles for the community college and K-12 classrooms. We also stress the importance of suc-
cessful strategies, such as involvement in summer research experiences, to draw under-represented minori-
ties 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. Doctoral Graduate Programs

Each of the universities involved in ALERT has doctoral-level graduate programs training students who will 
be the professors and research leaders of tomorrow.  Under the ALERT program, these students complete 
theses on topics related to Homeland Security problems. These research areas require background course-
work and seminars, as well as mentoring from faculty, researchers and industry personnel.  In Year One, 
ALERT Universities supported 66 PhD and 13 MS Students with thesis topics in areas such as:
• Design and Implementation of Nonlinear Resonant Mass Sensors
• Video Analytics for Airport Security
• Next generation mmWave screening systems
• Nuclear Quadrupole Resonance for explosives detection
• Characterization of Homemade Explosives
• Trace explosive sampling materials
• Multi-Energy CT scanning systems
• Machine learning algorithms for automatic object identi ication systems
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, at the ADSA 
workshops in October, 2013 and May, 2014, ALERT students attended the workshop presentations and par-
ticipated in a student research poster session which allowed ALERT graduate students to present their work 
to over 100 attendees, representing academia, government and industry.  ALERT also coordinates a profes-
sional development event speci ically aimed at connecting its students with ALERT partner industries. The 
ASPIRE (Annual Student Pipeline Industry Roundtable Event) gives students the opportunity to present their 
research and career aspirations to industry members looking to recruit for internships and full-time posi-
tions. Each ASPIRE event has offered participants 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 fall 
of 2013, 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 AS-
PIRE focused on the speci ic workforce needs of ALERT industry partners, and involved students in a produc-
tive 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), New York Po-
lice Department (NYPD) 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.
Some other examples of the achievements and impact of our ALERT graduate students are:  Yolanda Rodri-
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guez-Vaqueiro, a Northeastern University Doctoral candidate, and Borja Gonzalez, a PostDoc at Northeastern 
University, won the Best Propagation Paper Award at the EuCAP 2014 (the 8th European Conference on 
Antennas and Propagation). Their paper, “A compressed sensing-based imaging system,” was presented by 
ALERT visiting faculty, Prof. Yuri Álvarez, at the World Forum in The Hague in The Netherlands, where the 
conference was held on April 6th – 11th, 2014 (see Fig. 3-2). Jon Canino, a Ph.D. student at URI working with 
Profs. Jimmie Oxley and Jim Smith on ALERT’s Explosives Polymer Interactions Project, was awarded the 
$10,000 First Prize at the 8th Annual National Security Innovation Competition (see Fig. 3-3). Jon’s winning 
submission, “Safe Training Aids for Bomb Snif ing Dogs,” was chosen out of over 100 submissions. This is 
the second time the First Prize at the National Security Innovation Competition has been awarded to ALERT 
students, after a research team at NEU under Profs. Carey Rappaport and Jose Martinez-Lorenzo, received the 
award in 2012.  Dane Tomasino, who graduated from WSU with a Ph.D. in Chemistry in the spring of 2014, 
was recently awarded the Agnew National Security Fellowship at LANL. A Goldwater Scholarship was award-
ed to NEU undergraduate student, Gregory Allan, who is working with Prof. Martinez-Lorenzo on developing 
new imaging and detection algorithms using CS techniques for the millimeter wave radar system.

B. Engineering Leadership in DHS Technologies

Since the Fall of 2007, NEU has offered a graduate program in engineering leadership which allows academi-
cally 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 
seventh year in September 2013 with a class of “Gordon Fellows” mainly from industry and government labs 
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 
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  seven years of 
existence,  Gordon  Fellows  have  been  sponsored  by  more than 30  industrial  irms  and four ALERT related 
government organizations:  Army Night Vision Electronics and Sensors Directorate, Hanscom Air Force Base, 

Figure 3-2: Yuri Álvarez, ALERT visiting faculty 

member at NEU, presenting the winning 

poster and paper at the EuCAP 2014.

Figure 3-3: University of Rhode Island Ph.D. student, Jon 

Canino, with his advisor, Prof. Jimmie Oxley, accepting 

the fi rst prize award at the 8th Annual National Security 

Innovation Competition. 
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US Air Force, and US Coast Guard.  The Challenge Projects of these participants 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 seventh year class included candidates sponsored by ALERT 
members Analogic Corporation, Raytheon Company, and Morpho Technologies. 

C. ALERT DHS HS-STEM (Homeland Security-Science, Technology, Engineering and Mathematics) Career 
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 graduate fellowships to full-time students pursuing MS 
or PhD degrees in Electrical and Computer Engineering. 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 development 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 selected 
to participate in the program, engaging in research on security threat detection. Alex’s work speci ically fo-
cused 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.  
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.  Ted also completed the 
GEL Program in the summer of 2013 and continues to work towards his MS degree in Electrical and Comput-
er Engineering. He completed his 10-week summer research experience at LLNL during the summer of 2013, 
and is scheduled to complete his course requirements and receive his degree in 2015, when he will begin 
his one year of service or employment at a DHS related venue engaged in relevant DHS related R&D. Michael 
Collins began working with Prof. Rappaport on investigating Nuclear Quadrupole Resonance sensing for non-
invasive detection of concealed 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 Engi-
neering in the summer of 2014.  Michael has received a 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.  Thomas Hebble (Figure 1-4) continued working 
with Prof. Octavia Camps on video analytics-based detec-
tion and tracking of suspicious behavior in airports that he 
began as an undergraduate. Tom has been very involved in 
the ALERT collaborative work with the Cleveland Airport 
TSA and spent his 10-week summer research internship 
in the Active Perception and Cognitive Learning Group at 
Scienti ic Systems Company, Inc. He is scheduled to com-
plete his MS degree this summer, and plans to continue 
his education and ALERT research in a Ph.D. program at 
Northeastern University with one more year of funding 
through the ALERT DHS HS-STEM CDG Program.

Figure 3-4:  NEU CDG Fellow, Tom Hebble (left) 

with his advisor, Prof. Octavia Camps, and fellow 

graduate student, Oliver Lehmann (right).
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D. New Graduate Course

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.

3.2 UNDERGRADUATE EDUCATION PROGRAMS

In Year One of ALERT Phase 2, we have continued our successful and innovative undergraduate programs at 
our af iliated universities. These curricula and modules help to recruit, motivate, and retain students into the 
engineering ields of interest to DHS.

A. High-Tech Tools and Toys Laboratory

One  of  the  signature  educational  programs  of  ALERT  is  the “High-Tech Tools  and Toys” (HTT&T)  labo-
ratories,  which  engage  freshmen  in  hands-on  learning  activities  using  state-of-the-art technology prod-
ucts (Figure 3-5).  For example, in the HTT&T laboratory at NEU, freshmen learn computer programming 
by writing 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 
traditional “chalk and talk” approaches to learning 
programming.
The ALERT team has created modules for the HTT&T 
laboratory emphasizing homeland security tech-
nologies.  Detection of hidden explosives depends 
on two fundamental techniques:  spectroscopy and 
imaging.  An undergraduate module is being devel-
oped to use spectroscopy to discriminate between 
samples of corn oil, motor oil and olive oil (Figures 
3-6a and 3-6b). 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.  This module was demon-
strated at the ALERT Site Visit on March 24, 2011, by Mr. Hao and by Ches Koblents-Mishke, one of two 
undergraduate students who did further work on the spectroscopic identi ication module described above.   
In the summer of 2013, Shen Feng, a Computer Engineering graduate student, worked under a grant from 
MathWorks, Inc. to develop the MATLAB spectrometer control software in preparation for introducing the 
spectrometer module into the curriculum in the Fall of 2014.  Prof. Stephen McKnight will teach a section of 
the NEU freshman engineering “Engineering Problem Solving and Computation” course in Fall 2014 using 
the ALERT-developed HTT&T laboratory spectroscopy module.

Figure 3-5:  High- Tech Tools & Toys Lab students test a 

MATLAB computer program to control instrumentation to 

measure the speed of sound in water in preparation for 

ultrasonically.
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ALERT is expanding the High Tech Tools and Toys laboratory format to its other institutions. URI is prepar-
ing to introduce a spectroscopy module into their Chemistry curriculum using a similar “no-moving-parts” 
Ocean Optics spectrometer.  Profs. 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, Prof. McKnight is planning a visit to Purdue in the Fall 2014 semester 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 students throughout the country.

B. Research Experiences for Undergraduates (REU) Program

In the summer of 2014, the ALERT Research Experiences 
for Undergraduates (REU) program provided 7 opportu-
nities for undergraduate students to engage in exciting 
ALERT projects, related to identifying, sensing, and man-
aging explosives-related threats. These opportunities took 
place at NEU, Notre Dame, and UPRM.    
In addition to their research assignments, the REU pro-
gram also keeps students engaged through regular semi-
nars and ield trips. Students participate in seminars 
aimed at building on their experience and enhancing their 
professional development. Topics include: Ethics in Un-
dergraduate Research, Building an Effective Presentation, 
Engineering Leadership, Lab Safety, and Preparing for Graduate School Applications. At the end of the pro-
gram, each student gives a presentation on their projects and accomplishments.
The 2014 Summer REU program participants worked with Profs. Rappaport and Martinez, as well as Mr. 
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 detection. Yeehin Li, (Figure 3-7) working with Mr. Moore, 
is a NEU student who started working on ALERT Video Analytics research during the spring 2014 semester 
as an 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 

Figure 3-6a:  Thorlabs miniature computer-

controlled “no-moving-parts” spectrometer 

measuring transmission of a calibrating green 

fi lter.

Figure 3-6b:  Transmission spectra obtained by the 

Thorlabs spectrometer for four oils: olive oil, corn oil, 

soy oil and motor oil.

Figure 3-7: Northeastern University sophomore, 

Yeehin Li, (second from left) with fellow ALERT REU 

participants.
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cameras. For her summer research project at UPRM with Prof. Her-
nandez, Amanda Figueroa-Navedo prepared thin ilms of Highly En-
ergetic 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 (Figure 3-8). She 
is also inishing her irst paper as a lead author on Chemometrics En-
hanced Laser Induced Thermal Excitation (LITE) of HEM Standoff De-
tection. 

C. HBCU Collaborations

One of the main goals of the ALERT REU Program is the involvement 
of a diverse group of students which will include minorities who are 
traditionally underrepresented in the STEM ields.   During Year 1, 
ALERT hosted two DHS Minority Serving Institution (MSI) Summer 
Research Teams; one at URI and one at NEU. Speci ically, in the sum-
mer of 2013, Dr. Yong Gan, a Mechanical Engineering Professor at Cali-
fornia State Polytechnic University, Pomona, and his undergraduate 
student, Rachel Yazawa, a Civil Engineering student, participated in the 10-week DHS MSI Summer Program 
at URI, working on electrochemically synthesized nanocomposites for explosive detection and mitigation. 
Their studies resulted in one publication in Materials Chemistry and Physics, 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. In addition to Dr. Gan’s continued participation for the summer 2014, URI was 
able to host another DHS MSI Research Team, Prof. Marilyn Tourne and her undergraduate student, Charkyr-
ian Evans, from Tuskegee University.

In May of 2014, Prof. Thompson Sarkodie-Gyan from the 
University of Texas at El Paso, began his participation 
in the DHS MSI program at NEU (Figure 3-9). Dr. Sar-
kodie-Gyan is working on a research project with Prof. 
Raymond Fu, to develop an algorithm to identify anoma-
lies using video analytics coupled with bio-metrics. For 
example, the methods could be used to identify a sus-
picious pattern of walking behavior. He is exploring the 
possibility of fusing the walking behavior information 
that is captured, with the fractal analysis of facial expres-
sions. He is also looking into the possibility of adding 
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 be-
haviors within a large crowd.

D. ALERT Scholars Program

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 

Figure 3-8: Amanda Figueroa-Navedo 

(from left to right) with her advisor, 

Prof. Samuel Hernandez and mentor, 

Jose Ruiz-Caballero, in the lab at UPRM.

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

the lab with Prof. Raymond Fu (right) and Dr. Yu Kong.
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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, the ALERT Scholars selected in the 2013/2014 school year received a $500 book voucher.
Five freshmen participated in the ALERT Scholars 
program in the spring of 2014 (Figure 3-10). One 
of those Scholars, Diana Regalbuto, was one of two 
who worked with Prof. Carey Rappaport. Diana, 
now a sophomore at NEU majoring in computer en-
gineering, worked to identify an optimal con igura-
tion of X-ray sensors to scan the human body based 
on the orientation of the body’s surface. She wrote 
and implemented algorithms in MATLAB to iden-
tify regions of the human body that can be scanned 
with a sensor at a particular location.  Shaan Patel, 
a Scholar who worked with Prof. Jose Martinez-
Lorenzo, participated in ALERT research for Stand-
off Detection of Security Threats. He worked to 
build mechanical calibration systems to improve 
the sharpness of 3D images used in detecting indi-
viduals carrying concealed explosives simulants at 
standoff distances. Shaan presented a research poster on his project at the Research, Innovation and Scholar-
ship Expo (RISE) at Northeastern University in April, 2014, and is planning to continue his work with ALERT 
when he returns in the fall.
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 One, 44 undergraduate students 
were involved in ALERT, working on projects including, radar suicide bomber detection, explosive simulant, 
segmentation of luggage images, whole body imaging, characterization, synthesis, detection, and identi ica-
tion of energetic materials.

3.3 PROFESSIONAL DEVELOPMENT PROGRAMS AND SHORT COURSES FOR DHS PROFES
SIONALS AND FIRST RESPONDERS

There is an increasing need for advanced study on special topics related to Homeland Security technolo-
gies for graduate students, DHS personnel, and other professionals.  To address this need, we have devel-
oped a series of strategic study workshops and short courses 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.
TTU Profs. Louisa Hope-Weeks and Brandon Weeks have routinely worked with Bomb Squads in Texas as 
they utilized their capabilities to construct HME materials for training days. In April 2014, TTU held a train-
ing day for irst responders, which included Bomb Squads from Lubbock, Midland, Abilene, and Dallas coun-
ties, as well as ATF and Air Force EOD participants. This exercise was conducted in two sessions.  The irst 
was a classroom exercise and the second was a lab exercise where TATP synthesis was observed, which in-
cluded the involvement of two ATF dogs. The chemistry building was used as a training facility where empty 
vials of TATP and HMTD were distributed.  This location provided a unique environment for canine training 
with the broad matrix of chemical interferants, however, both dogs found all the samples placed.  The ATF is 
currently in discussions to continue training at Texas Tech for their dogs annually.

Figure 3-10: ALERT Scholars in the AIT Lab at NU. From 

left to right, Prof. Carey Rappaport, Michael Woulfe, Diana 

Regalbuto, and Shaan Patel.
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First Responder and Professional Training courses are 
offered as an ongoing education program at URI (Figure 
3-11). Since the start of 2014, 10 class offerings and over 
200 participants have bene ited from the diverse topics, 
such as Fundamentals of Explosives, Dynamic Diagnostics, 
and Explosives Systems Hazards.
An additional 5 classes are planned for the remainder of 
2014. Accommodations for training law enforcement, mili-
tary, academic, and industry professionals is a priority, as 
URI continues development of the two new ield testing fa-
cilities.  Pre-existing facilities at the Alton Jones campus in-
clude conference halls and housing accommodations well 
suited for training courses.  The on-site construction will 
result in ample square footage to bring in classes of up to 

50 people for hands-on ield training relevant to their professional requirements.
During Year One, 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. In summer 2014, URI hosted Profs. Caitlin Kneapler and Dawn Riegner, 
and their students, from the U.S. Military Academy at West Point.

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. In 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.  
In 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 producing written material on the HTT&TL experi-
ments 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 ex-
periments with the assistance of Prof. McKnight who 
was on sabbatical  (Figure 3-12).  NECC has continued 
to offer two or three sections of ST104 “Engineering Es-
sentials and Design,” in both the Fall and Spring semes-
ter.  Over 100 NECC students have now had their irst 
year in the pre-engineering program enhanced by being 
exposed to ALERT-developed HTT&TL modules.

Figure 3-11: Participants at one of URIs ongoing 

training courses.

Figure 3-12:  Students at Northern Essex Community 

College work on ALERT-developed HTT&TL module on 

spectroscopic identifi cation of olive oil.
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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.  Over 80 
MassBay students have used the HTT&TL modules at MassBay.
Our collaboration with the STEP-UP program (NSF STEM Talent Expansion University Partnership Program) 
also provided Dr. McKnight and the extended High Tech Tools and Toys team the opportunity to present pro-
gram details at the 2013 Step to Success Conference. (http://www.nustemccconference.com/)  Organized by 
Claire Duggan (Center for STEM at NEU), this conference provided participants the opportunity to learn irst-
hand best practices in STEM education being implemented across the state of MA.  This event was the irst of 
what will be an annual event coordinated by Northeastern University.

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 pro-
grams and activities include:
• The Research Experience for Teachers (RET) summer 

program that immerses high school teachers and com-
munity 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 (see Fig. 3-13), and

• Hosting the Young Scholars (YS) program for gifted high 
school students at NEU.

In Year One, ALERT continued its ongoing collaboration with Claire Duggan, Director for Programs and Op-
erations for the Center for STEM Education at NEU, to host participants of the Young Scholars program for 
Boston-area high school students. Two students, Imani George from Thayer Academy, and Jenny Dinh from 
Lowell High School, worked on ALERT “Stand-off” and “On-the-Move” security detection research during the 
summer of 2014. As part of the program, Young Scholars receive mentor support from graduate students in 
the lab, participate in weekly research seminars and professional development meetings, create a research 
poster, and give a inal presentation at the end of the program.
As part of a continuing RET program at URI, ALERT hosts local high school teachers every summer to par-
ticipate in research projects under the mentorship of a graduate student in the lab. The program facilitated 8 
high school teachers during Year One, to work in chemistry, chemical engineering and mechanical engineer-
ing laboratories on applications related to explosives research and technology. As part of their K-12 STEM 
outreach to students in the community, URI graduate students and faculty conduct ‘chemistry magic shows’ 
at Rhode Island public and private K-12 schools.
At the 3rd Annual “National Robotics Week” at the University of Norte Dame in April, 2014, ALERT research-
ers ran an infrared remote sensing exhibit titled, “Robots See, Speak, Listen, and Show!” which was presented 
to over 500 middle school students and their parents. This exhibit demonstrated the concepts of infrared 
lights and sensing by making various musical instruments out of infrared range inders.

Figure 3-13: 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 expanded professional development opportunities for Community College and high school fac-
ulty, we anticipate introducing and supporting many students typically underrepresented in STEM to the 
work of ALERT and ultimately into the workforce of DHS and its stakeholders.
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Section 4:  Industrial/Practitioner and Government Partnerships

4.1 INTRODUCTION

The ALERT COE has a long history of collaborations with key DHS stakeholders. These connections bring 
together ALERT researchers and students with partners from industry, practitioners (e.g., hospitals) and 
government agencies. The ALERT partners provide support for the COE through membership funds, joint 
proposals, and opportunities for students at partner facilities. They also provide access to R&D leaders, real 
system-level applications, and state-of-the-art hardware and software. Past experience demonstrates that 
our members are willing partners in technology transfer efforts and as team members on proposals for addi-
tional funding and sustainability.  In terms of a win-win strategy, the ALERT COE links professors, post-docs, 
graduate students, undergraduate students, and innovative research with researchers and leaders within 
DHS stakeholder organizations to yield outcomes that are truly greater than the sum of their parts. These 
collaborations are augmented by ALERT developed toolboxes and testbeds for real-time application inves-
tigations, as well as inter-partner networking, resulting in opportunities to transfer science and technology 
to the greater DHS security enterprise. Emel Bulat, the ALERT Corporate and Government Partnership Di-
rector, and John Beaty, the ALERT Director of Technology Programs, work to ind opportunities and provide 
resources that build the collaboration between ALERT academics, industry and government partners.

A. Industrial Membership

The ALERT Center’s strategy is to recruit a cadre of small and large companies for a multi-tier industrial base. 
This yielded two new small business partners in 2013-2014: Passport Systems and Implant Science.  In ad-
dition, in that same period the ALERT COE gained two new large industrial partners: Morpho Detection Inc. 
and Rapiscan Systems. The ALERT team is also encouraged that Analogic, AS&E, Lockheed Martin, Raytheon 
and Siemens extended their memberships in this irst year of ALERT Phase 2.  Regrettably, Emitech, IDSS and 
PDSi had to drop ALERT membership in 2013 due to the economic and governmental restrictions. ALERT’s 
two-tier industrial base now consists of eleven companies (seven large and four small), resulting in a net 
gain of one member.  For 2014-2015, we will refocus our efforts to bolster memberships.  We are continuing 
a dialog with United Technologies, L-3, SAIC and SRA International.  Having teamed with one of our most suc-
cessful small companies, Eos Photonics, ALERT has also initiated dialog with Bruker Scienti ic to increase our 
partnerships with explosive trace detection equipment manufacturers.  Finally, as always, our longstanding 
partnership with Massachusetts General Hospital continues to yield cutting-edge results,  allowing our in-
dustrial/practitioner and government partnerships to lourish.  Sections 4.2-4.4 discuss the industrial part-
nership strategy goals and membership status.

B. Collaboration, Funding and Transition

In 2013-2014, ALERT continued to improve its relationships with the Transportation Security Agency (TSA).   
We established a close working relationship with the new Federal Security Director (FSD), Jim Spriggs in 
Cleveland and the Chief of Massport Security, Admiral George Naccara at Logan Airport.  We maintain our 
close relationship with ex-FSD Cleveland, Michael Young, as well as the Cleveland Hopkins International Air-
port to continue research on “reverse low within the airport exit lane” and “tag and track of a person-of-
interest” with the support of DHS S&T.  Both of these end-user identi ied problems highlight the close col-
laboration among academia, industry and government partners.  The highlights of this Engage to Excel (E2E) 
project are detailed in Section 4.5 “Joint Proposals.” Three additional programs  (two in the area of recon-
struction, and one in threat recognition) are all based on the use of X-ray Computed Tomography for security 
screening of luggage. All three involve ALERT and non-ALERT academic researchers along with industrial 
and government collaborators.
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Together, the ALERT fostered industrial/practitioner, government, and academic collaborations provide each 
participant with assets to make their efforts more productive. It is a “win-win-win” situation, both in the 
near-term and for the extended future beyond the ten-year strategic plan described in Section 2.

4.2 PRIMARY PARTNERSHIP GOALS

ALERT Phase 2 goals remain consistent with our initial vision. They are:
• Identify ALERT research to transfer into the security enterprise;
• Seek out opportunities for joint proposals between academic and industrial/practitioner and govern-

ment partners;
• Continuously engage industrial/practitioner and government collaborators through meetings such as 

ADSA, ASPIRE, and TESSA discussed in sections 4.3 and 4.7; and
• Provide a workforce pipeline for DHS technologies.

4.3 INDUSTRY SUPPORT AND PARTNER BENEFITS

Interaction between collaborators and ALERT is broadly de ined, and provides bene its/value for all part-
ners. Examples include:

• The Candidate Central Portal is an integral portion 
of the ALERT website (see Fig. 4-1). This supports the DHS 
technologies workforce pipeline by providing our partners 
with biographies and resumes of exceptional ALERT students 
and recent graduates who are interested in Homeland Securi-
ty-related jobs or internships. Candidate Central, in conjunc-
tion with ASPIRE (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 2013-2014, 
four interviews took place and two graduate students found 
full-time positions within the ALERT COE community;
• Joint Proposals: (see Section 4.5 for more details).
• Support for Massachusetts-based companies stem-
ming from the John Adams Innovation Institute (JAII) con-
tract, awarded to augment the ALERT cooperative agreement 
(see Section 4.6 for more details.)
• Multiple meetings intended to keep our government 
sponsors and our industry partners informed of the R&D be-
ing conducted at all of the partner universities.  These include 
the Algorithm Development for Security Applications (ADSA), 
Annual Student Pipeline Industry Roundtable Event (ASPIRE 
see Fig. 4-2), and the newly created Trace Explosives Sam-
pling for Security Applications (TESSA), which was kicked-off 
on  August 13, 2014. (see also Section 4.7 for more details.)

Figure 4-1b. ALERT Candidate Central Portal.

Figure 4-2: Prof. Jose Martinez-Lorenzo and 

Industry member Earl Stewart from HXI speak 

with ALERT student Spiros Mantzavinos at the 

spring 2014 ASPIRE/IAB meeting.
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4.4 INDUSTRIAL ADVISORY BOARD MEMBERSHIP

The Industrial Advisory Board (IAB) was initiated by the Gordon-CenSSIS Center and has been carried over 
to ALERT as part of leveraging the Gordon-CenSSIS resources and infrastructure. It is a body comprised of 
those companies which have contributed membership fees to support ALERT.
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 near-term DHS 
needs. In Q1 of 2014, ALERT re-initiated semi-annual IAB meetings to ensure better communication and inte-
grate our industrial partners’ expertise more directly with that of the COE. We feel this will give rise to more 
E2E opportunities. These IAB meetings will often be held in conjunction with the ASPIRE events discussed 
in section 4.7.
To join the Industrial Advisory Board, an industrial/practitioner or government partner has to make a mem-
bership commitment. 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)
• Analogic
• AS&E
• Morpho
• Raytheon
• Siemens
Associate industrial partners: ($25K)
• Lockheed Martin ($25K)
• Rapiscan ($25K)
Small business partners: ($10K)
• Eos
• HXI
• Implant Sciences
• Passport Systems
As indicated in Section 4-3, all Industrial Partners 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 Gordon-CenSSIS/ALERT, including undergraduate and 

graduate coop assignments, internships and fellowships; 
• Industrial Advisory Board Membership and related invitations to multiple meetings to facilitate R&D col-

laborations.
Based on the level of engagement, IAB members have a say in how their membership fees are spent. Table 4.1 
on the next page illustrates the various options.
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Gordon-CenSSIS/ALERT Industrial Partner Membership Options Selection Sheet
Please review the Membership Options below and indicate where you would like your membership dollars 
spent; return a copy of this sheet with your signed agreement (e.g. For a $100,000 Strategic Partner Mem-
bership: 4 x Option A ($80,000) and 2 x Option E ($10,000) totals $90,000. This is added to the $10,000 
suport for Gordon-CenSSIS/ALERT Infrastructure to total $100,000.
Industrial Partner Name:
Industrial Partner Membership Level:

Quantity $ Member Allocations

1 10,000*
Support for Gordon/CenSSIS/ALERT
Research and Development Infrastructure.
*Reduced to $5,000 for Small Business Indistrial Partners.
A. $20,000 in targeted (non-proprietary) research.
B. $40,000 in tuition credit for Indistrial Partner Employee Gordon Fellow 
Candidate(s) tward Master’s Degree.
C. $20,000 in tuition credit for Indistrial Partner Employee Gordon Fellow 
Candidate(s) toward Graduate Certi icate in Engineering Leadership.
D. Stipend support for one K-14 (including Community College) teacher to 
participate in a summer Research Experiences for Teachers Program host-
ed by Gordon-CenSSIS and its af iliates ($10,000).
E. Stipend and Housing support for one undergraduate (including Com-
munity College) student to participate in a summer Research Experiences 
Undergraduates Program hosted by Gordon-CenSSIS and its Af iliates and 
stipend support for one undergraduate student to participate in one se-
mester of part-time research while in school ($10,000).
F. Stipend support for one high school student to participate in a summer 
Research for Young Scholars Program hosted by Gordon-CenSSIS and its 
Af iliates ($5,000).
G. One day-long targeted seminar tailored to the Industrial Partner’s Re-
quest ($5,000).
H. $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 Faculty Security Of icer and validation of security 
clearances.
I. Membership dollars to be allocated at the discretion of the Gordon-Cen-
SSIS Director of research, education, and/or infrastructure development 
($5,000).

Total $
Table 4-1: Selection sheet to enable industry partners to focus on topics relevant to their organization.
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4.5     JOINT PROPOSALS

Brief Pro iles of key partnerships created through Gordon-CenSSIS and extended to ALERT continue to yield 
ALERT is tied to the DHS S&T EXD mission areas (e.g. explosives characterization trace and bulk detection, 
passenger, cargo and luggage screening etc.). The following joint proposals between ALERT and its external 
collaborators are directly related to this mission. Initiated in 2011-2012, the ALERT COE teamed with Mass 
General Hospital, Siemens Corporate Research and the Cleveland TSA, embarking on a project that addresses 
a key problem that TSA agents face on a daily basis. This has to do with detecting the “reverse low of a per-
son in the exit lane.”  This problem was brought to ALERT’s attention through extensive dialog with TSA, 
Cleveland FSD and through the support of DHS S&T. The ALERT contributions involve three of its academic 
partners (NEU, BU and RPI). Automating video analytics monitoring in support of TSA screeners is expected 
to minimize costly airport terminal shutdowns caused by breach of airport exit lanes.  In addition, having 
tools to minimize the strain of viewing multiple monitors simultaneously should help to increase worker pro-
ductivity. In 2013-2014, this ALERT E2E project is now in beta-test operation and supports the security of ice 
determination of the “reverse low of a person in the exit lane.”  The system probability of detection is greater 
than 99.9% with less than one false alarm a day (>50,000 passenger/week). In addition a new element was 
added to the effort, the “tag and track” problem. This element deals with the ability of TSA of icers to main-
tain surveillance of a person of interest as this person moves through the airport. Like the “in the exit” prob-
lem, the “tag and track” problem was identi ied as a need by our TSA collaborators in the Cleveland Airport.
Initiated in 2013 and continuing into 2014, ALERT researchers, Mass General Hospital and Astrophysics 
Corp. teamed together to provide a limited angle, limited number of views X-ray computed tomography re-
construction for a palletized cargo inspection system. The Astrophysics system, reported at ADSA 11, will be 
the irst of its kind available for cargo inspection.
Also in 2013, an ALERT researcher, Prof. Jose Martinez-Lorenzo, teamed with HXI, LLC, one of our small 
business partners, and was awarded an NSF Small Business-ERC Collaborative Opportunity (SECO) award to 
advance sub-surface millimeter-wave imaging technology.
In 2014, two additional teams have been composed of ALERT researchers, and industrial members Morpho 
Detection Inc. and L3 Communications to transition two ALERT research innovations into the industrial sec-
tor of the DHS security enterprise. This collaboration will result in the submission of two proposals through 
the ALERT Basic Ordering Agreement which are expected to result in Task Order awards in 2014 and 2015. 
The irst task order proposal will provide materials understanding in the millimeter wave passenger screen-
ing systems. The second task order proposal will provide greater probability of detection and lower false 
alarms in X-ray computed tomography of threat materials.
As indicated above, ALERT is actively pursuing joint proposals with industrial partners to various govern-
ment agencies.  The joint proposal strategy amongst the ALERT community is a way to engage industry and 
foster technology transfer and innovation. In each case, ALERT:
• Finds the contract or grant opportunity;
• Builds a relationship with the grant or contract program manager;
• Builds a targeted coalition of researchers and industrial partners;
• Coordinates the effort required to develop a white paper;
• Produces (with the coalition) the inancial estimates;
• Coordinates and produces the contract proposal;
• Negotiates the awarding of successful contracts;
• Program-manages the development tasks;
• Communicates with the contract customer; and 
• Manages the deliverables.
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4.6   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 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 year of the Phase 2 ALERT program. These re-
sources 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 funda-
mental research. Ultimately, advanced products developed by our industrial partners will be one of the major 
bene its stemming from ALERT.
To date the following proposals have been funded under the matching grant proposal:
• Siemens;
• Raytheon;
• Textron;
• Block Engineering;
• Agiltron;
• AS&E;
• Lockheed Martin;
• Renaissance/HXI;
• Emitech
• Eos Photonics
• Implant Science
• Passport Systems
The JAII support mechanism is an exciting opportunity for technology transfer, system-level problem solving, 
and additional funding to supplement basic research. This vehicle continues to attract new industrial part-
ners, including Eos Photonics in 2013 and Implant Science and Passport Systems in Q1, 2014. These small 
companies are working with ALERT researchers to transfer technologies that can be commercialized. More-
over, successful JAII proposals provide a return on investment for our industrial partners and contribute to 
the long-term success of the COE.  
The impact that a JAII award can have is particularly evident with Eos Photonics. The HELIOS 100 tunable 
Quantum Cascade Laser Array (QCLA) system is a disruptive technology that is one step closer to market 
due to the improvements that were made with the $100K JAII award.  The Eos QCLA is designed to be faster, 
more robust, more compact, and have higher S/N than other external cavity QCLs on the market today.  Eos 
projects that the HELIOS 100’s price will go down to $10K/unit by the end of 2015.  Competitors sell similar 
products with performance speci ications that are an order of magnitude slower for $45K/unit (a price that 
has stayed constant for the last few years).  The initial JAII funding resulted in Eos Photonics winning several 
additional awards, including one from Mass Ventures.  As a direct result, they have hired 4 new employees 
and are planning to hire an additional 5 in the coming year.  
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.
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4.7  COLLABORATION MEETINGS AND WORKSHOPS  

In 2013, ALERT Phase 1 was praised by DHS S&T for having the strongest industrial base with a long history 
of close collaboration with industrial partners.  Emel Bulat was invited to give a “best-practices” Webinar 
at the monthly Research Technology Transition Working Group meeting in July, 2013.  It is our intent to 
strengthen this legacy for ALERT Phase 2.  
To that end, we have increased the frequency of our Annual Student Pipeline Industry Roundtable Event (AS-
PIRE) from once a year to twice a year and launched the new Trace Explosives Sampling for Security Applica-
tions (TESSA) workshop series. In addition, the long-standing Advanced Development for Security Applica-
tions (ADSA) workshop series completed its 9th and 10th event in April 2013 and October 2014 respectively. 
ADSA 11 is scheduled for November 6-7, 2014.  These meetings and workshops are brie ly described below.

A. Annual Student Pipeline Industry Roundtable Event (ASPIRE)

From its inception, ASPIRE’s goal was to have our industrial partners introduce their companies, their prod-
ucts, and their future needs to one another and to our research faculty, as well as to our student population. 
First held on March 19, 2013, ASPIRE started with 10-minute presentations by our industrial members, fol-
lowed by short 2-minute presentations by students.  It culminated in a two-hour networking session, con-
sisting of twelve 10 minute “roundtable” discussion slots that companies and students selected as part of the 
registration process.
Due to the extremely positive feedback from both the 
industry and our student population requesting that 
ASPIRE be held semiannually, we hosted two additional 
ASPIRE meetings with slightly different formats in No-
vember 19, 2013 and April 16, 2014.  The November 
meeting focused on workforce gaps that are becoming 
more apparent as baby-boomers retire (see Fig. 4-3).  
The discussions centered on the need to develop an In-
dustrial PhD program similar to the European model.  
This topic is also one that the National Academies is 
researching.  Emel Bulat, teamed with Arturo Pisano 
of Siemens, attended this workshop to benchmark na-
tional and international trends.  Although there is a 
high level of interest in this topic, they were unable to 
obtain seed funding, so they will continue to monitor development through the National Academies and brief 
the ALERT community.
At the April 2014 ASPIRE meeting, as discussed in section 4.4, we re-initiated the IAB meetings and combined 
it with ASPIRE at the request of our industrial partners.  The ASPIRE/IAB meeting focused on presentations 
from graduate students looking for employment within the next 3-6 months.  This event generated four in-
terviews and two job offers.
Through ASPIRE and the IAB, ALERT hopes to create closer collaboration amongst our industrial base, while 
inding the “right” match for our students and partner institutions.  We expect that such alliances will re-

spond with agility to future market opportunities, as well as government BAAs and RFPs, thereby fostering 
effective technology transfer.

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

In 2014, ALERT initiated a workshop series workshop focused on trace sampling.  The Trace Explosives 
Detection Systems (TEDS) community has long recognized the need for a systematic classi ication of the 

Figure 4-3: Student panel at the Fall 2013 ASPIRE.
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state-of-the-art in contact sampling.  This 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 
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, as the basis for the development of the roadmap.  The speci ic materials were de-
termined collectively at the irst TESSA Workshop held in Boston on August 13, 2014.

C. Advanced Development for Security Applications (ADSA)09 and 10

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 2013, ALERT conducted two ADSA workshops focused on New Methods for Explosive Detec-
tion and on Explosive Detection in Air Cargo (ADSA09 and 10 respectively).  
ADSA09 was held at Northeastern University on October 22-23, 2013. This workshop also addressed new 
hardware for improved aviation security. The topic of new methods for explosive detection was chosen for 
the workshop in order to support the DHS objective of improving the detection performance of existing tech-
nologies. Improved detection performance is de ined as: increased probability of detection (PD); decreased 
probability of false alarms (PFA); lower detected threat mass; increase in the number of types of the explo-
sives detected; and increased throughput and lower 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 participated.

The topics addressed at the workshop were:
• Energy sources being used for explosive detection;
• Advantages and disadvantages of different methods;
• Limitations based on concealment, containment, explosive type, minimum mass and other factors;
• Time and barriers for commercialization; and
• Concept of operations and applications. 

The following applications of explosive detection were also reviewed at the workshop:
• Checked baggage; and
• Personnel screening. 

ADSA10 was held on May 6-7, 2014 at Northeastern University. The focus of the workshop was on new meth-
ods for detecting explosives in air cargo. The topics presented were:  
• Review of past and present solutions;
• Differences between cargo inspection, baggage inspection and passenger inspection;
• Phenomenology being exploited for explosive detection;
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• X-ray, neutron and gamma-ray interrogation to detect explosives;
• Advantages and disadvantages of the different scanning methods;
• Limitations based on concealment, containment, explosive type, minimum mass and other factors;
• Container hardening; time and barriers for commercialization;
• Concept of operations and applications;
• Deterrence, hardening and game theory;
• Database development and computer simulations; and
• Emerging technologies.

4.8 TECHNOLOGY TRANSFER

Technology transfer of ALERT research into the security enterprise is an important focus for DHS, S&T/OUP 
and ALERT’s industrial partners. The most important ALERT Technology Transfer vehicle is our students. 
But ALERT works continuously to assess whether the science being developed by its researchers can be tran-
sitioned into the security enterprise. As technologies emerge from the laboratory, partnerships are formed 
with likely customers, and proposals are written to fund the transition of the science and technology to the 
industrial partner. Depending on the market and the potential return, the industrial partner may choose to 
commercialize the transitioned technology or not. Two examples are:

A. Video Analytics Algorithms and Tools have Transitioned to the Cleveland International Airport 
(The ALERT Engage to Excel (E2E) Project)

The Cleveland Hopkins International Airport (CLE) provides a customer with real issues, live video access, 
collaborative opportunities and an existing complex video network.  In conjunction with TSA-Cleveland, Sie-
mens Research Corporation (SRC), Boston University (BU) and Rensselaer Polytechnic Institute (RPI), ALERT 
has developed, and deployed two pedestrian toolsets (one for lagging, “in-the-exit” breaches and another for 
“Tag & Track” surveillance of individuals identi ied as potential risks).”In-the-exit” is a desired video analytics 
capability to create a framework for candidate algorithms to autonomously identify and log all video indica-
tions of individuals moving the wrong way within an airport exit lane.  “Tag & Track,” is another desired capa-
bility, which employs 5 cameras in a garage-skyway approach to the ticketing area and security checkpoint to 
create a test environment for automated tracking of individuals under widely varied lighting, crowd density, 
clothing color and bulk, movement, etc.
Over the past two years, the “in-the-exit” project has built prototype hardware installed at CLE which was 
set up to monitor real time breaches into the exit lane of the secure terminal. The hardware and associated 
algorithms were implemented in close collaboration with the Transportation Security Of icers (TSOs) work-
ing at CLE.  As a result of extensive testing and re inement, the operational “in-the-exit” algorithmic solutions, 
have demonstrated a probability of detection (pD) of 100%, and a probability of false alarm (pFA) of 0.003%. 
These results were suf icient to prompt the TSA FSD to request that the results of the video analytic algorithm 
solutions be provided to the Airport Coordination Center (see Table 4-2).
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Overall 

results

Prob. Detection Probability 

False Alarms

~FA/week

(% in-the-exit 

events)

(=FA*100/peo-

ple exiting)

BU lab 100% 0.004% 2

NEU lab 100% 0.002% 1

III 100% 0.002% 1

IV 100% 0.003% 1.33

This year, the “in-the-exit” solution was transferred to the Cleveland Coordination Center and is now op-
erational. It provides input alarms and video clips of the lagged “in-the-exit” event as it occurs in real time, 
supplementing the scrutiny of the TSO on duty at the exit lane portal. The in-the-exit program demonstrates 
how combining government, industry and academia can provide a practical pathway from the research labo-
ratory, through access to real data, to a useful application (transition). The next step in this transition strategy 
is the “Tag and Track” problem. This effort is in its beginning stages and progress will be reported next year.

B. Advanced Imaging Technology (AIT) Processing Algorithms Ready for Transition

In 2013-2014, ALERT researchers at Northeastern University have improved the performance of millimeter 
wave radar processing algorithms for characterization of concealed low-contrast body-borne threats.  The 
improvements have progressed to the point of being ready for transition. A team of researchers and an in-
dustrial partner, L3 Communications, has come together and written a proposal to fund the transfer of these 
algorithms from ALERT to L3. 
Currently deployed millimeter-wave imaging systems do not adequately characterize dielectric explosive 
materials, as they only provide images of projections of the re lectivity of the body and af ixed objects. As 
such, they rely on the stronger scattering of metal and the general image of the shape of foreign objects, and 
may entirely miss weak dielectric objects – such as explosives – which scatter minimally.  While the mm-wave 
radar scanners do measure and record the essential information to distinguish these weak target features, 
they currently do not fully exploit the information available from the scanners. The accurate detection and 
characterization of these types of materials in real-time applications will enhance the performance of Auto-
matic Target Recognition (ATR) algorithms, in terms of increasing the probability of threat detection while 
not increasing the probability of false alarm.
The proposal to transition the advanced processing algorithms from ALERT into L3 for their assessment has 
been submitted and favorably reviewed.

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 ield. ALERT has 
developed a vibrant strategy that identi ies research ready to transfer to industrial partners, builds an appro-
priate team for the transition, and procures the resources needed to transition the science and technology to 
the industrial sector so it can be commercialized. This interplay between basic science and its transition to 
the ield is essential if the ALERT COE is to maintain its relevance to DHS.

Table 4-2: In-the-exit performance.
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SECTION 5: Strategic Studies Program 

Part of ALERT’s mandate from DHS is to develop a research strategy to identify gaps in the knowledge for ef-
fective 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, which expanded 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 ALERT Phase 1, these efforts resulted in nine workshops, each with a full 
report in hard copy and on a CD:

• Terahertz Imaging and Sensing: October 30, 2008
• ADSA01: April 23-24, 2009, focused on development of new algorithms for detecting explosives at an inte-

grated checkpoint.
• ADSA02: October 7-8, 2009, dealt with segmenting objects of interest from volumetric CT scans of baggage. 
• 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 participate 

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 specifi c topics related to developing and deploying multi-sensor 

systems.
• ADSA07: May 15-16, 2012, focused on advanced reconstruction algorithms for CT-based luggage scanning 

systems. 
• ADSA08: October 24-25, 2012, focused on Automatic Target Recognition (ATR) algorithms for explosives 

detection systems.

5.1 WORKSHOPS DURING THE PAST YEAR

The ADSA09 workshop, focusing on new methods for explosive detection for aviation security, was held at 
Northeastern University in Boston on October 22-23, 2013. This workshop also addressed new hardware for 
improved aviation security (see Fig. 5-1).
The topic of new methods for explosive detection was chosen for the work shop in order to support the DHS 
objective of improving the detection performance of existing technologies. Improved detection performance 
is de ined as: increased probability of detection (PD); decreased probability of false alarms (PFA); lower 
detected threat mass; increase in the number of types of explosives detected; and in creased throughput and 
lower operating costs. Another goal of the work shop was to support DHS’s objective to increase the participa-
tion of third parties such as researchers from academia, national labs and industry. 
The topics that were addressed include:  Energy sources being used for explosive detection, advantages and 
disadvantages of different methods, limitations based on concealment, containment, explosive type, mini-
mum mass and other factors, time and barriers for commercialization, and concept of operations and ap-
plication.
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The following applications of explosive detection were reviewed at 
the work shop:  checked baggage, personnel screening, divested items 
at the check point, cargo, and standoff detection.
The key inding from the workshop, per the editors of the ADSA09 
report, were that: many promising technologies were discussed; 
however, many may not be suitable for deployment as stand-alone 
devices. Instead, these technolo gies may be more suitable for fusing 
with other technologies; and more third parties should be educated 
about explosive detection so that they can contribute to the ield. In 
particular, more information about threats and the requirements for 
detecting them should be disseminated.
• It is important to understand why certain technologies (e.g., neu-

trons) failed to be widely deployed. 
• The workshop was successful at fostering interaction between 

third par ties vendors and the government, and reducing barriers 
to these parties working together. 

• The following topics should be considered in detail at future 
workshops: Air cargo inspection, requirements for deploying 
equipment as stand-alone and fused with other systems, concept 
of operations, X-Ray diffraction and phase contrast, coded aper-
ture sensing and processing, thermal acoustics, sparse view CT, 
impact of regulatory and testing on deployment and development, and common elements such as image 
formats and communication proto cols.

The ADSA10 workshop focusing on explosives detection in air cargo was held at Northeastern University 
in Boston on May 6-7, 2014. Going forward, the title of this series of 
workshops will be changed from “Algorithm Development for Secu-
rity Applications” to “Advanced Development for Security Applica-
tions.” The change was made to re lect the broader scope of the work-
shops which evolved to include hardware, such as sensors. 
The topics that were addressed at the workshop were as follows: tech-
nology being used for explosive detection, X-ray, neutron and gamma-
ray interrogation, Trace detection, nuclear resonance luorescence 
(NRF), advantages and disadvantages of the different scanning meth-
ods, limitations based on concealment, containment, explosive type, 
minimum mass and other factors, container hardening; time and bar-
riers for commercialization, concept of operations and applications, 
review of past and present solutions, differences between cargo in-
spection, baggage inspection and passenger inspection. 
There are advantages and disadvantages with all the deployed and the 
potential, future technologies, especially in light of the following con-
siderations: type of containment: break-bulk, palletized, container-
ized; type of cargo: hydrogenous, highly attenuating, heterogeneous; 
location of screening: off-site or at airport; expense: equipment, la-
bor; concept of operation: throughput, alarm resolution; and type of 
explosive: mass, thickness, density, elemental composition.

Figure 5-1: ADSA09 report.

Figure 5-2: ADSA10 report.
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Many promising technologies were discussed, including high-energy X-rays, neutrons, nuclear resonance lu-
orescence, trace, risk-based screening, sparse view sampling and interior tomography. The outcomes of the 
workshop were published in the report shown in Figure 5-2. 
The workshop was successful in fostering interaction between third parties, vendors and the government, 
and reducing barriers to these parties working together. This statement is based, in part, on the feedback 
received after the workshop.

5.2 FUTURE WORKSHOPS

ALERT plans to continue its Strategic Study Workshop series throughout the life of the Center. In addition to 
ADSA, a new series will be launched in Year 2. These workshops will focus on Trace Explosives Sampling for 
Security Applications (TESSA). The irst workshop in this series was held in August 2014. The outcomes will 
be discussed in the ALERT Year 2 annual report.
In summary, these strategic studies workshops are valuable in creating collaborative opportunities by en-
gaging 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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SECTION 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, Pres-
ton 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.
Subsequently, the ALERT Cooperative Agreement was modi ied to include a Safety Program and similar lan-
guage was built into the ALERT Phase 2 Cooperative Agreement.

While striving to achieve the goals of effective characterization and detection, to the explosives-related 
threats facing the country and the world, ALERT recognizes that safety is of paramount importance. Handling 
of energetic materials, screening instruments, etc., requires constant vigilance; any lapses in safety can have 
severe consequences. The problem 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 Edu¬cation 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 educational and compli-
ance components.

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 va-
riety of explosive research, explosive handling, radiation safety, and chemical process safety backgrounds 
(see Table 6-1). The SRB and safety protocols are not intended to supersede the existing safety protocols at 
each ALERT institution; rather, these protocols and the SRB are put in place to offer basic guidance. 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 responsible 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.”

Figure 6-1. Safety Review Program components.
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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@cyber-
mesa.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 “Explopsive 
Safety Protocols and Procedures” course be offered every six months, and that each individual who partici-
pates 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 
institution will have an opportunity to supplement the instruction as appropriate for their institution.
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 SAEP. Instructors will be selected by ALERT Leadership 
and the Chairperson of the SAEP to 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 

Table 6-1:. Composition of the 2014-2015 Safety Review Board (SRB).
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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.

A. Operation

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. 

A. 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 
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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 nor¬mal 
safety precautions applicable to chemicals apply. The additional hazard is uncontrolled release of energy. In 
handling 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 is¬sues 
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 op-
posed 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 mate-
rial 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 implementation of the Safety Program, ALERT has gone through multiple iterations of each com-
ponent.

A. ALERT Phase 1 activities

In Year 3, ALERT SRB members visited ALERT partners Missouri Institute of Science and Technology (MS&T) 
in August 2010, the University of Puerto Rico at Mayagüez in September 2010, and Texas Tech University on 
August 17, 2011. These visits were all successful and resulted in experimental work being reinstated at these 
institutions.
In Year 4, ALERT SRB members, William Koppes, Michael Coburn, and Ronald J. Willey conducted telephone 
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interviews with ALERT researcher, Dr. Choong-Shik Yoo, Professor of Physics and Director of the Institute for 
Shock Physics, Washington State University on February 6 and 8, 2012.   The SRB has determined that they 
will conduct site visits and telephone interviews (if appropriate) twice per year.  
In Year 5, ALERT SRB members, William Koppes and Ronald J. Willey visited the University of Puerto Rico at 
Mayagüez in November of 2012. 

B. ALERT Phase 2 activities 

In Year 6, ALERT SRB members, Ronald J. Willey, William Koppes, Michael Coburn, and Jack Price visited 
the University of Rhode Island in May 2014.  The report is still under review, but a draft is available under 
request.
Telephone interviews are planned 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.

C. Safety review courses (Phase 1 and Phase 2)

The ALERT SRB has led six Safety Review Courses beginning with the irst on April 23, 2010 followed by 
courses on October 25, 2010, April 7, 2011, and November 2011. The ifth and most recent Safety Review 
Course was held on July 31, 2012 and included presentations by William Koppes, Ronald J. Willey and Dr. Ge-
neva Peterson, a Post-doctoral research associate working with Profs. Hope-Weeks and Weeks at Texas Tech 
University.  The next plan safety review course is scheduled for late September 2014 so that all new graduate 
students joining the various groups will be included. These mandatory short courses were broadcasted to 
the lead professors and students working with energetic materials at each ALERT partner institution work-
ing with such materials. Our short course agendas contain material common throughout the center and in-
stitution-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”. 

ALERT  
Phase 2 Year 1 Annual Report Section 6: Safety Program

45



This page intentionally left blank.

46



Section 7:  Information Protection Program

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 Dissemina-
tion 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 
re lect updates to the Program components with the commencement of the ALERT Phase 2 Award. 

Mission

The Information Protection Program (IPP) was established to create and enforce procedures and policies 
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 activi-
ties and have knowledge of the history of the Information Protection Program policies and procedures cre-
ated 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-
dures.  If necessary, the Board will convene additional meetings to address emergent issues or situations that 

Figure 7-1: Information Protection Plan organization.
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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.
ALERT Leadership and the Information Protection Program Review Board have developed an SSI training 
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. 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.

A. Sensitive Information Research Evaluation and Advisory Panel

ALERT has established a Sensitive Information Research Evaluation and Assessment Panel (REAP) for the 
purpose of reviewing ALERT generated material for potential SSI. Members of this panel are approved by the 
ALERT Center Director as being capable of identifying potential SSI and Classi ied information. Materials are 

Table 7-1: Composition of the 2014-2015 Information Protection Program Review Board.
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reviewed by panel members on a rolling basis.   Typically materials are reviewed once per week.

B. Submission of Materials for Review

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 SSI, PIs are asked not to submit 
iles via email and to upload iles for review via ALERT’s secure online repository.  

C. Research Evaluation and Assessment Panel (REAP) Review

The REAP 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 edits to the author, and the author 
implements the change(s) or the material in question is submitted by the SSI reviewer to the ALERT DHS 
Program Manager for further review. 
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 original material containing unapproved information is then 
destroyed following the ALERT SSI Destruction policy.

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.
The Data Procurement and Dissemination Process 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 authorized 
and documented; and 
3. Require that any public disclosure of ALERT-managed data or its derivatives must be submitted in accor-
dance 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-
Disclosure 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. 
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7.6 INFORMATION PROTECTION PROGRAM ACTIVITIES

The Information Protection Program developed from an expanding need to protect data being dispersed to 
the research community. Over the last 4+ years, ALERT has developed and re ined a process to procure, store, 
protect and disseminate data. 

A. Timeline and Data Sets

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 valuable to other parties, and ALERT 
was able 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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Section 8:  Infrastructure and Evaluation

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 
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 Professor of Electrical and Computer Engineering, serves as the ALERT 
Deputy Director (as well as the R3 Thrust Leader). Prof. Rappaport is internationally recognized for his re-
search contributions in the areas of electromagnetics and antenna theory – key disciplines of ALERT. Previ-
ously 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 in-
dividual programmatic responsibilities. They also have experience that will enable them to act coherently 
together as a team to implement the COE’s long range strategy.

The ALERT Organization Chart is 
shown in Figure 8-1. There it is seen 
that in addition to NEU, ALERT has 
three key academic partners, Boston 
University (BU), Purdue and the Uni-
versity of Rhode Island (URI). Each of 
these four institutions is represented 
within the ALERT management struc-
ture by a faculty member who directs 
one of the fundamental science re-
search thrusts – these are Professors 
Jimmie Oxley (URI) R1 Thrust Lead, 

Figure 8-1: The ALERT Organization Chart enables integration of its 

research, transition and education elements.
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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 develop-
ment 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’ 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.
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 and Ms. Teri Incampo, Production and Reporting Specialist. 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.

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?
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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?
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 un-

derrepresented 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 

Figure 8-2: The ALERT Project Evaluation Process is aligned with COE Goals and Mission.
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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, possibly with the bene it 
of outside expertise. Likewise, outside expertise may be called upon if the question of publication of sensitive 
information arises. 
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 
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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Section 9: Conclusion

In its irst year of Phase 2, the ALERT Center of Excellence has further developed a strong strategic base, fun-
damentally supported by both a meaningful vision and a mission which integrates research and education.  
The ALERT program has evolved to incorporate the needs of DHS into its Three-Level Strategy.  This approach 
has proven successful as evinced by the research and education deliverables and outcomes achieved in Phase 
1.  The research programs and testbeds have led to a continued emphasis and development on ways to tran-
sition basic research results to end users.  ALERT educational modules are engaging students at all levels; 
ALERT has been able to leverage pre-existing, successful 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 aid 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.
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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 Fundamental Explosivity & How to Deter It 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 Explosive Polymer Interactions Jim Smith
Sze Yang
Jimmie Oxley

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

Abstract— This project performs the essential “characterization” of explosive compounds and mix-
tures. Physical properties include infrared (IR), Raman, 1H and 13C NMR and mass spectroscopy. 
These properties are measured and made available, through an online database, to the homeland 
security enterprise, as well as to forensic labs.  Plans are being made to include analysis methods and 
references.  Other essential properties include thermal stability under a variety of conditions, heat 
of decomposition and detonation and destructive techniques.

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

Students

Name Degree Pursued Institution  Month/Year of Graduation

Maria Donnelly PhD URI 2014

Matt Porter PhD URI 2016

Austin Brown PhD URI 2016

Devon Swanson PhD URI 2017

Lindsay McLennan PhD URI 2016

Stephanie Rayome MS URI 2016

Ryan Rettinger PhD URI 2015

II. PROJECT OVERVIEW AND SIGNIFICANCE

Many laboratories that work directly or indirectly on homeland security issues are not able to purchase or 
store explosives, especially homemade explosives (HMEs).  The database provides a valuable service to these 
laboratories.  Standard 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 lab.  Getting rid of small quantities can also 
be a safety issue.  URI has led the way in chemical digestion of unwanted HMEs.   Fuel-oxidizer mixtures are 
a ield where little de initive information is available, but much speculation exists in terms of what “works” 
and what “ought to work.”  Our research has two goals:  First, to allow the homeland security enterprise to 
narrow or widen the list of threat oxidizers; Second, to collect and match suf icient small-scale data to large-
scale performance so that small-scale data has greater predictive value. 
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III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

With the advent of the so-called “homemade” explosives, many people in the homeland security enterprise 
ind themselves forced to handle them.  For their safety, it is essential that they have been thoroughly charac-

terized (see below). 

A.1   Safe handling of Hexamethylene Triperoxide Diamine (HMTD)

A.1.1   Executive summary 

HMTD has never found use as a military explosive due to its poor thermal stability and sensitivity to impact, 
friction and electrostatic charge.  Nevertheless, counter-terrorist efforts require that law enforcement per-
sonnel and vendors of explosive detection instruments have access to it for training and for validation pro-
tocols.  Therefore, we are endeavoring to completely characterize its stability and understand it formation 
and decomposition mechanisms.  Speci ically addressed are the hazards of making and storing amorphous 
non-crystalline HMTD, such as an incident that injured an operator’s hand in a canine training exercise in 
May 2013. We have discovered, contrary to frequent safety advisories, that this material should not be stored 
under water and that even highly humid conditions accelerate its decomposition.  Furthermore, a number 
of contaminants signi icantly destabilize it; most troublesome are citric acid, water, and hydrogen peroxide, 
three materials present in its synthesis which, if it is not re-recrystallized, could be retained in deceptively 
clean-looking white crystals of HMTD. 

A.1.2   Background

HMTD is easily synthesized from reaction of hexamine with hydrogen peroxide. The oxidation is catalyzed by 
acid, usually citric acid.  The structure of HMTD is unusual in that there is planar 3-fold coordination about 
the two bridgehead nitrogen atoms rather than pyramidal structure [1].   The ring strain in HMTD may ac-
count for its low thermal stability and high sensitivity to impact, shock and electrostatic discharge.  Because 
there have been several accidents, such as an unexplained initiation in May 2013 which injured counterter-
rorism personnel, we have launched a study to better understand its chemistry and, for the purposes of de-
tection, to identify its signature under a variety of conditions.  
We have previously used manometers to determine the Arrhenius decomposition kinetics of HMTD (1st or-
der Ea 107 kJ/mol, A =4.21 x 1010 s-1) from change in gas volume production with time [2].  A general pro-
tocol of this laboratory is that, following synthesis, a re-crystallization (i.e. puri ication step) is performed.  
Unfortunately, HMTD has only limited solubility even in highly polar solvents, requiring large volumes of 
ethyl acetate and acetonitrile for recrystallization.  Trace amounts of these solvents are dif icult to remove 
completely from puri ied HMTD.  For that reason, a number of the following studies were performed both 
with crude and with the recrystallized HMTD to ensure presence of solvent traces did not bias results.  

A.1.3   HMTD headspace

We suspected HMTD was undergoing signi icant decomposition at ambient temperature when we noticed 
that the material, when removed from storage at -15oC (freezer temperature), developed a noticeable odor 
after a couple of hours.  Accordingly, headspace samples of both crude and recrystallized HMTD were ana-
lyzed by GC/MS immediately after recrystallization and after one-year storage at room temperature (Fig. 1 
on the next page). Other than residual solvent associated with recrystallization (ethyl acetate), differences 
in the headspace content were not noticeable. However, Trimethylamine (TMA) and, particularly dimethyl-
formamide (DMF), signi icantly increased upon aging.  Dimethylformamide may be formed directly in the 
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decomposition of HMTD; however, it may also be formed by the oxidation of trimethylamine. The oxidation 
of TMA has been reported to form dimethylamine and formaldehyde. Although under the conditions of our 
experiments dimethylamine is not observed, it is reasonable to assume that dimethylformamide may be an 
intermediate in TMA oxidation [3].
Figure 1 shows the gas chromatograph (GC) trace of HMTD headspace as sampled by SPME (solid-phase mi-
cro-extraction); sampling by syringe gave the same results.  No molecular HMTD appeared in the headspace. 
This raised the question of whether it was there but decomposed under our analytical protocols, or was it 
never present in the headspace.  To answer this, we used the same experimental conditions and injected a 
solution of HMTD; the molecular ion was observed, which led us to conclude that if the HMTD molecule had 
been present in the vapor headspace, we would have observed it. This point will be further explored since it 
is critical that those preparing safe stimulants, e.g. canine training aids, accurately model the vapor plume.

A.1.4   Effect of humidity on HMTD decomposition

General safety advisories suggest primary explosives be stored moist.  Indeed this approach has been rec-
ommended for HMTD [4]. To address the validity of this approach, DSC (differential scanning calorimeter) 
measurements on dry and moistened HMTD were obtained.  The results (as seen in Fig. 2) show that water 
actually accelerates decomposition of HMTD.  Samples of HMTD were then exposed to less severe aqueous 
conditions.  Samples of amorphous non-crystalline HMTD were held at 60oC and ixed humidity values (0, 
29.26, 74.5, and 100%) and monitored each week for four weeks.  After two weeks, the samples of HMTD, 
at highest humidity, were completely degraded; no HMTD was observed via GC with mass selective detector 
(MS).  The bar graph (Fig. 3 on the next page) shows the degradation of HMTD over a month. The plots in 
Figure 4, on the next page, show how fast crude HMTD decomposes in the humidity in just one week as com-
pared to the recrystallized HMTD.

Figure 1: HMTD headspace for fresh recrystallized, 1-yr-old recrystallized & 1-yr-old crude HMTD.

Figure 2: DSC of HMTD & Structure thereof.
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A.1.5   Effect of additives on HMTD decomposition 
While humidity might be partially responsible for the May 2013 incident, unconsumed reactants or other 
contamination may also have contributed to the instability of the HMTD. Since that batch of HMTD was not 
recrystallized, it was prudent to determine the effects of remaining reactants, as well as accidental contami-
nants.  Table 1, on the next page, shows DSC results and Table 2, on the next page, shows remaining HMTD 
after storage for one week at 60oC, as measured by GC/MS.
Most additives shifted DSC exotherms of HMTD to lower temperatures (as seen in Table 1 on the next page), 
indicating a destabilization of HMTD.  Exceptions observed were with the additives benzoic acid, phosphate 
and bicarbonate; the former two may have had a slightly stabilizing effect. We have previously demonstrated 
that concentrated mineral acid could be used to destroy HMTD [2], and it was reported by Taylor and Rinken-
bach [5] that KOH also decomposed it rapidly (within a day at room temperature).  Perhaps species which 
buffer its pH enhance the stability of HMTD.  Of concern was the fact that water and citric acid, both of which 
are used in the synthesis of HMTD, lowered its thermal stability markedly.  This emphasizes the need to re-
crystallize HMTD even though the synthesis results in the precipitation of deceptively clean-looking, white 
crystals.
In previous studies we had observed a signi icant HMTD decomposition at 100oC .  Isothermal studies per-
formed at 60oC using HMTD (i.e. not recrystallized) in a chamber held at 30% relative humidity (as seen in 
Table 2 on the next page). The trends observed by DSC were con irmed. The deleterious effect of water was 
marked, although it was slightly ameliorated by addition of sodium bicarbonate to the water.  Water, citric 
acid, and hydrogen peroxide (HP) enhanced the HMTD decomposition rate; all three potentially could have 

Figure 3: Decomposition of HMTD (crude) held at 60oC with fi xed humidity.

Figure 4: Decomposition of HMTD (crude, left & recrystallized, right) held at 60oC for 8 days.
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remained in HMTD when the product was not re-crystallized.  Headspace monitoring revealed that water and 
citric acid sped up the production of TMA and DMF in the gas phase.  

A.2    Fuel-oxidizer mixtures: their stabilities and burn characteristics

A.2.1   Objective 

In fuel-oxidizer explosives, it is important to understand the range of useful oxidizers, the effects of various 
fuels and to be able to catalog results of laboratory-scale tests with the long-term goal of correlating these 
tests to real-world performance.

Table 1:  Summary of DSC of HMTD with Various Additive (Scan Rate 20o/min).

Table 2: Remaining HMTD (crude) after 1 Week 60oC 30% Relative Humidity.
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A.2.2   Executive summary

Differential scanning calorimetry (DSC) and simultaneous differential thermolysis (SDT) were used to com-
pare the thermal stabilities of eleven solid oxidizers (i.e. KClO4, KClO3, NH4ClO4, KNO3, KNO2, NH4NO3, KIO4, 
KIO3, KBrO3, KMnO4 and K2Cr2O7), both neat and with various sugars.  General observations include:  1) There 
was wide variability in DSC results, even within a given batch; 2) There was surprisingly little difference in 
the DSC traces of oxidizer mixes with 50wt% sucrose and those with 20wt% sucrose; 3) SDT traces often 
differed markedly from those of DSC; and 4) In many cases, decomposition of the mix was linked to phase 
change of one or both components. Interestingly, the neat oxidizers appeared to undergo decomposition 
roughly in line with their standard reduction potentials. Hot-wire ignition tests were performed, but to date 
no strong correlation with thermal stability tests have been observed.

A.2.3   Background

Inorganic oxidizers ind applications ranging from oxygen sources to sources of energy and propulsion. Ex-
amples include ammonium perchlorate with hydroxy-terminated polybutadiene for rocket fuel and ammo-
nium nitrate with fuel oil for commercial mining. Many of these formulations have also found illicit use [6]. 
We have selected a number of solid oxidizers of varying oxidizing power to test on the lab-scale in mixtures 
with various sugars. The objective was to test for hazardous behavior and threat potential and to evaluate 
the usefulness of small-scale tests.  Many of the oxidizers were oxy halide salts. These anions, with the highly 
oxidized central atoms, tend to be useful oxidizing agents which work most effectively in acidic solutions.  
The potassium, rather than the sodium, salts were used, since formulations with potassium cation tend to 
be less hygroscopic than those of sodium. The ammonium salts have different chemical behavior than potas-
sium salts of the same anion because they carry and use, if required, their own fuel.  Our initial choice of fuels 
was limited to sugars. These melt at relatively low temperatures. The oxidizer-fuel mixtures were prepared 
in 50/50 wt% and 80/20 wt% ratios.  These fuel-rich mixtures are typical for pyrotechnic formulations and 
the oxidizer-rich mixtures in explosive mixtures. 
In an effort to compare oxidizing power, we used standard reduction potentials (Volts, 1M aq solution against 
standard hydrogen electrode) of oxidizer [7]. These are shown in Table 3 starting on the left with species hav-
ing most positive potential, noting that actual potentials depend on the pH of solutions and inal products.  In 
addition, the weight percent oxygen of each species was calculated and shown in Table 3.

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 [8].  In our burn tests, 250 mg, instead of 30g, and sucrose or aluminum powder 
were used instead of cellulose (Fig. 5 on the next page).  Response to hot-wire ignition was assessed by the 
length of the burn and the light output.  Table 4 on the next page orders the oxidizers left to right, as highest 
oxidizing power to lowest in terms of electromotive potential. This trend is roughly followed by burn time; 
either measured by eye or light sensitive detector. Fastest burn time oxidizers are on the left (highest oxidiz-
ing power) and those with longest burn times are on the right.  Light output, when the fuel was sucrose, did 
not show a clear trend.

NO3-  -> NO,  HNO2, NH4
+, NO2   0.96, 0.94, 0.87, 0.80 respectively

Table 3: Standard Reduction Potentials in Volts & Oxidizer Content for Oxidizers.

ALERT 
Phase 2 Year 1 Annual Report

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

Project R1-A.1

66



Thermal stability is often assessed by the temperature at which heat release is observed in a differential scan-
ning calorimeter (DSC) or by simultaneous differential thermal analysis (SDT), which runs thermogravimet-
ric analyzer (TGA) and DSC at the same time. For DSC analyses, 
the exothermic peak onset, peak maximum and heat release are 
usually recorded. The higher the exotherm temperature, the 
more thermally stable the species is considered, and the larger 
the heat release the more energetic. TGA indicates at what tem-
perature during the thermal scan the sample loses weight. One 
advantage of SDT thermal analysis was that it allowed scanning 
to higher temperatures.  Since the crucibles were not sealed 
thermal traces differed markedly from DSC thermal analysis 
of samples sealed in glass micro-ampoules.  For example, the 
exotherm in the AN thermal trace at 316oC in SDT became an 
endotherm at 292oC due to the volatilization of the AN.  This 
same observation was made with a number of compounds and 
formulations.

A.2.4   Oxidizer salts

The thermal traces of the oxidizers alone were not simple. They included phase change(s), decompositions 
and heats of fusion (i.e. melts) of the decomposition products. For example, KNO3 undergoes an orthorhom-
bic to rhombohedral transformaion at ~130oC and melts (333-334oC) to a liquid stable to 550oC. Some salts, 
such as EO4-, undergo intra-conversion with the related oxide EO3-, where E = Cl or I (eq 1, 2). For example, 
periodate decomposed to iodate about 330oC and thereafter their thermograms were identical [9-13]. Use of 
the open pans in the SDT complicated thermal scans with vaporization of some components competing with 
decomposition. Neat oxidizers appeared to undergo decomposition roughly in line with standard reduction 
potentials (Table 5) although a few decompose endothermically.   Most of the oxidizers produced some heat 
when decomposed without fuel, but it is a few hundreds of Joules per gram compared to 1500 to 3000 J/g 
when decomposed with sugar.  The exceptions, of course, are 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 elec-
tronegative difference between oxygen and the central element, the more stable the oxy-halide.  This order 
of stability was attributed to the degree of pi-bonding in each species:    ClO4- > ClO3- and NO3- > NO2- [14-

Table 4: Hot Wire Burn Times.

Figure 5: The hot wire setup.

 Red DSC values indicated exothermic; and blue endothermic.
Table 5: Summary of Principle DSC Exothermic (red) or Endothermic (blue) Peaks & Heat (J/g).
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15]. Among the oxo-chlorine or oxo-nitrogen species, perchlorate and nitrate are more stable than the less 
highly oxidized chlorate and nitrite.  Chlorates are generally more sensitive than perchlorates. If oxygen is 
not allowed to escape, the pairs nitrate/nitrite, perchlorate/chlorate, and periodate/iodate can establish a 
psuedo-equilibrium (eq 1-2) [14]. 

    KClO4 KClO3  + 0.5 O2   (1)

    KClO3 KCl + 1.5 O2   (2)
Figure 6 shows ammonium perchlorate (AP, NH4ClO4) as an example.  It exhibited an endotherm around 
245oC (~70 J/g) as a result of an orthorhombic to cubic phase change. Continued heating of AP in a sealed 
DSC ampule resulted in a single exotherm which began around 350oC and reached a maximum about 400oC 
(~1300 J/g). The SDT results appeared quite different.  Immediately after the 245oC phase change, a small 
exotherm (~360 J/g) at ~318oC was observed with a second endotherm centered on 435oC. This apparent 
difference in AP behavior has been explained by the sublimation of AP above 350oC competing with its de-
composition.  In the sealed DSC ampule, AP did not sublime [16]. As heating of the open pan in the SDT was 
continued, a small endotherm at 757oC was observed, the melt of KCl.

A.2.5   Fuel/oxidizer mixtures

The monosaccharrides, glucose and frutose, and the disaccharides, sucrose (glucose and fructose) and lac-
tose (glucose and galactose), were examined as mixtures with oxidizers.  The disaccharrides and glucose 
alone exhibited endotherms around 150-176oC, while for frutose the endotherm was at lower temperature 
128oC. When these sugars were added to the oxidizers the thermograms were more complex. Of interest, 
DSC thermograms of most of the sugar/oxidizer mixtures appeared similar regardless of whether 20wt% or 
50wt% sucrose was added or which sugar was used. Not surprisingly, comparing the DSC traces of samples 
with 50wt% sucrose additive to those with the more stoichiometric 20wt% sucrose, we found a larger exo-
therm immediately after the melt of the sucrose-around 160-170oC. We assume this to be related primarily 
to the degradation of excess sucrose.
For a single oxidizer compared among the sugars—sucrose (m.p. 173oC), fructose (m.p. 128oC), lactose (m.p. 
151oC), and glucose (m.p. 165oC)--the most noticeable difference is related to the melting point (m.p.) of the 
sugar.  For many of the oxidizers, melting of the sugar triggers reaction with the oxidizer; thus, when oxidizer 
was mixed with low melting fructose, it decomposed at lower temperature than when mixed with higher 
melting sugars. (see Fig. 7 (top) to Fig. 8, on the next page).

Figure 6: Ammonium Perchlorate DSC (left) vs SDT (right).
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Difference were observed when comparing DSC (i.e. sealed micro-ampules) versus SDT (i.e. open pans), for 
example, Figure 9 on the next page. The differences between DSC and SDT traces appeared to be related to 
the ability of reactants/products to vaporize in the SDT open containers. Evidence for this interpretation 
was three-fold: 1) sometimes exotherms in DSC samples appeared as endotherms in SDT samples; 2) some 
promenent DSC exotherms were split into two exotherms due an overlapping endotherm observed in the 
SDT run;  and 3) total heat released was usually lower in the open crucible SDT samples than in the closed 
DSC capillary tubes.

Figure 7: Examples of Eff ect Sucrose Content for KClO
3
/sucrose (top) & AN/sucrose (bottom). 

Figure 8: DSC traces for KClO
3
 with various sugars.
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DSC heat release values showed large variations sample to sample. Some of the variation in heat release may 
result from poor mixing despite the use of an acoustic mixer. However, in the past we have found that even 
scanning neat ammonium nitrate resulted in 15% variation. We suspect that with energetic materials, it may 
be dif icult for the thermocouples to accurately track the very fast release of heat. Nevertheless, the poorest 
oxidizer in terms of heat release was potassium dichromate with roughly 100 to 200 J/g heat release with the 
sugars. The rest of the oxidizers released heat ranging from 1100 to 2200 J/g with an average of 1500 J/g re-
gardless of the sugar.  Of those oxidizers, nitrite released the least heat ~1000 J/g, while the two ammonium 
salts released the most heat (~2000 J/g). 
For the systems examined, the reaction of the fuel and oxidizer was often triggered by phase changes of one 
of the components: either solid-liquid or solid-solid. Furthermore, there was often an exotherm around 300-
350oC, where KIO4 and KMnO4 decompose and KNO3, KNO2, KClO3, and K2Cr2O7 experience phase changes 
or melts. For KIO4 the 350oC exotherm signaled its decomposition. For the neat oxidizer this decomposition 
was conversion into KIO3, the rest of the thermal scan (up to 1000oC) was identical to that observed for KIO3.  
Decomposition of the 50/50 chlorate/lactose mixture has been examined in detail [16]. As in this study, 
perchlorate formation was not observed. Interconversion of oxidizers becomes unimportant compared to 
the reaction with the fuel (eq. 3). It is speculated that the decomposition of the chlorate was initiated when 
molten lactose partially solubilizes KClO3. Solvents with OH groups, like the sugars, readily dissolved chlorate.  
This observation may extend to a number of oxidizers.
   8 KClO3 + C12H12O11 . H2O -> 8 KCl + 12CO2 +12 H2O  (3)

B. Major Contributions

Physical properties are used by forensic labs, including U.S. military labs overseas, and by vendors of explo-
sive trace detection instruments.  Elucidation of destruction techniques aids those in the laboratory who have 
small amounts to dispose of and the EOD (explosive ordnance disposal) community which occasionally inds 
improvised materials they can’t “blow in place.”  Safe handling bene its all.

C. Future Plans

Both projects—characterizing HMTD and FOX mixtures—have just begun.  We hope to determine the mecha-
nism by which HMTD decomposes.  The thermal properties of the FOX mixtures are being characterized, we 
hope to relate this data to burn characteristics and friction sensitiveness. We also hope to benchmark explo-
sive performance to small-scale test (see Project Report R1-B.1).

Figure 9: Comparing SDT (left) vs DSC (right) of KIO
3
/sucrose.
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C.1   Safe handling of Hexamethylene Triperoxide Diamine (HMTD)

There are many mysteries that need be resolved in this story.  In some cases, acids and, in other cases, bases 
accelerate decomposition of HMTD (Table 1 in section A.1.5).  The chromatograms of decomposed HMTD 
contain unidenti ied species as well as hexamine.  If hexamine is formed, it questions recently published 
formation mechanisms [17].  As with TATP, it is necessary that we completely understand conditions of for-
mation and decomposition before we are able to devise gentle destruct methods and make reasonable ap-
proaches to blocking its synthesis.

C.2    Fuel-oxidizer mixtures: their stabilities and burn characteristics

That a phase change may trigger the fuel-oxidizer reaction requires further investigation, especially since the 
goal of this study is not only to understand the speci ic fuel-oxidizer system examined but to recognize trends 
found in laboratory-scale tests that may predict behavior at full-scale. Thus, this study will be extended to 
fuels beyond sugars and possibly to other oxidizers and de initely to other analysis methods. 

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

Each URI project supports one or more graduate students. (See listing with projects.) This is their best learn-
ing experience. Undergraduates are also supported on the projects as their class schedules permit.  
This will be our 4th summer to host a Minority Serving Institute (MSI) professor.  Polymer work was shared 
with our MSI (minority serving institute) professor (Dr. Gan) and his student.  It resulted in one paper and 
follow-on funding for Dr. Gan at California State University Pomona.  Working with the interaction of explo-
sives with polymers has been a particularly useful area to share with our MSI professors.  This allows them 
to return to an institute where they cannot work with explosives and perform meaningful follow-on research.
Every summer our Center funds are used to support high school teachers. They conduct research in URI labs 
under the mentorship of a graduate student.   The teachers worked fulltime for 8-10 weeks. In addition, this 
summer (2014) we have 2 forensic scientists from Qatar and 2 professors and their students from West Point.
Eight professional classes were offered so far in 2014, providing training for well over 160 professionals.  For 
over a decade we have offered classes to DHS and its components. Since 2014 we have offered three week-
long courses with lecture and labs to TSA.  
K-12 outreach continues to be hosting high school teachers in the summer and providing chemical magic 
shows at schools K-12.

V. RELEVANCE AND TRANSITION

A. Anticipated end-user technology transfer

In 2007, URI established a database of explosive properties.  This is a convenient repository for this data. We 
have 600 registered users with over 100 joining this year.  It is used throughout the explosive community—
forensic labs, federal facilities, manufacturers of ETD instruments, trainers of explosive detection canines.   
Data is also released by publication and lectures.

VI. LEVERAGING OF RESOURCES

We have had one offer to purchase our database and one offer to license it, but for security reasons, neither 
of these options was considered.
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VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed jounral articles

1. Oxley, J.C.; Smith, J.L.; Brady, J.; Steinkamp, F.L.  “Factors In luencing Destruction of Triacetone Trip-
eroxide (TATP),” Propellants, Explosives, Pyrotechnics, 2014, 39(2), 289-298.

2. Oxley, J.C.; Smith, J.L.; Steinkamp, L.; Zhang, G.  “Factors In luencing Triacetone Triperoxide (TATP) 
and Diacetone Diperoxide (DADP) Formation: Part 2,” Propellants, Explosives, Pyrotechnics, 2013, 
6, 841-851.

3. Oxley, J.C.; Smith, J.L.;Vadlamannati, S; Brown, AC;  Zhang,G.; Swanson, D.S.; Canino, J “Synthesis and 
Characterization of Urea Nitrate and Nitrourea;” Propellants, Explosives, Pyrotechnics, 2013, 38(3), 
335–344.

4. Oxley, J.C.; Smith, J.L.; Bowden, P.; Ryan Rettinger “Factors In luencing TATP and DADP Formation: 
Part I” Propellants, Explosives, Pyrotechnics 2013, 38(2), 244-254.

B. Other Presentations

1. Seminars
a. Sensitivity and Stability of Fuel Oxidizer Mixtures J.C. Oxley; J.L. Smith; M. Donnelly ISICP; 

Poitiers;  June 2014
b. Peroxide Explosive-J.C. Oxley; J.L Smith; P. Bowen; J Brady; L. Steinkamp; J Canino ISICP; Poitiers; 

June 2014
c. URI Explosive Research” Ludwig-Maximilian University of Munich: June 2014
d. TED Conference “Explosive-Polymer Interactions”-J Oxley, J Smith, J Canino, D. Swanson, G. 

Zhang, Charlottesville, NC; April 8-11, 2014 
e. TED Conference New Approaches to Swabbing-J. Canino, J. Smith, J. Oxley Charlottesville, NC; 

April 8-11, 2014
f. ISADA:  “Taming the Peroxides and Other HME” J. Oxley Oct, 2013 Den Haag
g. NATAS “Thermal Impact vs Sensitivity?”  Aug. 4, 2013; Bowling Green, KY

2. Short Courses
a. Fundamentals of Explosives Jan, May  2014
b. Explosive Safety for Technicians  Feb 2014
c. Fundamentals of Explosives for TSA-Explosive Specialists  Feb, April, May 2014
d. Combustion March 2014
e. Fundamentals of Explosives for EOD  Mar 2014

f. IABTI Regional Meeting; “Explosive Short Course” Colorado Spring; CO Sept 17, 2013
3. Brie ings

a. Safe Training Aids for Bomb-Snif ing Dogs--Eighth Annual National Security Innovation Compe-
tition-J. Canino, J. Oxley, J Smith April 2014

b. Alpha Chi Sigma “Explosive Studies for Safety & Security” Oct. 26, 2013; URI
c. Studying Energetic Materials for Safety and Security-J. Oxley Spring ield College; April 2014
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4. Invited Lectures
a. Energetic Materials Needs and R&D Goals GRC June 2014
b. Plenary Lecture: “Explosive Detection: How We Got Here and Where are We Going?” Interna-

tional Symposium on Chemical Propulsion & Energetic Materials June 2-6 2014; Poitiers, FR
c. “The Explosive Threat” McCabe Lecture Spring ield College, MA April 2, 2014
d. Alpha Chi Sigma “Explosive Studies for Safety & Security” Oct. 26, 2013; URI
e. ADSA (Algorithm Development for Security Applications Workshop), “Addressing Issues with 

Sample Collection” Oct, 22, 2013; Boston
f. CT Valley ACS “Explosive Research for Safety and Security” Oct 17, 2013
g. ISADE “The Explosive Threat: Is there Something New Under the Sun?” Oct 8, 2013 Den Haag, 

Netherlands

h. FACSS/SciX “Taming the Peroxide Explosives and Other HME;” Milwaukee; Oct 2 2013

C. Student theses or dissertations produced from this project

1. “Energetic Salts: Degradation & Transformation,” Sravanthi Vadlamannati, PhD dissertation in 
Chemistry, June 2013

2. “Transfer of Residue in Fingerprints,” Morgan Turano, MS Thesis in Chemistry, Sept 2013

D. Transferred Technology/Patents

1. Patent Applications Filed
a. Non-Detonable Explosive or Explosive-Simulant Source J Oxley, J Smith, J Canino
b. Non-Contact Collection of Explosive Residue Source J Oxley, J Smith, J Canino; G. Kagan, Composi-

tions for Security-Safe Hydrogen Peroxide     J Oxley, J Smith, J Brady
c. Melt Castable Explosive Formulations Containing Erythritoltetranitrate J Oxley, J Smith; A Broun, 

R Rettinger

E. Software Developed

1. Databases
a. Explosive Database founded 2007   ~ 600 registration, 119 between Ap 24, 2013 – Feb 7, 2014

F. Requests for assistance/advice

1. From DHS
a. Several requests about threat compounds—con idential
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R1-A.2: Characterization of Energetic Materials 

Under Extreme Conditions

Abstract— Commonly available, nonconventional energetic materials such as H2O2, ammonium 
nitrates (AN), as well as reactive materials (e.g., mixtures of metals and metal oxides), and con-
ventional plastic explosives primarily made of pentaerythritol tetranitrate (PETN), cyclotrimethyl-
ene trinitramine (RDX), cyclotetramethylene-tetranitramine (HMX), and triaminotrinitrobenzene 
(TATB), are often materials used in 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.  In this year, we have completed the investigation of chemical sensitivity of AN 
and its mixtures with hexane (i.e., ANFO) and aluminum (Ammonal), and made signifi cant progress 
on main group I peroxides, including Li2O2 and Na2O2 – adding to the previously studied H2O2.  The 
experiments employ diamond anvil cells (DAC), confocal micro-Raman spectroscopy, and third-
generation synchrotron X-ray diffraction. The results on both AN and peroxides are signifi cant not 
only to understanding the fundamental properties of these high-value energetic materials, but also 
to gaining insights into what causes chemical sensitivity in energetic materials and fi nding the condi-
tions limiting blast or detonation of AN and peroxides.

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

Students

Name Degree Pursued Institution Month/Year of Graduation

Mihindra Dunuwille PhD WSU 12/2014

Young Jay Ryu PhD WSU 6/2016

II. PROJECT OVERVIEW AND SIGNIFICANCE

Static high-pressure properties such as melting, phase transitions, and crystal structures are important to 
gaining insight into chemical stabilities and reaction mechanisms of energetic materials, in general. Melting, 
for example, affects most strongly 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 thermochemi-
cal 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 intermolecular 
interaction, chemical bonding, crystal structure, thermoelastic properties, and chemical sensitivity (Fig. 1 on 
the next page). Two different polymorphs of the same energetic material often display substantially differ-
ent properties and energetic behaviors in shock sensitivity and detonation chemistry. Importantly, the phase 
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transition in energetic materials often triggers the chemical reac-
tion leading to de lagration and detonation and, thus, is related to 
shock (or chemical) sensitivity in very fundamental ways. 
Characterizing thermochemical properties of energetic materi-
als at the blast-relevant conditions of pressure, temperature, and 
composition iscritical for developing chemical methods to mitigate 
the associated threats. Hence, our approach is to investigate phase 
and chemical stabilities of selected energetic materials at high pres-
sures and different chemical environments. This helps to character-
ize critical aspects of the energetic processes, such as de lagration 
and detonation, and to develop novel chemical mitigation methods 
that make it dif icult to formulate detonable quantities of explo-
sives. In this year, we have made signi icant accomplishments on 
two types of energetic materials: AN and AN mixtures (see section 
A.1) and the main Group I Peroxides (see section A.2).

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

A.1  Ammonium Nitrate (AN) and AN mixtures 

Ammonium Nitrate (AN–NH4NO3), which is produced through an exothermic reaction between nitric acid 
(HNO3) and ammonia (NH3), is extensively used in the agricultural industry as a nitrogen source to improve 
crop yield [1]. Yet, it is a strong oxidizer, which has been used as an explosive ingredient in mining indus-
tries. Slight additions of organic substances, such as fuel oil (often termed as ANFO) and inorganic materials, 
such as Al powder (known as Ammonal) make AN a powerful secondary explosive [2]. AN became readily 
available following World War I, as large stocks were released for agricultural uses. Because of its relatively 
low price, easy access and strong oxidizing properties, AN has often been subjected to uses in Improvised 
Explosive Devices (IEDs) in addition to its common use in the mining industry. Even though AN by itself is 
not considered an explosive, some industrial disasters caused by AN and AN gravel explosions show that the 
hazardous nature of AN should not be underestimated [3].  
While the energetic process of nitrates (including AN, ANFO and Ammonal) is mediated through the nitro-
groups, the origin of enhanced chemical sensitivity in impure AN (or AN mixtures) is not well understood, 
posing signi icant safety issues in using AN. To remedy the situation, we have carried out an extensive study to 
investigate the phase stability of AN and its mixtures with hexane (ANFO – AN mixed with fuel oil) and Alumi-
num (Ammonal) at high pressures and temperatures, using diamond anvil cells and micro-Raman spectros-
copy, which has been completed in this year.  The major indings include the spectral evidence for con irming 
the presence of phase IV′ in a wide range of thermal and chemical conditions, providing new constraints for 
the phase diagram of AN, and demonstrating the enhanced chemical reactivity of ANFO and Ammonal. The 
phase diagram of AN was mapped out to 450°C and 50GPa, consisting of well-de ined phase boundaries for 
phase IV, II, I, and IV′ and the melt-decomposition line. We proposed three possible mechanisms for AN de-
composition (Fig. 2 on the next page); an ionic model for phases I and II below 3GPa and a radical model for 
phases IV and IV′ above 3GPa. We presented the spectral evidence showing the enhanced stability of phase 
IV in ANFO, resulting in the lower decomposition temperatures. Hence, this is exactly what makes ANFO and, 
to an extent, Ammonal more reactive than pure AN.
We have reported these indings in three peer-reviewed papers [4-6]: J. Chem. Phys. (2012), J. Chem. Phys. 

Figure 1: A main chemical concept used in 

this study to exploit a detonability of small 

quantity energetic materials under static 

high pressures in DAC.
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(2014), and J. Phys. Conf. Ser. (2014).  As such, the data can be used 
for developing thermochemical models for AN at elevated pressures 
and temperatures and for gaining insight into chemical reactions of 
AN, including the detonation observed in ANFO. The spectral signa-
tures reported in this study are also useful for characterizing various 
polymorphs of AN arising in a wide range of thermal and chemical 
conditions and, therefore, to develop novel methods that can mitigate 
the chemical threat in fundamental ways.

A.2 Main group I peroxides

Like nitrates, peroxides are strong oxidizers also often used in IEDs. 
Their chemical sensitivities can be greatly altered in various ther-
mochemical 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 functional 
group (as described above). The absence of such nitro groups in the 
main group I peroxides (X2O2 where X=H, Li, Na), on the other hand, 
makes them unique in terms of understanding the chemistry related to explosive behavior of energetic ma-
terials, 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) [7].  The in inite-diameter detonation velocity 
of highly concentrated (>97.5wt%) H2O2 is estimated to be ~ 6.7 km/s [8] and is even higher than that of neat 
nitromethane, 6.26 km/s [9]. H2O2 has also been shown to be detonable in mixtures with simple alcohols 
[7,9] , with detonation velocities in the range of 5.5-6 km/s.  Due to the highly reactive nature of highly con-
centrated H2O2 solutions, most studies have been on diluted H2O2 water solutions [10] or at low temperatures 
[11] – 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.
Therefore, during the phase I of this project, we have studied the pressure-induced phase transition and 
chemical decomposition of hydrogen peroxide and its mixtures with water to 50 GPa, using confocal micro-
Raman and synchrotron X-ray diffraction [12]. We found that pure hydrogen peroxide crystallizes into a te-
tragonal structure (P41212), the same structure previously found in 82.7% H2O2 at high pressures and in 
pure H2O2 at low temperatures. 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. In-
ferring from the splitting of the νs(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 unloading, 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.
In this year we have extended our previous studies on H2O2 to other main group IA peroxides such as Na2O2 
and Li2O2 to understand the pressure-induced chemical decomposition in these main group I peroxides and 

Figure 2: The decomposition mechanism 

of AN via (a) ionic mechanism, (b) free 

radical (hemolytic) mechanism, and (c) 

simple thermal dissociation.
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the effect of hydrogen bonding (see Fig. 3).  The results show similar pressure-induced phase transitions and 
associated chemical decomposition to O2 and X2O (where X=H, Li, Na).  However, the transition pressures 
are quite different: ~18 GPa in H2O2, ~19 GPa in Na2O2, and ~40 GPa in Li2O2 -- presumably resulting from a 
delicate balance between hydrogen bonding and covalent bond strengths.   

B. 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, enables DHS to respond to both short- and long-term 
national needs in the areas of explosive characterization and evaluation. Major contributions for this project 
to the overall ALERT research and education program are: 
1. Completion of the investigation of chemical sensitivity of ammonium nitrate mixtures at high pressures 
and temperatures, including ANFO and Ammonal.  
2. Work in progress on the systematic studies of main group I peroxides – Li2O2 and Na2O2, in comparison 
with H2O2.

C.  Future plans

1. Continue to characterize the pressure-induced physical and chemical changes in Li2O2 and Na2O2 .
2. Determine static properties of other energetic materials of high value to DHS – including perchlorates.
3. Determine dynamic properties of reactive materials, which are emerging threats to homeland security – 
including reactive metals and composites.

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

We are training two Ph.D. graduate students with hands-on experience in the state-of-the-art high-pressure 
and spectroscopic 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.
The efforts in the previous phase of this project have also contributed to yield a new PhD scientist in this year: 
• Dane Tomasino, PhD in Chemistry, May 2014, WSU on Chemical and Physical Transformations of Simple Mo-

Figure 3: The integrated intensity of raman vibrons characteristics to low (open symbols) and high (half-fi lled symbols) 

pressure phases, together with that of oxygen vibron, signifying the decomposition induced by the pressure-induced 

phase transition.
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lecular Systems under Extreme Pressures and Temperature (PhD thesis, WSU, 2014). He has recently awarded 
with the Agnew Fellowship at LANL (Fig. 4).

V.   RELEVANCE AND TRANSITION

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

 A. Relevance of your research to the DHS enterprise 

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

• Providing high-pressure data of energetic materials in relation to shock sensitivities and detonabilities 
for other efforts of ALERT and DHS related research programs.

• Timely and “small-scale (<1 mg)” 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. Anticipated end-user technology transfer

• Fundamental data to chemical data libraries to improve/validate thermochemical models in integrated 
hydro-codes used by DHS.

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

• Forensic (<1 mg) evaluation of energetic materials under dynamic conditions.

VI. LEVERAGING OF RESOURCES

The present project has been leveraged through an extramural funding for ARO to investigate Dynamic Re-
sponses of Reactive Materials in this year.

Figure 4: D. Tomasino (PhD in 2014, WSU) with setup for on time-resolved Raman spectroscopy, which he has worked 

for his PhD thesis research.
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VII. PROJECT DOCUMENTATION AND DELIVERABLES

 A. Peer reviewed journal articles

1. Mihindra Dunuwille and Choong-Shik Yoo, Phase Diagram of Ammonium Nitrate, J. Chem. Phys. 139, 
214503 (2013).

 Pending-
1. Minseob Kim and Choong-Shik Yoo, Phase Transitions in I2O5 at High Pressures: Raman and X-ray 

Diffraction Studies, J. Chem. Phys. (2013) in review.

B. Peer reviewed conference proceedings

1. Young Jay Ryu and Choong Shik Yoo, Physical and Chemical Transformation of Iron Pentacarbonyl, J. 
Phys. Conf. Ser. 500, 022011 (2013).

2. M. Dunuwille and C. S. Yoo, Phase Diagram of Ammonium Nitrate, J. Phys. Conf. Ser. 500, 022011. 
(2013).

3. Jing-Yin Chen, Minseob Kim, Choong-Shik Yoo, and William Evans , Time-resolved X-ray Diffraction 
Across Water-Ice VI/VII Transformations using Dynamic-DAC, J. Phys. Conf. Ser. 500, 142006 (2014).

C. Other presentations

1. Seminars
a. C. S. Yoo, Chemistry under Dynamic Strains, an invited talk to the Carnegie-DOE Academic Alli-

ance Center, Advanced Photon Source, Argonne National Laboratory, Sep. 16-17, 2013
b. C. S. Yoo, Mbar Chemistry a Plenary talk at Canadian Chemical Society Meeting, May 26-31, 2013
c. C. S. Yoo, Barochemistry in Highly Compressed Solids, a Colloquium lecture at Chemistry Depart-

ment, University of North Dakoda, Feb. 28, 2014.
d. Dane Tomasino and Choong-Shik Yoo, Phase Diagram of Ramp-Heated Nitrogen, an invited talk 

to Deep Carbon Observatory, Stanford University, Palo Alto, California, Dec. 6-7, 2013.
e. Ranga Dias and Choong-Shik Yoo, Superconductivity in Disordered Dense Carbon Disul ide, an 

invited talk to 2013 APS-SCCM and AIRAPT, Seattle, Washington, July 7-12, 2013.
f. Dane Tomasino and Choong-Shik Yoo, Dynamic Study of Simple Molecular Systems, a contribut-

ing talk to 2013 APS-SCCM and AIRAPT, Seattle, Washington, July 7-12, 2013
2. Poster sessions

a. Mihindra Dunuwille and Choong-Shik Yoo, Thermochemical stabilities of non-conventional en-
ergetic materials: nitrate and peroxide chemistry at high pressures and temperature, an invited 
poster to Gordon Conference on Energetic Materials Research, Newry, Maine, June 15-20, 2014.

b. Dane Tomasino and Choong-Shik Yoo, Phase Transitions of Ramp Heated Nitrogen at High Pres-
sures, an invited poster at the SSAAP symposium, Washington, D.C., Feb. 19-20, 2014 -- selected 
for a Best Poster Award
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R1-B.1: Fundamental Explosivity &                      

How to Deter It

Abstract— This project aims to recognize when a material is detonable and to do so with only one to 
two pounds of the material.  The goal is investigating non-ideal explosives reacting well below their 
critical diameter (Dcr).  Since stable detonation is not possible below Dcr, the materials in question, 
usually fuel-oxidizer mixtures, will be monitored with time-resolved propagation diagnostics.  By 
using both conventional and experimental techniques, pressure and detonation velocity profi les will 
be measured. This will infer whether the chemistry in the sample is capable of reacting on detona-
tion time scales.  Because these tests are non-ideal in nature, explosive radial loading will over-
compensate for any losses at the edges of the charge. This confi guration will give the materials their 
best chance to perform explosively.  Results from this test will be compared and integrated with 
hydrodynamic chemical modelling codes, in particular LLNL’s ALE3D and Sandia’s CTH.  This 
year, new diagnostic techniques have been theorized and preliminary testing has confi rmed proof of 
concept.  These diagnostics will be adaptations of existing technologies, which have never been used 
to witness propagation in explosives, until now.

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

Students

Name Degree Pursued Institution Month/Year of Graduation

Ryan Rettinger PhD URI 2015

Matt Porter PhD URI 2016

Michelle Gonsalves PhD URI 2018

Devon Swanson PhD URI 2018

II. PROJECT OVERVIEW AND SIGNIFICANCE

This project will reduce the necessity of performing very large scale detonability tests on suspect improvised 
explosives, diluted explosives and demilitarized explosives. This has a huge safety bene it, not just for those 
who would have done the large-scale tests, but for those who would have had to synthesize the materials 
for those tests.  If the capability for detonation exists on any scale, this approach will target the markers for 
the ability to detonate, but on the small- scale (~1lb), using only conventional diagnostics to make the as-
sumptions.  The goal is to develop chemical kinetic models which will allow prediction of what materials and 
concentrations of materials may be a detonation threat. 
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III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

The approach to non-ideal detonation is dif icult to study, and to date, no elegant, inexpensive approach to 
measuring detonation velocity exists for researchers in the ield.  PDV has proved very useful for surface 
velocity measurements, but has only sparingly been used for detonation measurements.  This project has 
been forced to stretch the functionality of this diagnostic to develop embedded iber optic probes, in collabo-
ration with URI’s Electrical Engineering Department.  By adjusting the approach slightly, these probes can 
be embedded into explosive charges and act as time-resolved interferometers- similar to microwave inter-
ferometers, but without the size constraints of microwave waveguides; iber optics are non-intrusive.  This 
project has also proven an elegant approach to the most costly part of the PDV system; by traditional telecom 
modulation techniques, we have shown promise of interpreting the signals of interest with a digitizer of sig-
ni icantly lower cost.  Preliminary surface velocity tests have already been proven successful.

A.1   Objective

The goal is to create a test which indicates that a material is potentially explosive at some scale but to do so at 
a scale well below its critical diameter. A positive response to this test would imply the capacity to detonate 
at a larger scale.  

A.2   Executive summary

The goal of this approach is to convincingly demonstrate, by performing only a small number of experiments, 
which suspect formulations of explosives are incapable of detonating even at very large diameters.  The ap-
proach we take may also provide a sliding scale of “explosivity” that characterizes the performance of non-
ideal or weakly-detonating explosives.

A.3   Background

Decompositions, which release energy, can self-propagate.  If a material decomposes with the release of ener-
gy and gas suf iciently fast, it can potentially detonate.  Detonations propagate by rapid wave mechanics; the 
rapid exothermic chemical reaction supports the detonation wave.  However, energy is lost at the surfaces/
edges of the material.   As a result, detonation velocity decreases with a decrease in diameter of the material 
(see Fig. 1).  At some critical diameter (Dcr), expansive cooling release waves are so signi icant that detona-
tion can no longer propagate. Dcr is characteristic of the explosive and dependent on con inement, density, 
particle size, temperature and impurities.  In general, the less energy a material has to release and the slower 
the reaction rate, the less energy it can afford to lose to the edges. Therefore, a larger diameter of material is 
required to support detonation. This means weakly explosive materials may not support detonation unless 
very large charges are constructed.

Figure 1: From left to right, the chemical reaction of more and more material (orange) supports the detonation front 

(red); at the edges, loss of energy results in lower pressure, slower moving detonation (yellow).
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Large charges are self-con ining.  This effect can be simulated with heavy-walled containment.  Rather than 
create large charges in an attempt to support detonation, we propose to develop a test where the weakly en-
ergetic material of unknown detonability is surrounded by high explosive con inement at the outer boundary. 
The idea is to drive a slightly convergent strong shock into a modest-sized sample by surrounding the sample 
with a detonating explosive.  Figure 2 is a notional sketch of the test ixture. The detonation in the donor is 
expected to outrun the shock (or detonation) in the test sample.  Therefore, the shock front in the sample 
would be concave, as in Figure 2, an extremely favorable condition for driving detonation.  If detonation still 
does not develop under these conditions, it suggests that the test material will not support detonation at any 
size; the chemical kinetics are too slow.  Firing this device is analogous to testing a very large sample, but 
without the hazard and expense of building and iring it.

A.4   Previous tests

In initial tests, samples were contained in a short, (1inch diameter x 3-12 inch tall) thin-walled plastic tube. 
Concentrically surrounding the tube was another cylinder illed with the high-explosive donor, e.g. sensitized 
nitromethane or hydrogen peroxide/fuel mixtures.  It was expected that the detonation running downwards 
in the donor would drive a shock into the test samples along the axis of the con iguration. Preliminary tests 
showed promising but inconclusive quantitative results. The largest challenge was the metric used to mea-
sure the effect--only a witness plate. The witness records were somewhat counterintuitive from traditional 
witness records (e.g. gap tests), for which cratering indicates a detonation and no cratering indicates a fail-
ure.  In our test, if an inert material was tested, it ejected a high-velocity jet of incompressible, unreacted, 
condensed-phase sample material into the witness plate. This created measurable craters in each plate.  If a 
known explosive was tested, all the material converted to a highly compressible gas which left no cratering 
on the witness plate. For the materials most of interest, modestly energetic materials, craters were formed 
which could not be easily interpreted. Further experiments need to be done to establish limits of detonability 
for materials which exhibited partial reaction.  
Although the witness record will no longer be the sole metric, future tests will use witness records so that 
inferences about previous tests can be made by comparing them to those with more extensive diagnostic 
measurements. Because equations of state for the metal materials used as witness plates are well-known, 
craters may be modeled with some degree of accuracy, at least for comparison sake. Even if the exact crater 
cannot be reproduced in the model, the relative strength of each penetrating jet should be reproducible with 
hydrodynamic modeling simulations.  
Chemistry presents itself in an explosive below its critical diameter as the conversion of explosive reactants 
to products, but not fast enough to support the delicate feedback that propagates the steady shockwave. 
Materials which are completely inert will exhibit no appreciable deviation from predicted equation of state 
attenuation in a boosted con iguration, but materials with the capacity for detonation chemistry will have 

Figure 2: Proposed device with high explosive (yellow) creating shock wave into test material (blue); long reaction zone 

in non-ideal sample in purple & detonation products shown in red.
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some unknown effect on the shock propagation.  It is unclear what effect failing detonation will have on the 
shock pro ile.  Son et.al. at Purdue University have attempted to evaluate the failure of non-ideal explosives to 
support detonation using microwave interferometry. Experiments were boosted by conventional high explo-
sives in heavy-walled steel con inement vessel, and the shock front was tracked through the ideal explosive 
booster and into the non-ideal material as the detonation failed [1]. The technique is promising but not ap-
plicable to systems that absorb microwave radiation; most liquids have rotational absorptions in the region 
used for interferometric measurements.  The microwave technique relies on the sample material being a 
pseudo-lossless extension of the waveguide; re lections from the shock discontinuity (index mismatch) are 
Doppler shifted corresponding to the velocity of the discontinuity.  

A.5   Diagnostic approach

As a replacement for microwave interferometer in our test con iguration, we have adapted conventional pho-
ton Doppler velocimetry (PDV) to become a time-resolved, embedded shock tracking technique which will 
work with liquids or solids (see Fig. 3).  We wished to embed a velocimetry probe ( iber optic) along the 
symmetry axis of the cavity holding the sample. Upon inding no successful attempts published for doing this 
with non-invasive sized probes appropriate for our device, we pursued collaboration with the URI Depart-
ment of Electrical Engineering to develop our own. The proposed device con iguration takes advantage of 
the new technique vide infra and the old witness record metric. Other diagnostics are suggested in future 
experiments, (e.g. streak photography), looking for emissive evidence of chemical reaction. The PDV sys-
tem is completely iber-based and, therefore, requires minimal experimental preparation; the only sacri icial 
component is an arbitrary length of polymer iber.
Photon Doppler velocimetry (PDV) is a simplistic Doppler 
interferometer composed of a coherent source (a 1550 nm 
communications-grade laser) and very high frequency pho-
todetector and digitizer. The elegance of PDV has almost 
completely replaced the older VISAR (visual interferometer 
system for any re lector) systems but neither has been suc-
cessfully used with embedded, single- iber probes.  PDV is 
almost exclusively used to measure surface velocities of me-
tallic objects, such as fragment velocities, gas gun projectile 
velocities or cylinder wall expansions for performance test-
ing.  We have designed a modi ied PDV measurement sys-
tem.  Modi ications include modulating the laser light such that the Doppler beat frequency beats against 
the new modulation frequency, resulting in two beat patterns--Doppler plus modulation and Doppler minus 
modulation. The latter can be detected by a low bandwidth oscilloscope, i.e. a $5000 scope vs those typically 
used for PDV, $200,000.
We have successfully proved this approach, examining the surface velocity of the aluminum casing from ex-
ploding bridgewire detonators (EBW, Teledyne, RP-501). Modeling simulations (as seen in Fig. 4) agreed well 
with the measured surface velocity. 

Figure 3: Diagram of modifi ed PDV experiment.

Figure 4: Pressure profi le of EBW in detonation (left) & material velocity along central axis (right).
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The second modi ication to PVD is the use of a multi-mode polymer 
optical iber (POF) in the terminal segment of the interferometer 
sample arm. This low-impedance iber probe will be embedded in 
the center axis of the device. Embedded high-impedance glass i-
bers may transmit shock information ahead of the detonation front; 
modeling by CTH has con irmed this (see Fig. 5).
Finding a way to connect single mode glass ibers (9 micron diame-
ter) and multimode polymer ibers (63 micron) without signi icant 
back re lection has been an ongoing activity during this year. As the 
detonation wave propagates, the shock compression will sharply 
change the iber density, and, thus, the index of refraction in the 
iber probe, causing a re lection.  This re lection will be constant-

ly moving and should cause a Doppler shift proportional with the 
shock velocity as described for PDV surface velocity measurements.  
The modi ied PDV can measure Doppler shifts in 1550 nm light for 
surfaces moving in air as fast as 20 km/s and in embedded polymer 
ibers as fast as 14.8 km/s--faster than any detonation velocity ob-

served in ideal explosives.
These diagnostics will feed directly into validation and develop-
ment of the small-scale detonation device. In addition to developing 
a method of measuring velocities in fast reacting materials, model-
ing and simulation are underway to determine the most favorable 
con iguration for driving a smooth concave shock to the central 
sample material.  In parallel with setting up the new diagnostics, we have further developed our skills using 
the hydrodynamic codes to optimize the explosive test geometry, as well as predicting scale-up results.

B.      Major contributions

The project is still in the setup phase.  However, its discussion has stimulated work at both Purdue and Los 
Alamos National Laboratory.  As more laboratories become involved, this extremely challenging problem has 
a chance of being solved. 

C. Future plans

Once experimental design, diagnostic con iguration and signal processing are optimized; any number of 
threat materials can be tested. The project plans, irst, to investigate the utility of the test device.  Tests are 
planned with both hydrogen peroxide-fuel mixtures and solid oxidizer-fuel mixtures (see Project Report R1-
A.1).  Characterizing the detonability of these mixtures will aid the 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.

C.1   Future work

Most of the required instrumentation has been purchased. The initial test of the developed diagnostic tools 
will use known explosives well below their critical diameters, i.e. where they always fail to detonate.  When 
these metrics are well-developed, suspect materials (explosive or not) can be investigated with small scale 
experiments and modeling simulations to infer the likelihood of a threat. Other experiments will investigate 
alternative methods of observing chemistry in the non-ideal samples via streak photography; over-compen-
sating for edge losses and looking for reaction light in the sample over time.

Figure 5: Shock front in the polymer 

fi ber core slightly trails shock in annular 

cladding (left); periodic perturbations 

cause irregular discontinuities ahead 

of shock in sample when core is higher 

acoustic impedance than cladding (right).
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IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

Each URI project supports one or more graduate students. (See listing with projects.) This is their best learn-
ing experience. Undergraduates are also supported on the projects as their class schedules permit.  
This will be our 4th summer to host a Minority Serving Institute (MSI) professor. However, this is not an ap-
propriate topic for a visiting professor to work on.  He/she cannot take this type of work (on explosives) back 
to his/her home institution. Furthermore, 10 weeks is not suf icient training time to work safely with these 
materials. 
Every summer our Center funds are used to support high school teachers. They conduct research in URI labs 
under the mentorship of a graduate student.   The teachers worked fulltime for 8-10 weeks. In addition, this 
summer (2014) we have 2 forensic scientists from Qatar and 2 professors and their students from West Point.
Eight professional classes were offered so far in 2014, providing training for well over 160 professionals.  For 
over a decade we have offered classes to DHS and its components. Since 2014, we have offered three week-
long courses with lecture and labs to TSA.  
K-12 outreach continues to be hosting high school teachers in the summer and providing chemical magic 
shows at schools K-12.

V. RELEVANCE AND TRANSITION

A.  Anticipated end-user technology transfer

We anticipate that this test will transfer into National Lab use. We also expect it to be adopted by industrial 
safety and risk management.

VI. LEVERAGING OF RESOURCES

While this may become a wide-spread technique, it is not expected to yield a “product.” 

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

1. Oxley, J.C.; Smith, J.L.; Brady, J.; Steinkamp, F.L.  “Factors In luencing Destruction of Triacetone Trip-
eroxide (TATP),” Propellants, Explosives, Pyrotechnics, 2014, 39(2), 289-298.

2. Oxley, J.C.; Smith, J.L.; Steinkamp, L.; Zhang, G.  “Factors In luencing Triacetone Triperoxide (TATP) 
and Diacetone Diperoxide (DADP) Formation: Part 2,” Propellants, Explosives, Pyrotechnics, 2013, 
6, 841-851.

3. Oxley, J.C.; Smith, J.L.;Vadlamannati, S; Brown, AC;  Zhang,G.; Swanson, D.S.; Canino, J “Synthesis and 
Characterization of Urea Nitrate and Nitrourea;” Propellants, Explosives, Pyrotechnics, 2013, 38(3), 
335–344.

4. Oxley, J.C.; Smith, J.L.; Bowden, P.; Ryan Rettinger “Factors In luencing TATP and DADP Formation: 
Part I” Propellants, Explosives, Pyrotechnics 2013, 38(2), 244-254

B. Other Presentations

1. Seminars
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a. Sensitivity and Stability of Fuel Oxidizer Mixtures J.C. Oxley; J.L. Smith; M. Donnelly ISICP; 
Poitiers;  June 2014

b. Peroxide Explosive-J.C. Oxley; J.L Smith; P. Bowen; J Brady; L. Steinkamp; J Canino ISICP; Poitiers; 
June 2014

c. URI Explosive Research” Ludwig-Maximilian University of Munich: June 2014
d. TED Conference “Explosive-Polymer Interactions”-J Oxley, J Smith, J Canino, D. Swanson, G. 

Zhang, Charlottesville, NC; April 8-11, 2014 
e. TED Conference New Approaches to Swabbing-J. Canino, J. Smith, J. Oxley Charlottesville, NC; 

April 8-11, 2014
f. ISADA:  “Taming the Peroxides and Other HME” J. Oxley Oct, 2013 Den Haag
g. NATAS “Thermal Impact vs Sensitivity?”  Aug. 4, 2013; Bowling Green, KY

2. Short Courses
a. Fundamentals of Explosives Jan, May  2014
b. Explosive Safety for Technicians  Feb 2014
c. Fundamentals of Explosives for TSA-Explosive Specialists  Feb, April, May 2014
d. Combustion March 2014
e. Fundamentals of Explosives for EOD  Mar 2014

f. IABTI Regional Meeting; “Explosive Short Course” Colorado Spring; CO Sept 17, 2013
3. Brie ings

a. Safe Training Aids for Bomb-Snif ing Dogs--Eighth Annual National Security Innovation Compe-
tition-J. Canino, J. Oxley, J Smith April 2014

4. Invited Lectures
a. Energetic Materials Needs and R&D Goals GRC June 2014
b. Plenary Lecture: “Explosive Detection: How We Got Here and Where are We Going?” Interna-

tional Symposium on Chemical Propulsion & Energetic Materials June 2-6 2014; Poitiers, FR
c. “The Explosive Threat” McCabe Lecture Spring ield College, MA April 2, 2014
d. Alpha Chi Sigma “Explosive Studies for Safety & Security” Oct. 26, 2013; URI
e. ADSA (Algorithm Development for Security Applications Workshop), “Addressing Issues with 

Sample Collection” Oct, 22, 2013; Boston
f. CT Valley ACS “Explosive Research for Safety and Security” Oct 17, 2013
g. ISADE “The Explosive Threat: Is there Something New Under the Sun?” Oct 8, 2013 Den Haag, 

Netherlands

h. FACSS/SciX “Taming the Peroxide Explosives and Other HME;” Milwaukee; Oct 2 2013

C. Student theses or dissertations produced from this project

1. “Energetic Salts: Degradation & Transformation,” Sravanthi Vadlamannati, PhD dissertation in 
Chemistry, June 2013

2. “Transfer of Residue in Fingerprints,” Morgan Turano, MS Thesis in Chemistry, Sept 2013
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D. Transferred Technology/Patents

1. Patent Applications Filed
a. Non-Detonable Explosive or Explosive-Simulant Source J Oxley, J Smith, J Canino
b. Non-Contact Collection of Explosive Residue Source J Oxley, J Smith, J Canino; G. Kagan, Composi-

tions for Security-Safe Hydrogen Peroxide     J Oxley, J Smith, J Brady
c. Compositions for Security-Safe Hydrogen Peroxide     J Oxley, J Smith, J Brady
d. Melt Castable Explosive Formulations Containing Erythritoltetranitrate J Oxley, J Smith; A Broun, 

R Rettinger

E. Software Developed

1. Databases
a. Explosive Database founded 2007   ~ 600 registration, 119 between Ap 24, 2013 – Feb 7, 2014

F. Requests for assistance/advice

1. From DHS
a. Several requests about threat compounds—con idential

VIII. REFERENCES

[1] CoE Annual Report 2013; http://energetics.chm.uri.edu/system/fi les/Full_Report-2013.pdf
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R1-B.2: Characterization of Homemade 

Explosives (HMEs)

Abstract— The threat of homemade explosives (HMEs) has seen an increase due to the constituent 
materials used and relatively low costs that allow terrorist to obtain and use them. In contrast to 
military and DOE explosives, the characterization of these materials is severely lacking. A signifi -
cant challenge is the little experimental data available due to the large-scale setup that is required 
for characterization. The main restraint is due to the large, critical diameters needed to sustain a 
steady detonation in a non-ideal explosive. We are developing and performing small-scale experi-
ments (grams) in tubes with small diameters relative to the expected critical diameter and anticipat-
ing unsteady detonations that are likely to fail in many cases. Using microwave interferometry, a 
highly time resolved profi le of the location of the detonation front is measured. The failure dynam-
ics measured with the interferometer allow for the characterization of the non-ideal explosive over 
a wide parameter space (from overdriven to failure).  This approach also allows a relatively quick 
screening of HMEs using only small amounts of materials.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

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

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

Students

Name Degree Pursued Institution Month/Year of Graduation

David Kittell PhD Purdue University 5/2016

Peter Renslow MS Purdue University 8/2014

II. PROJECT OVERVIEW AND SIGNIFICANCE

The goal of the work in this period is to link previous experimental and modeling efforts that aim to charac-
terize homemade explosives (HMEs) on a small-scale. Calibrated reactive burn models (RBMs) are needed 
to simulate the performance of HMEs based on geometry and con inement – these simulations are also valu-
able for determining the threat posed by HMEs and the design effectiveness of improvised explosive devices 
(IEDs). However, in contrast to military and DOE explosives, reactive burn models have not been calibrated 
for most HMEs. Signi icant challenges include the complexity of traditional large-scale characterization ex-
periments, a wide material parameter space, and non-ideal detonation behavior. In order to achieve a link 
between the small-scale experiment and modeling effort, a well-characterized high explosive triaminotrini-
trobenzene (TATB) was chosen for evaluation under conditions of varying porosity. These experiments uti-
lize a microwave interferometer (MI) and capture highly time-resolved trajectories of the leading shock wave 
in small (~0.64cm) dia. cylindrical charges of TATB. The objective of this work is to match data obtained from 
the small-scale MI experiment with simulations using the shock physics hydrocode CTH. Because TATB is 
well studied, our goal is to determine whether or not a model calibrated at the large scale can simulate the 
small-scale experiments. Speci ically, three model types – history variable reactive burn (HVRB), ignition and 
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growth reactive burn (IGRB), and Arrhenius reactive burn (ARB) – have been found for TATB corresponding 
to four different material forms: ultra ine- (U), coarse porous- (CP), coarse high density- (HD), and super-
ine- (SF). Our goal is to show which aspects of the model in luence the observed transient response, and 

how preexisting model parameters should be adjusted to better it the data obtained. Reaching this goal will 
pave the way for future studies that consider using small scale characterization data to simulate large scale 
experiments, and also to return to the characterization of homemade explosives. Preliminary studies were 
also conducted during this period to analyze the effect of diameter and con iner material sound speed on the 
propagation of detonation waves in ammonium nitrate and fuel oil (ANFO). 

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach 

A.1    Experimental

Successful experiments have been performed with the explosive TATB using a microwave interferometer to 
measure the detonation front’s position and velocity pro ile at different porosity levels. By increasing poros-
ity (decreasing theoretical max density TMD) it is possible to give TATB more non-ideal behavior and ob-
serve shock wave velocities near the sound speed of the material. In these experiments, density was varied 
between 40-96%TMD. Increased porosity reduces the energy density and tends to increase the reaction zone 
thickness. By varying porosity, it is also possible to vary the shock sensitivity of the explosive. This has been 
demonstrated with a second set of tests using a PMMA attenuator. It is shown that the critical attenuator 
thickness of 1-3mm for 96%TMD can be increased to 5-7mm for 80%TMD. Shock sensitivity should increase 
for more porous materials and can be explained by the heterogeneous microstructure and hot spot theory 
[1]. The crushing action of the incident shock wave collapses more voids and localizes more hot spots in the 
porous explosive yielding a stronger transition to detonation.
Studies with ammonium nitrate and fuel oil (ANFO) were also revisited to investigate the effect of diameter 
and lower sound speed con iners. Using a combination of 0.64 and 1.27 dia. steel con iners as well as PVC 
materials, new work was able to show detonation failure over a broader spectrum of failure rates. This work 
will be continued with prilled ammonium nitrate (AN) and incorporated into simulations utilizing an ignition 
and growth reactive burn model. The ultimate goal is to calibrate an IGRB model for different compositions 
of ANFO using the new geometries and con iner materials.

A.2    Modeling

One- and two- dimensional mesh resolved simulations were found for the small-scale experiment with TATB. 
Due to the relatively ideal nature of TATB, the effect of porosity only resulted in a change to the steady deto-
nation velocity. In all cases, except for the ignition and growth reactive burn (IGRB), the one- and two- di-
mensional velocities were nearly identical, requiring only ~0.5 cm to stabilize. This suggests that the level of 
con inement is too high to observe transient failure – a conclusion supported by the 6-7 mm critical diameter 
limit (the test dia. was 6.4 mm). Nevertheless, the 40 and 50%TMD cases appeared to fail in the experiment 
but did not in the simulation, except with the IGRB model. Other differences between the models are the vary-
ing reaction zone thickness and shock pressures.
Although shock velocity is the only recorded measurement, it became apparent that the input pressure of 
the ideal explosive plays a critical role in these simulations. A model was developed for Primasheet 1000, 
yielding a shock pressure of ~16 GPa. Using this pressure, the shock initiation experiments were simulated 
with and without chemical reaction. It is shown that the burn models that matched the steady detonation 
velocities do not match the critical attenuator length, and this has been correlated with the level of realism in 
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the reaction zone thickness. Models that can predict a reasonable reaction zone (a few mm) can also predict 
initiation behavior, whereas a temperature-based model which predicts an unreasonable reaction zone (a 
few μm) could not predict this behavior.
Finally, an IGRB model for ANFO was implemented as a preliminary test of new geometries. This model was 
used to evaluate low sound speed con iners and predict detonation failure ahead of actual tests. Much work 
needs to be done to ine tune the model parameters and this will be continued into the next period. Speci i-
cally, the larger diameter charges allow for more reaction to occur and a greater chance to observe differ-
ences in performance between compositions.

B. Major contributions

Our speci ic accomplishments this period are summarized below:
1. Finished wavelet analysis code and theory paper; we have also standardized an optimization routine. The 
Wavelet code is able to recover the detonation velocity pro ile and was used to produce all of the following 
results.
2. Measured the detonation velocity of pressed TATB in the small-scale MI experiment as a function of poros-
ity.
• Calibrated the material wavelength as a function of porosity and it experimental data with the Landau-

Lifshitz/Looyenga equation.
• Demonstrated that for the current experimental con iguration, this velocity is near the ideal Chapman-

Jouget limit.
• Transient detonation failure may have been observed at 50 and 40%TMD.
3. Performed shock initiation studies to determine the critical attenuator thickness for 96 and 80%TMD.
• Using pressure estimates from CTH, we were able to generate Pop-plot data.
4. Simulated the TATB experiments in CTH with ive different models calibrated to large-scale explosive char-
acterization experiments.
• Temperature-based Arrhenius burn can match velocity, but the reaction zone prediction is not physical 

and this model cannot match the shock initiation behavior.
• History variable reactive burn was calibrated to perform like Arrhenius burn; similar results except 

slightly better prediction of shock initiation.
• Ignition and growth reactive burn was modi ied to admit different initial porosities. The resulting steady 

velocities were off, but the reaction zone thickness and shock initiation behavior were more physical.
5. Performed extensive one- and two-dimensional mesh resolution studies and varied other simulation pa-
rameters to achieve a high degree of numerical accuracy.
6. Created an explosive model for the ideal booster charge (Primasheet 1000) used in the experiments to 
more accurately predict shock pressures.
7. Wrote an accessory tool for CTH to track the position of a moving shock wave, and record shock and reac-
tion zone state variables such as pressure and temperature.
8. Designed a preliminary IGRB model for ANFO to match previous work and successfully predict the effect 
of low sound speed con iners.
9. Moving forward on ANFO studies varying prill size and utilizing the larger diameters.
• Low sound speed con iners such as PVC produce interesting failure dynamics but decrease the signal 

strength of the microwave interference signal.
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The following results were collected over the recent funding period and show current project status. Some of 
these results have been published in a M.S. thesis; the rest will be disseminated in two conference papers at 
the 2014 International Detonation Symposium and two companion journal articles.

B.1    Detonation velocity with varying porosity for TATB

• Experimental
Calibrated material wavelengths were found for TATB as a function of TMD in order to analyze microwave 
interferometer data. A microwave mixing equation was used to verify the results (see Figs.1-3).

Figure 1: Calibrated material wavelength for pressed TATB used to analyze shock position/velocity.

Figure 2: Shock position (left) and velocity (right) for TATB pressed between 40 and 96%TMD.

Figure 3: Average detonation velocity for the TATB experiment as a function of TMD; also shown are material sound 

speed, Cheetah calculations, and an empirical fi t. 
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• Available models for TATB
Hydrocode simulations of explosives require a reactive burn model (RBM). This includes the equation of state 
(EOS) parameters for the unreacted and reacted material, a reaction rate law to advance a single progress 
variable, and a mixing law for intermediate levels of reaction (see Fig. 4).

De initions of available TATB models calibrated to explosives characterization data (see Table 1 on the next 
page).
• Arrhenius Reactive Burn Model (ARB)
 o A temperature-based reaction rate model
 o Used to describe initiation of homogeneous explosives
 o Potential for error as temperature is not a well-measured quantity
• Ignition and Growth Reactive Burn Model (IGRB)
 o A pressure-based reaction model with 12 adjustable constants
 o Most widely-used model for heterogeneous explosives
 o Calibrated with Pop-plot data
• History Variable Reactive Burn Model (HVRB)
 o Reaction rate is a function of time since the passing of a shock wave
 o Also used for heterogeneous explosives like IGRB and calibrated to Pop-plot data
• Equation of State (EOS)
 o De ines pressure-volume-energy (P,V,E) relationship of a chemically non-reacting material
 o EOS is said to be complete if temperature state is known (usually estimated with Cv)
 o Types include: Mie-Grüneisen (MGR), Jones-Wilkins-Lee (JWL), and tabulated look-up values (SES  
                  AME)
• P-α Porosity Model
 o Adjust an explosive model based on changes to initial density
 o May be applied in conjunction with MGR and SESAME EOSUR only

Figure 4: Schematic diagram for a reactive burn model description of an explosive in CTH.
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TATB Material Reactive Burn Model Unreacted EOS Reacted EOS

Ultrafi ne (U-) ARB MGR SESAME

Ultrafi ne (U-) IGRB JWL JWL

Coarse, Porous (CP) HVRB MGR SESAME

Coarse, High Dens. (HD) HVRB MGR SESAME

Superfi ne (SF) HVRB MGR SESAME

Necessary model changes
1. Density cannot be varied for the IGRB model because of the JWL EOS. To ix the issue, MGR/SESAME EOS 
were translated for ultra ine TATB while keeping the same JWL parameters. This is not a perfect solution, but 
gives an idea for the model performance and capabilities.
The HVRB model has a dependence on initial density (roughly as the fourth-power of density). A density cor-
rection factor was introduced as suggested by the CTH development team.
• One- and two-dimensional CTH simulations
A mesh resolution study has shown that a minimum of 160 zones per mm is needed to resolve the problem 
(possibly more for ARB and HVRB). The old approach of simulating the entire experiment was too compu-
tationally expensive, especially for material parameter studies. Instead, a 1.6 cm slice of the experiment is 
simulated at 160 zones/mm requiring 1-4 hours per run. The ideal explosive model is based from the physi-
cal properties of Primasheet 1000 and results from Cheetah. The ideal explosive is set to propagate at the 
Chapman-Jouget detonation velocity with no intermediate state between the reacted and unreacted material. 
These geometries are shown below in Figure 5.

• The ShockTracker code for CTH
An accessory code was written for CTH to add the capability to track moving shock waves and compare with 
experimental data. No pre-existing post-processing routine has this capability, so it is an asset to Sandia Na-
tional Laboratories and the CTH development team. Several adjustable parameters allow the user to tailor 
the code for the various types of pressure waves observed and track the reaction zone as well. A graphical 
discussion of the ShockTracker code approach is shown in Figure 6 on the next page.

Table 1. Available TATB models in CTH calibrated to large scale explosives characterization data.

Figure 5: New and old simulation geometries used to evaluate the diff erent TATB models in CTH.
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• Simulation results for detonation velocity as a function of porosity

Figure 6: Graphical discussion of the tracer gauge data needed to be analyzed by ShockTracker.

Figure 7: Detonation velocity at varying porosity levels for 1D simulations (dashed lines) and 2D simulations (solid 

lines) from CTH and the ShockTracker code.
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• Simulation results for peak shock pressure as a function of porosity

• Comparison of CTH and experimental data for detonation velocity
Overall, all models except IGRB compare well to experimental data and the ideal Chapman-Jouget detona-
tion velocity. The TATB explosives are well-supported and far from the failure condition, except for 50 and 
40%TMD. In those cases, the measured velocity is closer to the material sound speed and only the IGRB 
model predicts failure for low TMD. In that case, the reaction zone is stretched out and decouples from the 
leading shock wave.

Figure 8: Maximum shock pressure at varying porosity levels for 1D simulations (dashed lines) and 2D simulations 

(solid lines) from CTH and the ShockTracker code.
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B.2    Shock initiation study for TATB

• Experimental results
A PMMA attenuator was used to decrease the input shock pressure to TATB samples and evaluate shock sen-
sitivity as a function of porosity. Experiments were conducted at 96 and 80%TMD and results are shown in 
Table 2 and Figure 10 on the next page.

Test % TMD Density (g/cc) PMMA Length (mm) Failure?

80% TMD Test 1 79.48 1.5396 5 NO

80% TMD Test 2 78.60 1.5225 5 NO

80% TMD Test 3 79.10 1.5321 7 YES

80% TMD Test 4 79.47 1.5393 7 YES

96% TMD Test 1 98.80 1.9137 1 NO

96% TMD Test 2 97.20 1.8828 1 NO

96% TMD Test 3 96.21 1.8635 3 YES

96% TMD Test 4 97.47 1.8880 3 YES

Table 2. Shock sensitivity results for TATB.

Figure 9: Experimental and CTH simulation results for detonation velocity as a function of %TMD.
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• CTH simulation results and comparison
The critical attenuator thicknesses are summarized in Table 3. No model was able to fully capture the ob-
served shock initiation behavior.

Model 96% TMD (mm) 80% TMD (mm)

ARB U-TATB <1 3

IGRB U-TATB 7 10

HVRB TATB (CP) 1 3

HVRB TATB (HD) N/A 1

HVRB TATB (SF) 1 3

Actual 1-3 5-7

Using CTH simulations of inert TATB, we were able to estimate the input shock pressure to the samples in 
Figure 11 on the next page and back out a crude estimate for data points on a Pop-plot in Figure 12 on the 
next page.  

Figure 10: Raw output signal and velocity vs. time for all “go” tests.

Table 3. Critical attenuator thickness needed for detonation failure.
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B.3   Preliminary modeling of ANFO with IGRB

• A composite model with different parameters from different sources:
 o porous AN Mie-Grüneisen EOS from Baer, Gartling, and DesJardin
 o chemical kinetics from JWL++ model used by Kong and Kim for ANFO K-1
 o JWL it with Cheetah for products (substantiated by other papers)
 o IGRB adjusted to match somewhat with previous experimental data
• Realistic match of experiment
We used the newANFO model to predict that the detonation would fail in 1.27 cm dia. thick-walled PVC. A 
new set of experiments were designed and con irmed the result of detonation failure. Some highlights of the 
new ANFO model are shown in Figure 13 on the next page.

Figure 11: Shock attenuation simulation (left), peak shock pressure for diff erent length attenuators (middle) and shock 

velocity (right).

Figure 12: Estimated Pop-plot data using the CTH simulations for input pressure and compared with available explosive 

data.
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Figure 13: Overview of some features of the new ANFO model in CTH as compared with experimental data and the 

predictive capability to design a new experimental geometry based on PVC confi nement.
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B.4    Preliminary experimental work with ANFO in new con igurations

A new con iner was designed out of low sound speed (~2 km/s) PVC shown in Figure 14. In addition, the 
same ANFO material was also tested in the normal con iguration and a larger diameter steel con iner. These 
results are shown in Figure 15.

Figure 14: Schematic drawing of a new confi ner geometry manufactured out of PVC.

Figure 15: Preliminary results with stoichiometric ANFO under three confi nement conditions; two tests were performed 

at each confi guration, and sample density was held constant at 1.0 g/cc.
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C. Future plans

The ammonium nitrate currently used for studies is Kinepak and Kinepouch. Microscope images of these 
materials are shown below in Figure 16. These materials show very little differences and do not permit the 
variation of prill size as they are already a ine powder. Future work will investigate the effect of prill size on 
experimental results utilizing the new geometries and con inement.

IV.    RELEVANCE AND TRANSITION

A.   Anticipated end-user technology transfer

We anticipate transferring these techniques to research labs and companies such as EMPI and RMS.

V. LEVERAGING OF RESOURCES

A M.S. student contributing to this project was funded by Sandia National Laboratories.

VI. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

1. S. F. Son, A. J. Zakrajsek, E. J. Miklaszewski, J. L. Wagner, and D. R. Guildenbecher, “Experimental Inves-
tigation of Blast Mitigation for Target Protection,” (Book Chapter) in Blast Mitigation: Experimental 
and Numerical Studies, A. Shukla, et al. Eds., (2014).  ISBN: 1461472660 .  Note that this work was 
performed on previous DHS center funding, but appears now.

Pending-
1. R. S. Janesheski, L. J. Groven, and S. F. Son, “Detonation Failure Characterization of Homemade Explo-

sives,” to appear in Propellants, Explosives, and Pyrotechnics (in inal revision), 2014.

B. Other presentations

1. One short course at Picatinny Arsenal

Figure 16: Microscope images of two varieties of AN used in previous and current work; Kinepak (left) and Kinepouch 

(right).
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C. Student theses or dissertations produced from this project

1. Peter J. Renslow, A small-scale experiment using microwave interferometry to investigate detona-
tion and shock-to-detonation transition in pressed TATB, May 2014, Master of Science in Aeronau-
tics and Astronautics (M.S.A.A.E.). 

VII. REFERENCES

[1] Khasainov, B. A., Ermolaev, B. S., Presles, H.-N., and Vidal, P. “On the effect of grain size on shock 
sensitivity of heterogeneous high explosives.” Shock Waves Vol. 7(2), 1997: 89-105.
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R1-C.1: Understanding Heterogeneity of 

Energetic Materials 

Abstract— Today, the use of X-ray CT imaging is the most common technique for screening checked 
baggage and cargo for commercial aviation.  While these CT techniques are widely successful, there 
can be a shortfall when contraband meant for detection has similar X-ray properties to the back-
ground matrix (e.g. clothing, books, plastics, etc.).  In our work, we are looking to enhance detection 
of contraband by using aspects of materials’ properties beyond density and X-ray cross section. We 
are working on developing methods to produce materials in which the heterogeneity is systemati-
cally controlled, such that we can vary the materials particle size, shape, and texture. Additionally, 
signifi cant advances have been made in the area of controlling, thus enhancing the understanding of 
how the nano-microstructure of explosives infl uences properties 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

Students

Name Degree Pursued Institution Month/Year of Graduation

Xin Zhang PhD Texas Tech U. 5/2015

Donald Ramirez PhD Texas Tech U. 5/2016

Roya Baghi PhD Texas Tech U. 5/2015

Zixu Zhang PhD Texas Tech U. 5/2019

Will Bassett BS Texas Tech U. 5/2013

II. PROJECT OVERVIEW AND SIGNIFICANCE

A. Mock heterogeneous 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 synthetic meth-
odology which can be used to control the texture, composition, and z-number of inorganic materials. As 
shown in Figure 1 on the next page, the texture and structure of a cobalt oxide based material can be simply 
modi ied by varying simple synthetic parameters such as concentration and solvent system. These materi-
als 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 6-50) to provide ‘phantom’ mock explosives.
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Previously, we have demonstrated that low density porous aerogels of nitrocellulose can be synthesized in 
such a way that the inal density and porosity can be readily modi ied by simple solvent addition. To expand 
our ability to control the texture of energetic materials we have focused our attention on developing compos-
ite materials. By integrating nanoscale dopants to act as either nucleation sites or structure directing agents, 
composite energetic materials can be synthesized, which will allow us to probe the energetic properties 
with respect to structure and density. As shown in Figure 2, changing the surface functionality of the gold 
nanocrystals used to enhance the structure of the nitrocellulose aerogels shows signi icant morphological 
changes such as porosity and surface area.

To understand the effect of heterogeneity on explosive performance, we fabricated a series of various en-
ergetic materials with various crystallization conditions and impurities added.  The impact of this work is 
two-fold: (1) To understand what conditions lead to heterogeneity for enhanced detection and (2) the effect 
of heterogeneity on explosives performance.  The conditions chosen are detailed in the publications but were 
primarily focused on those that might be used by an illicit group. Figure 3 shows a series of on images from 
a nitrocellulose sample dried with various solvents and temperatures. As observed in this series of images, a 
wide range of heterogeneity can be observed simply by changing the solvent and temperature.

Figure 1: Co-aerogel specimens showing changes in morphology due to synthetic conditions A) a net- like web, B) 

fl occulant sponge, C) large joined spheres, D) small fl oret, E) large platelets, and F) large fl orets.

Figure 2: nitrocellulose aerogel, A) undoped, B) doped with alcohol functionalized gold nanocrystal doped aerogel, 

and C) doped with carboxylic acid functionalized gold nonocrystals.  

Figure 3: Nitrocellulose prepared under diff erent synthetic conditions (a) from 10 mg/mL DMF solution at 25 oC, (b) 

from 10 mg/mL THF solution at 5 oC, (c) and (d) from 10 mg/mL DMF solution at 5 oC, (e) and (f) from 5 mg/mL DMF 

solution at 5 oC, (g), and (h) from 30 mg/mL DMF solution at 5 oC. 
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Burn rate studies were also undertaken to determine kinetic parameters of the heterogeneous nitrocellulose 
(see Fig. 4).  As the particle size decreases, the surface area is increased, leading to a higher burn rate.  One of 
the more signi icant aspects of the work is that the combustion is more complete with the smaller particles.  
There has been interest from the DoD in using these small particles in gunpowder formulations since the 
increased burn rate may lead to less propellant needed for weapons performance.  In addition to the burn 
rate, thermal stability tests were also performed (not shown).  The thermal stability of the nanosized nitro-
cellulose was similar to the bulk indicating that these formulations should have similar safety aspects to be 
considered.

III. RESEARCH ACTIVITY

A.      State-of-the-art and technical approach

In an effort focused on a giving greater control to the overall texture and structure of the materials, we fo-
cused on using sacri icial hard templates, such as polymeric spheres, to impart further control over the ma-
terials density and porosity. To this end, we have coupled simple templating methods with our novel sol-gel 
chemistry to produce materials with a bimodal pore structure. As shown in Figure 5, the irst of a series of 
complex metal oxides has been synthesized, exhibiting macroporous windows and porous walls which are 
composed of nano-crystalline complex metal oxides (variable z-number) and exhibit mesoporous structure. 
This is a one pot approach, which allows the structure and composition of the pores to be varied and allows 
control for the particles at the nanoscale.

The construction of heterogeneous energetic materials has led to a new method of nanolithography.  This 
discovery was made while interrogating supercooled PETN.  The overall goal was to investigate the kinetics 
and thermodynamics of ‘glassy’ (non-crystalline) energetics.  However, during high resolution imaging, we 
found it was possible to use the atomic force microscope to perform lithography. The method is known as 
Tip Induced Crystallization Lithography (TICL). An example of TTU written with PETN crystals is shown in 
Figure 6 on the next page.  While this discovery may appear outside of the scope of ALERT, it has already had 
a signi icant impact on a broad community since it is not limited to energetics.  Speci ically, the pharmaceu-
tical industry has started using TICL to induce crystallization because the crystallographic polymorphs are 
important to the pharmaceutical effects.

Figure 4: Burn rate of  nitrocellulose (NC) (a) bulk NC fi lm, (b) 0.5-4 μm spheres NC sample, (c) 200-900 nm spheres NC 

sample, and (d) 300-800 nm spheres NC sample. (e) Comparison of the burn rates of diff erent NC fi lms.

   a)                b)         c)

Figure 5: Inverse opals show varying composition and structure, A) Iron oxide, B) Zinc aluminate, C) Nickel aluminate.

ALERT 
Phase 2 Year 1 Annual Report 

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

Project R1-C.1

111



B.      Major contributions

The primary contribution of the effort is to understand what controls heterogeneity and if heterogeneity can 
be exploited for enhanced detection.  Thus far, we have synthesized a broad range of both metallic and or-
ganic materials to be used as mock/phantoms for x-ray screening and algorithm development.  These materi-
als will be provided to other thrusts as needed.  We have also shown that the heterogeneity of real energetic 
materials is extremely complex.  Since minor changes in the production methods (solvent, concentration, 
temperature) can have a signi icant impact on the inal compound, it will be dif icult to use texture alone as a 
screening tool.  However, by knowing the range of textures that can be reasonably fabricated, algorithms can 
be developed to exploit the effects of heterogeneity for enhanced detection. 

C.      Future plans

Future work will continue on both mock materials and real energetics.  We anticipate working closely with 
other thrusts to fabricate high quality mock materials with speci ic densities and atomic z numbers as re-
quested.  We will also use the mock aerogels as templates that can be back illed with energetics to produce 
more uniform explosives for screening of real samples (in those materials the template will be removed 
either chemically or thermally).  We also anticipate working with home-made explosives to determine what 
controls heterogeneity in these materials. Speci ically, we will focus on ammonium nitrate (without fuel ini-
tially), TATP and HMTD.

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

This year the primary outreach activity was a training day for irst responders in April 2014.  The participants 
included bomb squads from Lubbock, Midland, Abilene and Dallas.  Other participants included the ATF and 
Air Force EOD.  This exercise was conducted in two sessions.  The irst was a classroom exercise and the sec-
ond was a lab exercise where TATP synthesis was observed. The most exciting aspect was that two ATF dogs 
were brought from Dallas.  The chemistry building was used as a training facility where empty vials of TATP 
and HMTD were distributed.  The chemistry building provided a unique environment for canine training with 
the broad matrix of chemical interferants.  However, both dogs found all the samples placed.  The ATF is cur-
rently in discussions to continue training at Texas Tech for their dogs annually.

V. RELEVANCE AND TRANSITION

A.      Relevance of your research to the DHS enterprise

Figure 6: Nucleation of PETN can be controlled to create arbitrary shapes.
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The primary relevance of this effort is to understand heterogeneity and aid in advanced screening.  The 
thermodynamics and kinetics of heterogeneity are also important since the information will lead to a better 
understanding of performance, output and critical diameter of explosive devices.

B.      Anticipated end-user technology transfer

The anticipated technology transfer of this work is to yield information on algorithm development for en-
hanced screening.  No intellectual property speci ic to this effort is anticipated.

VI. LEVERAGING OF RESOURCES

The work has led to a number of interested parties beyond ALERT and DHS.  In previous years, we iled a pat-
ent on a new energetic material with an output similar to that of CL-20.  Both the Army and DoE are pursuing 
this new material.  The recent work has had outside interest from DoD on gunpowder formulations but no 
additional funding has been received (note that the publication came out in early 2014).

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A.      Peer reviewed journal articles

1. GR. Peterson, WP. Bassett, F. Hung-Low, C. Gümeci, C. Korzeniewski and LJ. Hope-Weeks, Prepara-
tion-Morphology-Performance Relationships in Cobalt Aerogels as Supercapacitors, ACS Applied 
Materials and Interfaces,  6 (3), 1796-1803 (2014)

2. M. Davis, DA. Ramirez, and LJ. Hope-Weeks, Formation of Three-Dimensional Ordered Hierarchically 
Porous Metal Oxides via a Hybridized Epoxide Assisted/Colloidal Crystal Templating Approach, ACS 
Applied Materials and Interfaces,  5 (16), 7786-7792 (2013)

3. X. Zhang and B.L. Weeks, Tip Induced Crystallization Lithography, Journal of the American Chemical 
Society, 136 1253 (2014)

4. X. Zhang and B.L. Weeks, Preparation of sub-micron nitrocellulose particles for improved combus-
tion behavior, Journal of Hazardous Materials, 238 224 (2014)

B. Other conference proceedings

1. Guest Lecture LSU: October 2013, Brandon Weeks “Probe microscopy: from sensors to energetic 
materials”
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R1-C.2: Explosive Polymer Interactions

Abstract— This project focuses on the interaction of explosives with “inert” materials.   The focus to 
date has been explosive/polymers interactions.  Explosives are exposed to polymers for a variety of 
reason: when they are “plasticized” for shaping; when they are encased for safe handling, (e.g. dog 
training aids); and when they are collected for forensic evidence or stored.   Whatever the reason, 
for the sake of safety and for proper selection of materials, we must understand their interactions.  
This project has focused on fi nding the best materials for such devices as canine training aids, swab 
material and pre-concentrators.  Along with discovery of potential application, metrics for assess-
ment are being developed. 

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

Sze Yang Co-PI URI syang@chm.uri.edu

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

Students

Name Degree Pursued Institution Month/Year of Graduation

Jon Canino PhD URI Summer 2014

Kaushi Purohit PhD URI Spring 2014

Michelle Gonsalves PhD URI 2018

Guang Zhang PhD URI 2014

Jie Mei PhD URI 2019

Rebecca Levine PhD URI 2018

Devon Swanson PhD URI 2018

II. PROJECT OVERVIEW AND SIGNIFICANCE

This project focuses on the interaction of explosives with “inert” materials. Explosives are exposed to poly-
mers for a variety of reason: when they are “plasticized” for shaping; when they are encased for safe handling, 
(e.g. dog training aids); and when they are collected for forensic evidence or stored.   Whatever the reason, 
for the sake of safety and for proper selection of materials, we must identify and understand the interaction 
involved.  This project has focused on inding the best materials for devices used as canine training aids, 
swab materials and pre-concentrators.  Along with potential applications, metrics of assessment are being 
examined.     
A primary consequence of this research is safety.  Workers using explosives handle them with inert mate-
rial—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.
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 III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

This project is addressing three different problems relevant to explosive detection and characterization—
pre-concentration, swabbing, training aids for instruments and canines—in concert.  Each material, to which 
a given explosive is exposed, is evaluated and metrics established.  The application of MIPs in explosives re-
search is relatively new; functionalized carbon nanotubes are new, as well; and electrostatics, as it is applied 
to this project, has not been done previously.  The latter has been put forward for patenting.

A.1   TATP encapsulation 

To meet the demand for safe forms of triacetone triperoxide (TATP), we have sublimed TATP onto scrupu-
lously clean ilter paper.  While this approach ful illed immediate needs of canine trainers and instrument 
suppliers, preparation was arduous; and the aids were effective for only about 90 minutes. To enhance the 
product’s work- and shelf-life, we developed a method to encapsulate TATP. The approach, making best use 
of our laboratory resources, was emulsi ication.  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. This emulsion mixture was allowed to stir 
until the DCM evaporated, allowing the formation of solid plastic microspheres (~1hr).  Additional water was 
added with stirring to aid iltration and solid microspheres were recovered by vacuum iltration.  
Thermogravimetric (TGA) experiments were used to determine release temperatures of the explosive from 
the polymer, amount of explosive present in the polymer, and quality; i.e. purity of the scent. With TGA, it was 
possible to distinguish between release of pure explosive, explosive decomposition products and polymer 
decomposition products.  It also allowed the researcher to select the scent. Figure 1 (red) shows an infrared 
(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 produce than the previous ones, but 
the main bene it 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. 

Figure 1: IR spectrum TGA off gas of beads (red) and pure TATP (blue).
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A.2   Evaluation explosive-polymer interaction  

The above encapsulation process for TATP makes no guarantee that the polymer of choice will be compat-
ible with other explosives.  Furthermore, for a variety of reasons, encapsulation using highly inert polymeric 
materials is desirable.  For example, we have shown that addition of parts-per-million (ppm) amounts of gen-
erally-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 stability at 
room temperature.  Applying the same approach to 30% HP requires elevated levels of metals which would 
negatively in luence shelf-life.  This could be avoided by encapsulating the metals with a coating 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 and expose the HP to the degrading effect of the metal.  
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.

A.3    Sorption/desorption experiments

Studying the interaction of polymers and metals provides a basis for assessing compatibilities of polymeric 
components in detection instruments and sensors. We have examined numerous specialty polymers used as 
pre-concentrators and as enhancement devices for sensors. We have studied molecularly imprinted polymers 
(MIPs), conductive polymers and a variety of commercial-off-the-shelf materials for a variety of applications. 
Associated with diverse applications are a number of molecular/physical interactions; thus, a variety of eval-
uation techniques are required.  We have conducted numerous isothermal adsorption/desorption studies 
starting with sealed containers permeated with explosive vapor. We have used this technique routinely with 
TATP, TNT, and RDX, in order of decreasing vapor pressure. (We have also used this method with PETN, but 
saturation times were measured in weeks rather than hours.)  For vapor deposition of TNT the substrates of 
interest were exposed for 1 hour at 60°C. Once the substrate was exposed, it was removed from the exposure 
container and split into two fractions. One portion was solvent extracted, and the TNT in the extracts was 
quanti ied by gas chromatography with electron capture detector (GC-μECD).  The second portion was placed 
in a thermal desorption unit, and the TNT was thermally driven from the substrate and directly into a GC-
μECD for quanti ication of amount desorbed. (To prevent saturation of the μECD detector different ratios of 
sample were used in each vial type due to differences in sorption/desorption ef iciency of the substrate ma-
terial. This is re lected in Table 1 on the next page, the column headed “solution/headspace”). In Table 1 on 
the next page, the amount of TNT adsorbed is calculated from the TNT found in the solvent extracts and the 
amount desorbed from the thermal desorption. Several polymers were examined along with swipes provided 

Figure 2:  Polystyrene bead of TATP, Fresh, 16.0% (left) and Aged 873 days, 15.9% (right).
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by the vendors. Interestingly, those swabs most ef icient at adsorbing TNT were not the ones most ef icient 
at desorbing it.  Yet, it is notable that many of the vendors’ swabs, despite their low release ef iciency, release 
signi icant quantities because their initial pickup was high.

Sample Solution / Head-

space

TNT Adsorbed 

(ng/mg)

TNT Thermally 

Desorbed (ng/

mg)

% Desorbed

Tenax 50 / 50 6.5 0.4 6%

Tefl on 90 / 10 1.4 1.4 100%

Nomex 90 / 10 1.4 1.4 99%

Polystyrene 80 / 20 5.3 1.1 20%

Poly(4-vinyl phenol) 80 / 20 8.7 0.76 9%

Poly(2,6-dimethyl-1,4-

phenylene oxide)

70 / 30 5.6 0.43 8%

Poly(ethylene terephthalate) 50 / 50 1.5 0.11 7%

Poly(vinyl alcohol) 50 / 50 0.05 0.02 40%

Smith's Benchtop Swabs 90 / 10 14.6 6.2 42%

Smith's Portable Swabs 90 / 10 19.0 6.8 36%

PVA:PANI (1:1) 90 / 10 14.0 3.2 23%

Quantum Sniff er (IP) Swabs 90 / 10 24.4 9.3 38%

GE Swabs 90 / 10 3.2 1.1 35%

Polystyrene: 2% divinyl 

benzene

90 / 10 5.2 0.69 13%

Scintrex metal mesh 90 / 10 0.72 0.17 24%

A.4   Atomic Force Microscopy (AFM)

The evaluation approach described above addresses non-contact pickup. For contact pickup it would be ex-
pected that surface roughness and the physical act of swabbing would be factors in explosive pickup and 
release.  To examine that aspect of potential swab materials, an Agilent 5500 atomic force microscope (AFM) 
was employed. Small particles (~250-500 micron) of explosive (with the exception of HMTD) were created 
by gently milling them between two microscope slides to create particles of size of ~5 to 10 micron. Particle 
sizes were measured on a stage micrometer using a microscope which was calibrated via standardized mi-
crometer. Desired particles were centered on the microscope stage and adhered to AFM tip-less cantilevers 
using UV curing glue (Loctite 352) (Figure 3 on the next page). The cantilever was then subjected to UV light 
for 30 minutes. (SEM images were taken to ensure no glue adhered accidently to the contact face of the ex-
plosive crystal).  For initial experiments, polymer ilms were created using manual dip coating of a polymer 
solution in dichloromethane or tetrahydrofuran and dipping into the solution a microscope slide.  When data 
suggested the surfaces were too rough, the procedure was changed. In the altered protocol, the polymer was 
heated to its glass transition temperature or until soft, and a silicon wafer (roughness ~2 nm) was pushed 
onto it to create an atomically lat surface on which to measure forces. Before force curves were taken, the 
modi ied cantilever was calibrated using the Thermal K function available on the AFM. The modi ied canti-
lever was inserted into the AFM; and the desired polymer surface, loaded onto the sample stage. The entire 
apparatus was held in a humidity controlled chamber with relative humidity measured as less than 20%.

Table 1:  Sorption/ Desorption Experiments.
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Force measurements were obtained in contact mode. Jump-on, as well as jump-off, was observed (as seen in 
Fig. 4), but only the largest jump-off was recorded.  In initial experiments, 500 measurements were made at 
each of three locations and another 500 were made in raster mode over a 25 square micron area with 5 to 8 
microns de lection in 1 second.  In later experiments, only the raster scan, comprising 1000 force measure-
ments were collected.  Each force curve was composed of 800 data points with acquisition times ranging 
from 0.75 s to 2.5 s, depending on adhesion.   Jump-on/jump-off results which were anomalous were dis-
carded; an example is shown in Figure 5.

Where possible, the same explosive crystal was used for all measurements in one experimental set. Five to 
seven experimental sets were run over the course of this year.  The values obtained are quite high, and there 
is a fair amount of scatter.  Although humidity was controlled, various other factors could have affected the 
results: 
1. Particle Roughness
2. Particle Size

Figure 3: Explosive of cantilever tip:  PETN –polarized light microscopy (left); PETN-scanning electron microscopy (SEM, 

middle); RDX-SEM (right).

Figure 4: Typical Force Curve showing approach & snap-on (blue) and retract & snap-off  (red).

Figure 5:  Anomalous Force Curve with detector saturation & signifi cant hysteresis in contact range.
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3. Surface Roughness
4. Plastic Deformation
5. Friction
6. Triboelectric Charging
Table 3 on the next page shows the combined results of the ive to seven sets of experiments.  Those with * 
were run entirely in raster mode. We compared the data to determine if there were polymers to which the 
explosives preferentially adhered.  The average response of a substrate was examined across all seven explo-
sives (see Table 2). Only Te lon stood out as different from the other substrates, in that it showed the lowest 
adhesion force no matter the polymer. Examining the six explosives across all seven substrates, only HMTD 
and potassium nitrate (KNO3) showed results signi icantly different from the others. Both appeared to ad-
here more strongly to all substrates than the other explosives. 
Tests continue to evaluate effectiveness of AFM to measure adhesive properties associated with interactions 
of explosives with polymeric materials.

ave (nN) std dev

adhesion force all explosives

Tefl on 88 70

Polystyrene (PS) 165 53

Polyvinyl alcohol (PVA) 216 68

Poly-4-vinylphenol (P4VP) 160 42

Polymethylphenylene oxide 

(PPO)

217 47

Polyethylene (PE) 222 87

Tenax 196 133

adhesion force all polymers

HMTD 277 98

KCIO
3

145 61

KNO
3

244 41

HMX 159 59

RDX 185 84

PETN 124 57

TNT 127 66

Table 2: Average Across All AFM Data Sets.
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Table 3: All AFM Data Sets.
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B. Major contributions

Applications involving MIPs in explosives research is relatively new; functionalized carbon nanotubes are 
new as well; and electrostatics, as it is applied to this project, has not been done previously.  The latter has 
been put forward for patenting.

C. Future plans

Having found one MIP which concentrates explosive up to 800%, we will seek other materials with this level 
of performance, as well as seek a basic understanding of physical properties that enhance explosive sorption.  
Having found a technique which works for preparing training aids using TATP, DADP and TNT, we will seek to 
expand this technique to other explosives and to develop a simple and effective thermal desorption system 
suitable for commercialization.  The use of electrostatically charged materials to collect explosives will be 
studied further to assess safety, limitations, and potential commercialization.

C.1   Future work

For canine training aids, reliable thermal desorption system for the encapsulated TATP training aids is to be 
designed.  Once implemented the encapsulated training aids will be distributed for evaluation of the effec-
tiveness of the product.  Product development will continue starting with HMTD. We will continue to explore 
AFM to determine if acceptable standard deviations can be obtained with tighter control on all parameters.  
Other techniques will be explored as well. 1H NMR is being considered for evaluations of molecular interac-
tions and contact angle for surface interactions.  

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

Each URI project supports one or more graduate students. (See listing with projects.) This is their best learn-
ing experience. Undergraduates are also supported on the projects as their class schedules permit.  
This will be our 4th summer to host a Minority Serving Institute (MSI) professor.  Polymer work was shared 
with our MSI (minority serving institute) professor (Dr. Gan) and his student.  It resulted in one paper and 
follow-on funding for Dr. Gan at California State University Pomona.  Working with the interaction of explo-
sives with polymers has been a particularly useful area to share with our MSI professors.  This allows them 
to return to an institute where they cannot work with explosives and perform meaningful follow-on research.
Every summer our Center funds are used to support high school teachers. They conduct research in URI labs 
under the mentorship of a graduate student.   The teachers worked fulltime for 8-10 weeks. In addition, this 
summer (2014) we have 2 forensic scientists from Qatar and 2 professors and their students from West Point.
Eight professional classes were offered so far in 2014, providing training for well over 160 professionals.  For 
over a decade we have offered classes to DHS and its components. Since 2014, we have offered three week-
long courses with lecture and labs to TSA.  
K-12 outreach continues to be hosting high school teachers in the summer and providing chemical magic 
shows at schools K-12.

V. RELEVANCE AND TRANSITION

A. Anticipated end-user technology transfer

1. TSA and manufacturers of explosive detection instruments are potential customers for new swab method-
ologies.
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2. Manufacturers of explosive trace detection (ETD) instruments would be interested in the pre-concentra-
tion improvements.
3. Manufactures of ETD instruments, as well as trainers of explosive detection canines, are interested in the 
training aids.  Indeed, samples have already been sent to individuals in these communities for their use, as 
well as useful feedback.

VI. LEVERAGING OF RESOURCES

Three potential types of products are being studied.  Discussions are underway with a potential vendor for 
the training aids.  An initial approach has been made to a potential vendor of swabs.

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

1. Oxley, J.C.; Smith, J.L.; Brady, J.; Steinkamp, F.L.  “Factors In luencing Destruction of Triacetone Trip-
eroxide (TATP),” Propellants, Explosives, Pyrotechnics, 2014,39(2), 289-298.

2. Oxley, J.C.; Smith, J.L.; Steinkamp, L.; Zhang, G.  “Factors In luencing Triacetone Triperoxide (TATP) 
and Diacetone Diperoxide (DADP) Formation: Part 2,” Propellants, Explosives, Pyrotechnics, 2013, 
6841-851.

3. Oxley, J.C.; Smith, J.L.;Vadlamannati, S; Brown, AC;  Zhang,G.; Swanson, D.S.; Canino, J “Synthesis and 
Characterization of Urea Nitrate and Nitrourea;” Propellants, Explosives, Pyrotechnics, 2013, 38(3), 
35–344.

4. Oxley, J.C.; Smith, J.L.; Bowden, P.; Ryan Rettinger “Factors In luencing TATP and DADP Formation: 
Part I” Propellants, Explosives, Pyrotechnics 2013, 38(2), 244-254.

B. Other presentations

1. Seminars
a. Sensitivity and Stability of Fuel Oxidizer Mixtures J.C. Oxley; J.L. Smith; M. Donnelly ISICP; 

Poitiers;  June 2014
b. Peroxide Explosive-J.C. Oxley; J.L Smith; P. Bowen; J Brady; L. Steinkamp; J Canino ISICP; Poitiers; 

June 2014
c. URI Explosive Research” Ludwig-Maximilian University of Munich: June 2014
d. TED Conference “Explosive-Polymer Interactions”-J Oxley, J Smith, J Canino, D. Swanson, G. 

Zhang, Charlottesville, NC; April 8-11, 2014 
e. TED Conference New Approaches to Swabbing-J. Canino, J. Smith, J. Oxley Charlottesville, NC; 

April 8-11, 2014 
f. ISADA:  “Taming the Peroxides and Other HME” J. Oxley Oct, 2013 Den Haag
g. NATAS “Thermal Impact vs Sensitivity?”  Aug. 4, 2013; Bowling Green, KY

2. Short courses
a. Fundamentals of Explosives Jan, May  2014
b. Explosive Safety for Technicians  Feb 2014
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c. Fundamentals of Explosives for TSA-Explosive Specialists  Feb, April, May 2014
d. Combustion March 2014
e. Fundamentals of Explosives for EOD  Mar 2014
f. ABTI Regional Meeting; “Explosive Short Course” Colorado Spring; CO Sept 17, 2013

3. Brie ings
a. Safe Training Aids for Bomb-Snif ing Dogs--Eighth Annual National Security Innovation Compe-

tition-J. Canino, J. Oxley, J Smith April 2014
b. Alpha Chi Sigma “Explosive Studies for Safety & Security” Oct. 26, 2013; URI
c. Studying Energetic Materials for Safety and Security-J. Oxley Spring ield College; April 2014

4. Invited lectures
a. Energetic Materials Needs and R&D Goals GRC June 2014
b. Plenary Lecture: “Explosive Detection: How We Got Here and Where are We Going?” Interna-

tional Symposium on Chemical Propulsion & Energetic Materials June 2-6 2014; Poitiers, FR
c. “The Explosive Threat” McCabe Lecture Spring ield College, MA April 2, 2014
d. Alpha Chi Sigma “Explosive Studies for Safety & Security” Oct. 26, 2013; URI
e. ADSA (Algorithm Development for Security Applications Workshop), “Addressing Issues with 

Sample Collection” Oct, 22, 2013; Boston
f. CT Valley ACS “Explosive Research for Safety and Security” Oct 17, 2013
g. ISADE “The Explosive Threat: Is there Something New Under the Sun?” Oct 8, 2013 Den Haag, 

Netherlands

h. FACSS/SciX “Taming the Peroxide Explosives and Other HME;” Milwaukee; Oct 2 2013

C. Student theses or dissertations produced from this project

1. “Energetic Salts: Degradation & Transformation,” Sravanthi Vadlamannati, PhD dissertation in 
Chemistry, June 2013

2. “Transfer of Residue in Fingerprints,” Morgan Turano, MS Thesis in Chemistry, Sept 2013

D. Transferred Technology/Patents

1. Patent applications iled (including provisional patents)
a. Non-Detonable Explosive or Explosive-Simulant Source J Oxley, J Smith, J Canino
b. Non-Contact Collection of Explosive Residue Source J Oxley, J Smith, J Canino; G. Kagan, Composi-

tions for Security-Safe Hydrogen Peroxide     J Oxley, J Smith, J Brady
c. Melt Castable Explosive Formulations Containing Erythritoltetranitrate J Oxley, J Smith; A Broun, 

R Rettinger

E. Software developed   

1. Databases
a. Explosive Database founded 2007   ~ 600 registration, 119 between April 24, 2013 – Feb 7, 2014
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F. Requests for assistance/advice

1. From DHS
a. Several requests about threat compounds—con idential
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R1-D.1: Theoretical Modeling Considerations

Abstract— During the fi rst year, our plan was to initiate research in three different, however inter- 
related, directions. These research directions included:

1.Development of a new theoretical method to calculate the THz spectrum of solid explosives. The 
molecular dynamics based approach will allow prediction of the spectra and assignment of its fea-
tures. This goal was accomplished successfully and the results were published in the Journal of 
Physical Chemistry Letters.

2. Reactive molecular dynamics (RMD) will be utilized to study the ablation products of an intense 
short laser pulse interaction with thin layers of explosive particulates. This information will be used 
to guide the optimization of remote detection of explosives. This part of the research is being sum-
marized at present in the form of a research paper. We examined three different possible mecha-
nisms and demonstrated that only one is operative at experimental conditions. In other words, only 
one of the mechanisms leads to the ejection of intact parent explosive molecules from the irradiated 
thin layer under experimental conditions.

3. Finally, the RMD approach will also be used to investigate the sensitivity and detonation charac-
teristics of liquid explosives. In this direction of research, we started with a thorough investigation 
of HN3 kinetic and thermodynamic properties using electronic structure calculations. The data ob-
tained in these calculations was used to construct a reliable reactive force fi eld. The new force fi eld 
is being used at present to study the dynamics of thermal decomposition of liquid HN3. During the 
coming year, we plan to extend this study and examine the behavior of mixtures of HN3 with various 
amounts of dilution media (liquids) that could desensitize the explosive, thereby increasing its safety 
for handling.

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 Research Staff Hebrew University faina.dubnikov@mail.huji.ac.il

Naomi Rom Research Staff Hebrew University naorom@gmail.com

Students

Name Degree Pursued Institution Month/Year of Graduation

David Furman PhD Hebrew University 2016

Gil Matishevsky BS Ben-Gurion University 2014

Noam Weiss BS Ben-Gurion University 2014

Natalie Kadury BS Ben-Gurion University 2014

Tal Dachlika BS Ben-Gurion University 2014
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II. PROJECT OVERVIEW AND SIGNIFICANCE

The theory group has a number of long term goals. The main goals are:
• Detailed understanding of the nature of Laser-explosive interactions that will help in the development of 

remote detection methods. 
• Understanding the details of reactions and mechanism involved in detonation of liquid explosives and 

their mixture with inert liquids. The main focus will be on the sensitivity to detonation variations.
• Development of a theoretical scheme to evaluate the “burning rates” of explosives during detonation.
• Development of calculation methods to study carbon clusters and soot formation during and following 

the detonation.
In addition to these goals, the theory group will use various theoretical methods to assist in the detailed un-
derstanding of studies performed by other groups (provided these groups will require our assistance). This 
assistance can include: electronic structure calculations, ab initio MD calculations and quantum mechanical 
studies of periodic systems at extreme conditions.

III. RESEARCH ACTIVITY

A.      State-of-the-art and technical approach

Most of the theoretical research in our group is devoted to the detailed study of microscopic systems. The 
size of the system under investigation is limited mostly to the sub micrometer regime. Although such small 
regions are limited in the description of macroscopic explosives, some of the explosive behavior can be in-
vestigated in great detail. Three main types of calculations are being used: (1) Molecular Dynamics using a 
reactive force ield, (2) Quantum Mechanical description of the system dynamics where the force ield can be 
calculated using different levels of approximations and, (3) electronic structure calculations to obtain accu-
rate kinetic and thermodynamic properties. The electronic structure calculations assume a stationary system 
while both RMD and QM approaches can be used for the study of time dependent events that are limited to 
a short time period, on the order of nanoseconds. Despite this limitation of the simulation duration, one can 
use these methods to investigate the behavior of reactive systems at extreme conditions (high temperature 
and pressure). 
For the electronic structure calculations we use the commercial code Gaussian 09. This code includes a vari-
ety of approximate exchange-correlation functionals including some modern hybrid functionals. The calcula-
tions are aimed at obtaining lowest energy con iguration, obtaining reaction pathway and the corresponding 
transition state geometries and energies. The level of computational accuracy is dictated, in most cases, by 
the size of the system investigated and the computational resources available.
The Molecular Dynamics code we employ is the open source code LAMMPS. This code incorporates a wide 
range of force ields, each specially designed for some tasks or types of systems. In most of the applications 
we use the ReaxFF, a reactive force ield developed by Adri van Duin and co-workers at Caltech. LAMMPS is 
the basic MD code that is modi ied to include new developments carried out in our group (such as the ap-
proach to calculate THz spectra, hot spot simulations and extensions of the reactive force ield to new sys-
tems). In a similar manner, we use an open source code for the QM calculation, the Quantum Espresso (QE) 
package. This code allows one to calculate, with high accuracy, the system energy at a wide range of pressure 
values. Thus, one can obtain the vibrational spectra of the system and its equation of state using these calcu-
lations. This approach requires quite extensive computational resources that grow rapidly as the system size 
increases. To study larger systems (few hundred atoms), we employ the DFTB+ semi-empirical QM approach. 
This method allows one to obtain information regarding reactions and their products at different tempera-
tures and pressures.
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B.      Major contributions

B.1 Elucidation of the relation between structure and sensitivity in explosive materials

A long standing issue is why certain explosives are sensitive while others with very similar structure are 
relatively inert. We studied this problem using TNT as a prime example. We irst discovered that TNT is more 
sensitive in solid or liquid form than in the gas phase. We related the enhanced sensitivity to a new binary 
reaction mechanism which involves a few steps that reduce the activation energy by a ~30% relative to the 
gas phase.  These radical mechanisms were used to compare and predict the sensitivity of other common ex-
plosives. The RMD simulations of solid and liquid TNT allows to obtain detailed understanding of the thermal 
decomposition process at high temperatures and pressure. The temperature and pressure ranges examined 
are similar to those experienced during detonation. Variation of the thermal decomposition products dur-
ing detonation like conditions are shown in Figure 1. This type of results allow to determine the mechanism 
responsible for the decomposition process.

B.2 A novel detection scheme of explosives

We suggest, theoretically, a novel detection scheme using THz spectroscopy for detection of explosives. We 
irst developed a new direct computational method to study energy absorption from a pulse in the THz fre-

quency range. The method overcomes the problems with linear response theory and normal mode analysis. 
This led to a novel nonlinear spectroscopic method based on polarization correlation measurements.

B.3 Laser ablation of thin explosive layers

We have developed a theoretical model which accounts for the recent experimental indings of intact explo-
sive molecules’ ejection under high intensity ultra-short laser pulses. The model is based on reactive molecu-
lar dynamics simulations and allows the identi ication of bond formation and rupture events. Three different 
possible physical mechanisms were investigated, however only one of them yield results that agreed with 

Figure 1: Initial decomposition products of solid TNT at temperatures 1800K and 3500K and volumes V
0
 (ambient) and 

0.7V
0
 (30% compression). Formation of covalent dimers emphasizes the role of bimolecular association reactions. 
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experimental indings: The ejection of intact molecules of explosives with the correct velocity distributions 
and dependence on laser parameters. A schematic description of the relation between the ejected material 
composition and shock wave velocity is shown in Figure 2. It can clearly be seen that the increase in shock 
velocity leads to reduction in the size of ejected species.

B.4 HN3-development of reactive force ield of a typical liquid explosive

Detection of liquid explosives remains a great challenge to the law enforcement communities worldwide. 
Some liquids, such as hydrazoic acid (HN3), are extremely sensitive and are highly energetic and can poten-
tially be used in improvised explosive devices. The high sensitivity of HN3 puts its carrier at a risk of acci-
dental detonation, unless the liquid is diluted. Dilution of HN3 can be achieved with different media, which 
act as desensitizers to the explosive molecules. The study of the explosive properties of HN3 and its mixtures 
with different solvents, such as water, is of paramount importance for the development of counter measures 
against terrorist attempts. A thorough knowledge of its detonation mechanism, initiation pathways and in-
teraction with other inert liquids can be achieved using reactive molecular dynamics simulations of pure and 
mixture phases of HN3. We have developed a new reactive force ield based on accurate Quantum Chemical 
calculations to describe the properties, different decomposition routes and thermochemical performance of 
HN3. Currently we study the thermal and shock initiation chemistry of liquid HN3. Figure 3 shows the time 
evolution of decomposition products following rapid heating. This type of simulations will be carried out at 
different pressure values for the pure liquid. We plan to extend the force ield to include the chemistry of HN3 
with different diluting media. Such extension will allow to carry out RMD simulations to mixtures of HN3 with 
inert liquids.

Figure 2: Ejection of intact TNT molecules from the solid (shock induced vaporization). Diff erent shock speeds result 

in diff erent size distributions: Lower shock speeds produce “chunks” of material while higher speed shocks eject 

molecules and intact molecular clusters. 

Figure 3: Thermal Decomposition of liquid HN
3
 near CJ conditions from ReaxFF-HN

3
 reactive simulations. 
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C.      Future plans

1. Electronic structure calculations of Hexamethylene triperoxide diamine (HMTD) in order to determine its 
decomposition pathways. The purpose is to ind the activation energy for decomposition and to correlate it 
with experimental indings. In addition we will study possible additives which will enhance or suppress the 
sensitivity to initiation. 
2. Hot spot calculation (new methodology) and application for micro structure importance and sensitivity 
estimation.
3. Liquid explosive: HN3 and its combination with inert liquids.
4. High pressure calculations (collaboration with other groups).

IV. PROJECT DOCUMENTATION AND DELIVERABLES

A.      Peer reviewed journal articles

1. David Furman, Ronnie Kosloff, Faina Dubnikova, Sergey V Zybin, William A Goddard, Naomi Rom, 
Barak Hirshberg, Yehuda Zeiri, Decomposition of Condensed Phase Energetic Materials: Interplay 
between Uni- and Bimolecular Mechanisms. J. Am. Chem. Soc. 136, 4182 (2014).

2. Gil Katz, Sergey V. Zybin, William Goddard III, Yehuda Zeiri, Ronnie Kosloff, Direct MD Simulations 
of Terahertz Absorption and 2-D Spectroscopy Applied to Explosive Crystals, J. Phys. Chem. Lett. 5, 
772 (2014).

3. Naomi Rom, Barak Hirshberg, Yehuda Zeiri, David Furman, Sergey V Zybin, William A Goddard, Ron-
nie Kosloff, First Principles Based Reaction Kinetics for Decomposition of Hot Dense Liquid TNT 
from ReaxFF Multiscale Reactive Dynamics Simulations, J. Phys. Chem C 117, 21043 (2013).

V. REFERENCES

[1] David Furman, Ronnie Kosloff, Faina Dubnikova, Sergey V Zybin, William A Goddard, Naomi Rom, 
Barak Hirshberg, Yehuda Zeiri, Decomposition of Condensed Phase Energetic Materials: Interplay 
between Uni- and Bimolecular Mechanisms. J. Am. Chem. Soc. 136, 4182 (2014).

[2] Gil Katz, Sergey V. Zybin, William Goddard III, Yehuda Zeiri, Ronnie Kosloff, Direct MD Simula-
tions of Terahertz Absorption and 2-D Spectroscopy Applied to Explosive Crystals, J. Phys. Chem. 
Lett. 5, 772 (2014).

[3] Naomi Rom, Barak Hirshberg, Yehuda Zeiri, David Furman, Sergey V Zybin, William A Goddard, 
Ronnie Kosloff, First Principles Based Reaction Kinetics for Decomposition of Hot Dense Liquid 
TNT from ReaxFF Multiscale Reactive Dynamics Simulations, J. Phys. Chem C 117, 21043 (2013).
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THRUST R2 
TRACE AND 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 Lifetimes and Decomposition Rates of Ex-
plosive Gas Ions in Air at Ambient Pressure

Gary A. Eiceman John A. Stone

R2-B.1 Orthogonal Sensors for the Trace Detec-
tion of Explosives

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

R2-C.1 Thin Film Fluorescent Sensors for Explo-
sives Detection

William B. Euler

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 Hoff man
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R2-A.1: Improved Swab Design for Contact 

Sensing

Abstract— In the fi rst period of performance in the ALERT program, Project R2-A.1 focused on 
several parallel plans of inquiry.  First, we performed proof-of-concept for the fabrication of micro/
nanostructured charge-conductive polymer traps and preliminary optimization of the trap topog-
raphy and microstructure.  We also performed preliminary work to characterize the mechanical 
properties of these materials.  Next, we fabricated model composite explosives (C4 and SEMTEX 
H) and evaluated their mechanical properties.  The overall goal was to develop understanding of the 
mechanism of failure of the model explosives compounds and to use this understanding to predict 
the required properties of the polymeric traps that would allow optimal residue removal.  Based on 
this technical progress to date, we are positioned to deliver traps that will perform well for contact 
sampling in a variety of settings.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution                               Email

Stephen Beaudoin PI Purdue University sbeaudoi@purdue.edu

Bryan Boudouris Junior Faculty Purdue University boudouris@purdue.edu

Students

Name Degree Pursued Institution Intended Year of Graduation

Melissa Sweat PhD Purdue University 12/2015

Johanna Smith BS Purdue University 6/2014

Darby Hoss PhD Purdue University 8/2018

Sean Fronczak PhD Purdue University 12/2018

Jacob Laster PhD Purdue University 8/2018
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II. PROJECT OVERVIEW AND SIGNIFICANCE

This project is an irreplaceable element of the overall strategy to secure air travel security at 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 op-
timized to survive repeated exposure to the IMS desorber, but not to extract residue from the surfaces being 
interrogated.  
Considerable effort has been placed on inding ways to improve the sensitivity, accuracy, and response time 
of IMS tools.  However, these efforts have been undertaken without considering the essential irst step in resi-
due detection, which is extraction of the residue from the surface of interest.  This project addresses directly 
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this key step by investigating the mechanical properties of explosives residues and relating these properties 
to the effectiveness of residue removal from surfaces.  Armed with this new information, rational trap design 
can be performed to optimize the effectiveness of each trap at harvesting residue from surfaces.  Similarly, 
traps can be optimized to retain their chemical and mechanical integrity at current IMS operating tempera-
tures as well as at envisioned operating temperatures up to 400 °C, which will be required to detect emerging 
homemade explosives (HMEs). 
Figures 1 and 2 are micrographs showing a freestanding, micropatterned trap prototype fabricated in our 
labs.  Figure 3 shows an atomic force microscope (AFM)-generated topographical scan of one of the ‘ ingers’ 
from Figure 1.  In Figure 3, one can see that in addition to the micron-scale topography on the trap ‘ inger’, 
there is nano-scale topography.  This combination of height variations is ideal if the trap is to penetrate into 
features on the surface of baggage in security settings.

Figure 1: Optical micrograph of polypyrrole 

(PPy) electrodeposited on indium tin oxide 

(ITO) coated glass through a poly(methyl 

methacrylate) (PMMA) template. 

Fabrication involved a solution containing 

0.1 M Py and 0.5 M NaNO
3
 polymerized with 

a pulsed potential method. Potential was 

pulsed at 0.8 V vs Ag/AgCl for 5 s every 3 s 

for 6 cycles.

Figure 2: Optical micrograph of Polypyrrole 

(PPy) electrodeposited on gold through a 

polystyrene template. 0.1 M Py, 0.5 M NaNO
3 

solution polymerized potentiostatically at 

0.8 V vs Ag/AgCl for 10s.

Figure 3: Top: AFM image of PPy electrodeposited on ITO 

coated glass with a potential of 0.8 V vs Ag/AgCl pulsed for 

30 s. Bottom: A single AFM linescane showing showing both 

micron and nanoscale topography on the PPy traps.
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In terms of the traps, the current research effort is focused on the following:
1. Optimization of growth protocols to produce nano- and micro-structured polymer traps with speci ied 
properties.
2. Optimization of growth protocols to produce conductive traps that can use electrical bias to drive harvest-
ing and release of residues.
3. Measurement of the structure, topography, and mechanical properties of the ‘ ingers’ on the traps to en-
sure that the traps can effectively interrogate surfaces.
Future work will combine the results from 1 – 3 above to identify desired swab characteristics that will lead 
to greatly improved residue capture and release, in both existing and future IMS environments.

III. RESEARCH ACTIVITY

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

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 irst step in IMS-based detection, which 
is contact sampling of residues using traps.  To optimize this aspect of trace explosives detection, the follow-
ing must be performed: 
1. Measure force of adhesion between explosives residues, traps, and surfaces of interest;
2. Assess mechanism of detachment of residues from surfaces during contact sampling;
3. Determine effects of trap, residue, and surface characteristics on residue harvesting;
4. Measure effects of environmental conditions and swabbing protocols on 1 - 3 above;
5. Measure representative topography of surfaces of interest; and
6. Determine effects of residue and trap characteristics, and desorber operating conditions, on effectiveness 
of residue desorption from swabs during IMS. 
Current approaches to evaluate effectiveness of contact sampling have been minimal, limited to studies of 
swabbing effectiveness at simulated airport security conditions.[1-9]  Such studies do not provide adequate 
scienti ic data to support mechanistic understanding of the process of residue harvesting.
Current military speci ications for RDX and PETN list ranges of particle diameters from 44 to 2000 μm and 44 
μm to 800 μm.[3-5] 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 [1, 6-9]. 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 [1, 6-9]. 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 irmly established [1]. 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.[1, 6] Most current studies consider either cloth or Te lon-coated 
iberglass swabs [1, 6-9].

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 others.[1, 8-9] The applied 
load may range from approximately 3 to 60N.[1, 7] The Verkouteren group claims irst that the critical param-
eters in determining removal ef iciency are applied load and the translational force required to overcome the 
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frictional resistance to maintain a constant velocity.[1] The group also claims a direct linear correlation be-
tween increased applied force of swiping and particle removal ef iciency.[1, 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.[1,2] 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 [1, 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.
This work builds upon prior results in our lab documenting: 
1. Forces of adhesion between residues and surfaces (including traps and surfaces commonly found in air 
transportation environments), and
2. Topography of traps and surfaces and deformation at the interface under applied load. 
Figure 4 shows a graph of the measured adhesion force between selected explosives residues and surfaces 
of interest in air transportation environments, while Figure 5 shows the results of a study of the deforma-
tion of a common trap material when pressed against a surface commonly swabbed in air transportation                     
environments. 

Figure 4: Adhesion forces between RDX, PETN, and TNT particles and surfaces of interest to DHS as measured via AFM.

Figure 5: Deformation of trap against common airport security substrate under normal load representative of contact 

sampling; left: pre-load, right: post-load.
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B. Major Contributions 

Substantial progress was made on the following fronts:
1. Characterization of the deformation of C4 and Semtex residues for developing understanding of residue 
behavior during contact sampling;
2. Implementation of inverse gas chromatography to obtain estimates of the surface energy of various ener-
getic materials for describing van der Waals forces in residue adhesion; and 
3. Fabrication of nano- and micro-patterned swab prototypes and identi ication of key process parameters 
that drive performance. 

B.1   Residue characterization

B.1.1   Viscosity results (binders only)

The viscosities of the C-4 and Semtex binders are reported in Figure 6. The Semtex binder is represented by  
Figures 6a-c, and the C-4 binder is shown in Figures 6d-f. All data were collected via a TA Instruments rota-
tional rheometer, which provides 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 dis-
tinctions between each composite. First, the Semtex binder is signi icantly 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 creates a signi icant 
change in the viscosity of the Semtex binder. This information in Figure 6 is essential if the community is to 
develop benign analogs for these residues for use in contact sampling process development.

Figure 6:  Viscosity data for Semtex (a-c) and C-4 (d-f) binders. (a) and (d) show the shear stress as a function of the 

applied shear rate. (b) and (e) show the viscosity as a function of shear rate. (c) and (f) show the normal stress as a 

function of shear rate. 
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B.1.2   Residue failure under load 

Compression tests were conducted on granules comprised of silica particles with C-4 and Semtex binders 
using an Instron ElectroPuls E1000 Electrodynamic Test Instrument. Cylindrical compacts (granules) were 
compressed in the axial orientation. The silica particles were selected to have size distributions and ill frac-
tions similar to those of the energetic particles in C4 and SEMTEX.  The behavior under load for the energetic 
materials is shown in Figure 7. All granules were compressed at a platen velocity of 10mm/s. As indicated in 
Figure 6 on the previous page, the energetic materials are formulated with highly viscous, non-Newtonian 
binders. The binders of the granules are shear thinning: as more strain is applied, the viscosity will decrease. 
Since the local motion of solid particles within the compacts will vary with position and time as the load is 
applied, the viscosities of the binders will not be constant throughout any loading experiment. As a irst ap-
proximation, we assumed that the viscosity at the point of failure was constant throughout the granule and 
provided a reasonable metric for comparison. The failure in the C-4 – based compacts is expected to be plas-
tic due to the high viscosity, and this behavior is observed as shown in Figure 7 where no major peak low 
stress is observed.  The expectation for the Semtex-based compacts is that that the extremely high viscosity 
of the Semtex binder will similarly drive the Semtex-based compacts to fail plastically, but their failure is ob-
served to be semi-brittle as evidenced by the presence of a clear maximum stress in Figure 7b. The observed 
behavior is not consistent with that of granules bound with high viscosity silicone oil (a Newtonian binder), 
which fail in a brittle fashion, as shown in Figure 8 on the next page.  

The Instron initiates compression from the top of the granule. As such, the particles at the interface between 
the granule and the platen will experience strain before the particles at other locations within the granule. 
The binder near the top of the granule will experience this strain and undergo a change in viscosity, while the 
binder elsewhere remains, initially, unchanged. This will create micro-regions of of varying viscosity within 
the binder, preventing the brittle behavior that would be expected by a Newtonian, high viscosity binder (like 
the silicone oil - based granules). In regions of the compact where the strain is minimal, the binder will still 
behave as a secondary solid, leading to somewhat brittle behavior. As a result, the Semtex granule fails in a 
semi-brittle fashion.

Figure 7: Stress-strain curves from the compression results of silica (d
32

=205μm) bound with (a) the C-4 binder and 

(b) the Semtex binder. Platen speed was 10mm/s for all tests. Each individual trace represents a distinct replicate 

experiment.
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B.2   Inverse gas characterization

In inverse gas chromatography, gasi ied probes with 
known properties low through a packed column to 
determine the unknown surface properties of a pow-
der. In principle, probe retention times (how long a 
probe remains in the column) re lect the amount of 
probe adsorption on the powder and can be related 
to the surface energy of the powder. The surface en-
ergy in turn is related to the Hamaker constant, which 
is a measure of the amount of cohesion between two 
similar bodies or adhesion between dissimilar ones. 
The purpose of the inverse gas chromatography stud-
ies was to obtain the cohesive Hamaker constants for 
RDX, PETN, TNT and ammonium nitrate-based ex-
plosives through the surface energy. By so doing, the 
adhesive Hamaker constants could be obtained using 
combining relations and then accurate adhesion forc-
es between explosives residues and DHS related sur-
faces could be simulated.
As shown in Figure 9, cohesive Hamaker constants 
were obtained for RDX, PETN, TNT,  ammonium ni-
trate (AN), ammonium nitrate fuel oil (ANFO) at 2, 
5 and 10%  fuel oil, and ammonium nitrate paraf in 
(ANPA) at 2, 5 and 10% paraf in. The resulting Hamak-
er constants seemed to agree well with other Hamaker 
constants that were obtained from contact angle mea-
surements and optical constants or Lifshitz’s theory 
(data was available for a limited amount of samples).  
However, under further investigation it was found that 
the sole theory used to obtain total surface energies 
from inverse gas chromatography is highly disputed.
[10-12] Further, the values used in the calculations are 
somewhat arbitrary, and that surface energy is very 
sensitive to the average area of the probe molecule, 
which is not easy to know precisely.[13]  Due to these 
discrepancies in the theory, inverse gas chromatogra-
phy could only predict a low estimate of the Hamaker 
constants.  Other methods of predicting Hamaker con-
stants are therefore being examined.

B.3   Swab prototypes

Polypyrrole (PPy) was chosen as the material for the 
trap prototypes based on its semiconducting proper-
ties and stability at high temperatures. Figure 10 on 
the next page is a scanning electron microscope (SEM) 
image of a trap prototype. The traps are fabricated via 
electropolymerization through a gridded template. The dimensions of the ‘ ingers’ on the traps are governed 

Figure 8: Stress-strain curves from the compression 

results of silica (d
32

=205μm) bound with silicone oil of 

various viscosities: (a) 12Pa*s, (b) 29Pa*s, (c) 58Pa*s, 

(d) 97Pa*s, (e) 290Pa*s, (f) 579Pa*s, (g) 965Pa*s, and 

(h) 2413Pa*s. Platen speed was 10mm/s for all tests. 

Each individual trace represents a distinct replicate 

experiment. Due to material constraints, the test at 

2413Pa*s was only completed once.

Figure 9: Estimated Hamaker constants obtained from 

inverse gas chromatography for PETN, RDX, TNT and 

ammonium nitrate-based explosives. Though in seeming 

good agreement with literature values, it was found that 

IGC can only reasonably predict a lower limit on the 

cohesive Hamaker constant theoretically.
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by the template and electrical deposition conditions. The micron-scale 
topography will determine the ability of the swab to interrogate sur-
faces in security settings. The nano-scale topography of the trap will 
in luence the effectiveness of extracting residue that comes into con-
tact with the ‘ ingers’.
The polypyrrole (PPy) structures that are formed are dependent on 
the deposition conditions. When a constant potential is applied, mi-
crotubules of PPy are formed as seen in Figure 11. In order to create 
micropillars of PPy a pulsed potential method was applied, where the 
potential was varied from 0.8 V to 0 V. Pulsing the potential during de-
position allows for the pyrrole monomer to diffuse into the pores of the template during the off potential. 
Filled microstructures of polypyrrole with nanoscale roughness have been achieved by using this method 
(see Fig. 12). The variation in roughness achieved will allow for the swabs to sample multiple length scales at 
once. Additionally, the height of the microstructures can be readily varied by changing the time of the deposi-
tion. The amount of product that is formed is proportional to the amount of charge passed. Microstructures 
of increased height can be fabricated by increasing the time of deposition.

C. Future Plans

As noted above, the irst year of the present effort focused on the development of a method for making poly-
meric traps with new properties that are tailored to substrates of interest, and also focused on understanding 
the dynamics of residue deformation during sampling.  Subsequent will work will focus on:
1. Finishing the characterization of residues of C4 and SEMTEX to understand the optimal approach for re-
moving them from surfaces;
2. Using the understanding generated to date to develop and demonstrate methods for the fabrication of free-

Figure 10:  SEM image of PPy 

microstructures.

Figure 11: a) Optical micrograph and b) AFM image showing microtubles of PPy formed by deposition at a constant 

potential of 0.8 V vs Ag/AgCl reference electrode.

Figure 12: a) Example of a pulsed potential method used to obtain PPy micropillars. The potential was pulsed at 0.8 V 

vs Ag/AgCl for 3s. b) AFM image of PPy microstructures with nanoscale roughness obtained by pulsing the potential at 

0.8 V.
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standing polymeric brush-type traps with topography and mechanical properties optimized to interrogate 
surfaces of interest; 
3. Evaluation of thermal and mechanical stability of polymer traps; and 
4. Use of swab prototypes to remove residues from surfaces in realistic systems.  

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

A. Course, seminar or workshop development 

1. We have led the Trace Explosive Detection Community in the irst of a series of workshops designed to 
produce a roadmap documenting the state of the art in contact sampling.

B. Student internship, job or research opportunities

1. 5 U.S. citizen PhD students, including 2 female students, have worked on aspects of this project

C. Interactions and outreach to K-12, community college, minority serving institution students or faculty 

1. A female high school student from an economically-disadvantaged family (through ACS Project Seed) 
is spending the summer of 2014 working on this project.

V. RELEVANCE AND TRANSITION

A. Relevance of research to the DHS enterprise

This work is focused on the development and demonstration of new technology for use in Trace Explosives 
Detection via improved contact sampling.  The technology is a direct replacement/improvement over exist-
ing materials used for this purpose in air transportation environments.

B. Anticipated end-user technology transfer

This technology will be used by TSA personnel in airport security environments for contact sampling of 
carry-on baggage when IMS is employed as a means for detecting explosives residues.  

VI. LEVERAGING OF RESOURCES

We have recently been awarded a contract through TSWG to partner with Morpho to develop commercial 
prototypes of a modi ied version of the traps that are the focus of this work.  This contract will allow us to 
make more progress on the project than would be possible otherwise.

VII. PROJECT DOCUMENTATION AND DELIVERABLES 

A. Other publications

1. Invited book chapter-
 Pending- 
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a. Beaudoin, S., Jaiswal, P., Harrison, A., Hoss, D., Laster, J., Smith, K., Sweat, M., and Thomas, M., 
“Fundamental Forces in Particle Adhesion”, Particle Adhesion and Removal, 1st Ed., Mittal, K. and 
Jaiswal, R., Eds., in revision (2014).

B. Other Conference Proceedings

1. Harrison, A., Cipich, M., Sweat, M., Hoss, D., Laster, J., and Beaudoin, S., “Adhesion Forces and Explo-
sives Compounds Behavior during Contact Sampling”, 6th Annual Trace Explosives Detection Work-
shop, Charlottesville, VA, April (2014). Other Presentations 

2.  Beaudoin S., “Introduction of an ALERT-Led Workshop Series Focused on Contact Sampling”, 6th 
Annual Trace Explosives Detection Workshop, Charlottesville, VA, April (2014). 

C. Transferred Technology/Patents

1. Inventions Disclosed
a. Engineered Polymer Swab for Explosives Residue Detection: A Nanobrush” – A  Provisional Pat-

ent Application is being written currently.
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R2-A.2: Lifetimes and Decomposition Rates of 

Explosive Gas Ions in Air at Ambient Pressure

Abstract — A kinetic dual shutter ion mobility spectrometer with a gas chromatograph as a sample 
pre-fractionation inlet was built to determine ion lifetimes, energies, and kinetics of decomposition 
of gas phase ions of energetic materials. Measurements of thermal dissociation of chloride adducts 
of explosives, namely nitroglycerine (NG), ethylene glycol dinitrate (EGDN) and dimethyl nitro 
butane (DMNB) ions in negative mode, were selected for study, fi rst owing to known sensitivity to 
thermal dissociation. The dissociations of EGDN·Clˉ and NG·Clˉ were observed in the temperature 
ranges of 79 to 97 oC and 111 to 122 oC at ambient pressure. The only decomposition path was the 
displacement of NO3 from Cl: NG·Clˉ → [NG-NO3+Cl] + Clˉ and EGDN·Clˉ → [EGDN-NO3+Cl] + 
Clˉ. The rate constants determined over the temperature ranges yielded activation energies for the 
dissociations of NG·Clˉ and EGDN.Cl- were 80 ± 3 kJ mol-1 and 59 ± 1 kJ mol-1. The dissociation 
of DMNB·Clˉ was observed in the temperature range of 69 to 84 oC. The decomposition path was 
determined to be the loss of Cl: DMNB·Clˉ → DMNB + Clˉ. The activation energy for the dissocia-
tion of DMNB·Clˉ was 67 ± 2 kJ mol-1. Ab-initio calculations at the 6-311+G(dp) level were used to 
validate the experimentally obtained kinetic data and the reaction paths.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution                               Email

Gary Eiceman PI New Mexico State University geiceman@nmsu.edu

John A. Stone Professor Queens University John.stone@chem.queensu.ca

Students

Name Degree Pursued Institution Intended Year of Graduation

Maneeshin Y. Rajapakse PhD New Mexico State University 12/2014

Peter Fowler BS New Mexico State University 5/2016

II. PROJECT OVERVIEW AND SIGNIFICANCE

The aim of these research endeavors is to discover and measure new behaviors of explosives, as gas phase 
ions at ambient pressure.  The work was initially considered only fundamental and, indeed, the indings are 
changing our understanding of how explosives react in air as negative ions; however, results are also suggest-
ing to us new con igurations of technology for detection of explosives.  If the basic studies are implemented in 
current measurement philosophies, a next generation of trace detectors may emerge.  The immediate results 
complete long unknown behaviors of explosives.  Long term results might include advances in explosives 
detectors, particularly with respect to improved selectivity of response and reduced false alarm rates.
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III. RESEARCH ACTIVITY

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

The performance of modern explosive trace detectors is governed by a combination of gas phase ion-molecule 
chemistry and characterization of ions for mobility in a drift tube at ambient pressure. In our understand-
ing, the de iciencies exist in both technology and principles, limiting the practice of trace detection with the 
current generation of analyzers and limiting long-range vision for how these principles might be favorably 
arranged for new capabilities in explosives detection. The overall objective of this work has been to clarify the 
central and fundamental issue in ion based methods of explosive determinations, namely, the stability and 
lifetime of ions of explosives in air at ambient pressure. 
Mobility spectrometers have been used in the recent past to study the ion lifetimes and obtain kinetics for 
the thermal decomposition of ions [1, 2]. The ions gated from the shutter into the drift region may undergo 
decomposition, which can be seen as an elevated baseline in a mobility spectrum. Analysis of area under 
the elevated baseline yielded ion lifetime at that drift gas temperature and, by obtaining ion lifetime for sev-
eral temperatures, yields reaction rate constants. However, the earlier drift tubes used for the studies were 
equipped with a single ion shutter that allowed neutral penetration into the drift region. This may alter the 
desired ion chemistry within the drift region by additional reactions and may compromise results. One other 
major issue with mobility spectrometers is the peaks’ appearance in the mobility spectrum due to impurities 
of the sample.
Above issues were addressed by a re ined mobility spectrometer design. Peaks, due to impurities, were 
avoided by adding a gas chromatograph pre-fractionation inlet to the mobility spectrometer while neutral 
penetration into the drift region was avoided by using a synchronized dual shutter mobility spectrometer, 
which allowed the desired ion to be passed into the inal drift region to study the thermal stability. This in-
strument was successfully used to obtain the kinetics for the thermal decomposition of gas phase explosive 
ions in negative mode and the experimentally obtained data were validated by ab-initio calculations done at 
the 6-311+G(dp) level. Major results obtained by this instrument are discussed in the next section.

B. Major Contributions 

Figure 1 to Figure 3, on the next page, illustrate experimental data obtained for the thermal decomposition of 
the chloride adduct of 2,3 dimethyl 2,3 dinitrobutane (DMNB) by this method. Decomposition of DMNB•Cl¯ 
occurred from 69.0 to 84.0 oC. Two peaks appeared at 12.60 ms and 22.35 ms and were identi ied as Cl¯ (Ko 
= 2.68 cm2 V-1 s-1) and DMNB•Cl¯ (Ko = 1.51 cm2 V-1 s-1) [3, 4]. Figure 2 on the next page was obtained by in-
tegrating the ion intensity between the two peaks of Fig. 1b [1] and rate constant (96.2 s-1) at that drift; gas 
temperature was obtained by the slope of the linear portion of Figure 2 on the next page.
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An activation energy, Ea for the decomposition reaction can be obtained from rate constants measured over a 
range of temperatures using the Arrhenius relationship, Eqn 1 and Figure 3.  Ab-initio calculations revealed 
the decomposition of DMNB•Cl¯ was due to the loss of chloride; Eqn 2 provides irst order decomposition 
kinetics.

Figure 1: (a) Thermal decomposition of DMNB•Cl- only using shutter 1 at 80 oC and 250 V cm-1 fi eld strength; (b): Thermal 

decomposition of DMNB•Cl-  with dual shutter operation at 80 oC and  250 V cm-1 fi eld strength.

Figure 2: Semi-logarithmic plot of DMNB•Cl- remaining ion intensity at time t
x
 at 80 oC and 250 V cm-1 fi eld strength.

Figure 3: Arrhenius plot for the thermal decomposition of DMNB•Cl- .
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Table 1 shows a summary of thermal decomposition kinetics of chloride adducts of explosives obtained by 
this technique. The kinetic experiments with the explosives, namely nitro glycerine (NG), ethylene glycol di 
nitrate (EGDN), and di nitro toluene (DNT), have been successfully completed.  1, 2, 4-Butabetriol trinitrate 
(BTTN) and Trimethyloethane trinitrate (TMETN) are still under investigation.

Explosive Ions Decomposition Reaction Enthalpy change, kJ/mol 

NG.Clˉ NG.Clˉ -> [NG-NO
3
+Cl] + NO

3
ˉ 82.3 

1,2-NG.Clˉ 1,2-NG.Clˉ -> [1,2-NG-NO
3
+Cl] + NO

3
ˉ 88.4 

1,3-NG.Clˉ 1,3-NG.Clˉ ->  [1,3-NG-NO
3
+Cl] + NO

3
ˉ 99.4 

EGDN.Clˉ EGDN.Clˉ -> [EGDN-NO
3
+Cl] + NO

3
ˉ 60.2 

DMNB.Clˉ DMNB.Clˉ -> DMNB + Clˉ 70.2 

3,4-DNT.Clˉ 3.4-DNT.Clˉ -> 3,4-DNT + Clˉ In progress 

BTTN.Clˉ In progress -- 

TMETN.Clˉ In progress -- 

C. Future Plans

We intend to extend these studies to the measurement of ion lifetimes and thermal stability of gas phase 
explosive ions in positive electric ields by ion mobility spectrometry.  These include signi icant numbers of 
homemade explosives such as TATP.

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

The project has employed two students, either as full time graduate students or undergraduate students.

V. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

As noted above in Project Signi icance, the efforts at NMSU are providing previously unavailable knowledge 
about the behavior of explosives.  We cannot tell where this knowledge may ultimately provide value, al-
though we have already conceived of changes in the measurements of explosives, speci ically another level of 
sophistication on the standard method today, ion mobility spectrometry.  This may be a transitional period 
where these indings aid new designs of instruments for improved selectivity.

B. Anticipated end-user technology transfer

Instrument manufacturers.

Table 1: Summary of kinetic data obtained by this instrument and the experiments in progress.
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VI. LEVERAGING OF RESOURCES

We have used this project to maintain a standing in research of explosives and this has aided, perhaps not 
caused, support from Morpho Detection and supported Dr. Avi Cagan’s re-location to NMSU from another 
university.

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

1. Rajapakse, M.Y., Stone, J.A. and Eiceman, G.A. Decomposition kinetics of Nitroglycerine.Cl- (g) in Air at 
Ambient Pressure with a Tandem Ion Mobility Spectrometer  J. Phys. Chem.A,2014,118 (15), 2683-
2692. http://pubs.acs.org/doi/abs/10.1021/jp412444b

2. Rajapakse, M.Y., Stone, J.A. and Eiceman, G.A. An ion mobility and theoretical study of the thermal 
decomposition of the adduct formed between ethylene glycol di nitrate and chloride, International 
Journal of Mass Spectrometry  2014, 371, 28–35

 Pending-
1. Rajapakse, M.Y., Stone, J.A. and Eiceman, G.A. Thermal decomposition kinetics of gas phase explo-

sives ions by ion mobility spectrometry,  J. Energetic Materials, in preparation.

VIII. REFERENCES

[1] R.G. Ewing, G.A. Eiceman, C.S. Harden and J.A. Stone, Int. J. Mass Spec. 255, 76 (2006). 
[2] An, X.; Eiceman, G. A.; Räsänen, R. M.; Rodriguez, J. E.; Stone, J. A. J. Phys. Chem. A 2013, 117, 

6389–6401.
[3] A H Lawrence, P Neudorfl , J A Stone, International Journal of Mass Spectrometry (2001) , 209,  185-

195
[4] G.A. Eiceman and Z. Karpas, Ion Mobility Spectrometry, 2nd ed. (CRC, Boca Raton, FL, 2005). 

ALERT 
Phase 2 Year 1 Annual Report 

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

Project R2-A.2

151



This page intentionally left blank.

152



R2-B.1: Orthogonal Sensors for the Trace 

Detection of Explosives

Abstract— An orthogonal sensor has been developed using thin fi lm microheaters and electrodes, 
printed onto alumina substrates and coated with various metal oxide catalysts. Experimental results 
to date indicate that this orthogonal sensor, consisting of thermodynamic and conductometric plat-
forms, is very effective in detecting explosives in the vapor phase at the ppm level or better.  The ad-
ditional conductometric sensor signature provides a certain redundancy, which helps mitigate false 
positives and negatives, while the core thermodynamic sensor is effective in detecting both nitrogen 
and non-nitrogen based explosives. In parallel with our ongoing sensor and catalyst development 
efforts to enhance sensitivity and selectivity, is the development of small footprint MEMS based sen-
sor, the latest version of which is shown in Figure 1.  This technology has the potential to produce 
large arrays of microheater sensors, each coated with different catalysts specifi cally tuned to specifi c 
threat molecules. Given the specifi c nature of the elements in each area and the thermal signature 
created by the target analytes, identifi cation of the specifi c explosive molecule will be possible. This 
is a passive detection system capable of continuously monitoring threat molecules where the detec-
tor is simply not waiting for the explosive to approach. Rather, it has an active collection system in 
the sense that the analyte is drawn over the active sensor elements. Progress made this year includes 
improved detection limits for TATP, DADP, 2,6-DNT and ammonium 
nitrate using new testing protocols employing active dynamic control 
to eliminate unwanted background signals and pre-concentration 
steps. Active dynamic control is achieved by adding a second micro-
heater without a catalyst coating, and measuring the difference in 
signals due to catalytic activity which not only improves the sharp-
ness of the characteristic signature but improves the magnitude of 
the response by a factor of 3-4. Finally, to lower the detection limit for 
threat molecules of interest beyond current levels, a polystyrene pre-
concentrator was incorporated into our detection system.  Based on 
preliminary experiments utilizing our pre-concentration approach, 
a 20% increase in sensor response was achieved, which could ulti-
mately translate into a ppb detection limit.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution                               Email

Otto J. Gregory Co-PI URI gregory@egr.uri.edu

Michael J. Platek Research Engineer URI platek@ele.uri.edu

Alan Davis Senior Scientist NUWC/URI davis@ele.uri.edu

Anthony Fascia Research Engineer/Scientist Hope High School afascia@gmail.com

Figure 1: MEMS sensor layout with 

four free standing diaphragms 

and associated microheaters; 

this most recent version of our 

5mm x 5mm prototype uses a 

Ti/Ni metallization to form a 

serpentine heater pattern, that 

when heat treated forms a nickel 

silicide heating element.
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Students

Name Degree Pursued Institution Intended Year of Graduation

Yun Chu PhD URI 5/2014

Daniel Mallin MS URI 12/2014

Mitch Champlin BS URI 5/2015

Ben Jacques BS URI 5/2014

Jimmy Chan BS URI 5/2015

Elizabeth Shokunbi BS URI 5/2016

Matin Amani BS/MS URI 5/2013

II. PROJECT OVERVIEW AND SIGNIFICANCE
The detection of explosives and explosive precursors in certain venues where the public and the military 
may be at risk to terrorist threats is of considerable importance to the Department of Homeland Security [1]. 
There are a number of analytical techniques that can detect the presence of explosives [3-10], however, there 
are a number of limitations when adapting these techniques in the ield [11]. Thus, a small footprint sensor 
that is self-contained and capable of continuously monitoring a wide variety of threat molecules is needed to 
quickly and accurately alert those in the area of a potential threat.  For example, TATP, an energetic material 
of particular interest to DHS because of its frequent use in terror attacks [12], is an energetic compound that 
can be manufactured with limited means.  It also contains no metallic or nitro groups, making it dif icult to 
detect with traditional sensing techniques [13].  Thus, our thermodynamic based sensor is ideally suited for 
the continuous-monitoring of threat molecules like TATP and other explosive compounds that exhibit a inite 
vapor pressure.   By combining with a conductometric signal and monitoring electrical conductivity changes 
in the same catalyst, a certain redundancy is provided that can help mitigate false positives and negatives, 
when integrated into the same sensor package. 

III. RESEARCH ACTIVITY

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

An orthogonal sensor comprised of two independent sensing platforms; a thermodynamic sensing platform 
and a conductometric sensing platform has been developed such that a metal oxide catalyst is simultaneously 
interrogated upon exposure to an analyte.  No device that we know of interrogates the same catalyst by two 
independent means. The thermodynamic platform measures the heat effect associated with the interaction 
of speci ic target molecules with a catalyst, while the conductometric platform monitors electrical conductiv-
ity changes in the catalyst.  Heat effects in the thermodynamic sensor are measured using a digital control 
system and a microheater coated with a catalyst, which is thermally scanned over a selected temperature 
range. In this way, the electrical power difference between a catalyst-coated microheater and an uncoat-
ed microheater to maintain the same temperature is attributed to the heat effect associated with catalytic 
activity. In this way, an explosive molecule of interest can be decomposed in the presence of a responsive 
metal oxide catalyst at a speci ic temperature, to yield a unique signature or response. TATP, for example, is 
commonly used as an initiator in improvised explosive devices or IEDs due to its ease of manufacture from 
available precursors and simple preparation [14]. The state-of-the-art detection techniques for TATP rely on 
bench-scale analytical instrumentation techniques, including IR and Raman spectroscopy [3,9,10], ion mo-
bility spectrometry [5,13,15], terahertz absorption spectrometry [7,8], mass spectrometry [6,16,17,18] and 
luorescence spectroscopy [4]. These exhibit adequate sensitivity and stability from a detection viewpoint, 

but are somewhat limited for ield use since they cannot be adapted in a small footprint sensor platform and 
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are not capable of continuous monitoring. 
Our thermodynamic sensor is ideally suited for the continuous-monitoring of threat molecules, especially 
those explosive compounds that exhibit a inite vapor pressure. The sensor also has a built-in orthogonality 
to mitigate false positives and negatives, and the MEMs version of our sensor has the potential to be much 
more portable than these other techniques. Ours is a fully continuous monitoring technique and has the 
unique ability to detect nitrogen and non-nitrogen based explosives. By incorporating a second microheater 
without a catalyst coating as an active dynamic control, unwanted background signals can be iltered out 
and in turn the overall sensor response is much better de ined (see Fig. 2). The static thermodynamic sensor 
responses to 0.5 ppm of ammonium nitrate, using a tin oxide catalyst, are shown in Figures 3 and 4 on the 
next page. Here, the advantage of using a second microheater for active dynamic control is demonstrated. The 
red curve in Figure 3 is the tin oxide catalytic response and the blue curve is the response of the uncoated 
microheater. By subtracting these two signals, a thermodynamic “difference” signal is achieved (see Fig. 4 
on the next page).  The 0.25% increase in sensor response to ammonium nitrate shown in Figure 3 on the 
next page corresponds to a power difference of about 5mW.  In the past, the response to ammonium nitrate 
yielded no more than 2mW, thus the response using this approach has more than doubled the magnitude of 
the response to ammonium nitrate.
Characteristic responses to speci ic catalyst-analyte interactions have been collected for a number of threat 
molecules using our orthogonal sensor platform.  By matching a particular catalyst to its fundamental chemi-
cal properties using combinatorial chemistry techniques [19], a number of combinatorial libraries of cata-
lysts for analytes of interest to DHS were compiled over the last year. Typical responses of our orthogonal 
sensor platform, comprised of a thermodynamic and conductometric response to a speci ic catalyst-analyte 
interaction, are shown in Figure 5 on the next page. Here, the combined thermodynamic and conductomet-
ric responses to 2,6-DNT as a function of concentration using a tin oxide catalyst are shown. These results 
indicate that the orthogonal sensor is capable of detecting 2,6-DNT at the ppb level. In an attempt to lower 
the detection limit for threat molecules of interest beyond this limit, a pre-concentrator was incorporated 
into our detection system.  The pre-concentrator is 
comprised of many of the components already being 
used to fabricate our orthogonal sensor system; i.e. 
an alumina substrate, a thin ilm, nickel microheat-
er, a K-type thin ilm thermocouple and an alumina 
isolation coating. In addition to these components, 
however, a polystyrene ilm is spin-coated over the 
microheater, which is placed upstream of the active 
sensor elements. The merit in using this approach 
is demonstrated in Figure 6 on the next page. Here, 
the desorption of the 2,6-DNT molecules from the 
polystyrene surface produced a jump in response 
as the microheater coated with polystyrene placed 
upstream in lowing 2,6-DNT, was “turned on”. The 
down selection of candidate polymers to be used 
for pre-concentration purposes is not only based on 
“analyte” adsorption ef iciency but “analyte” desorp-
tion ef iciency as a function of temperature as well is 
shown in Table 1 on the next page.

Figure 2: Three thermodynamic sensor responses to 

7 ppm TATP using a ZnO catalyst. Our new sensing 

protocol employs active dynamic control, where a second 

microheater without a catalyst coating is exposed to the 

same analyte, which allows unwanted background signals 

to be fi ltered out, thereby increasing signal strength and 

sharpening sensor response.
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Figure 3: Thermodynamic sensor response to 0.5 

ppm of ammonium nitrate using “active dynamic 

control”.  The red curve is the tin oxide catalytic 

response and the blue is the response of an 

uncoated microheater.

Figure 4: Diff erence in thermodynamic sensor 

signals to 0.5 ppm of ammonium nitrate using 

“active dynamic control”; i.e. diff erence signal 

(or percent power diff erence) between a tin.

Figure 5: Orthogonal sensor response to various 

concentrations of 2,6-DNT using a SnO
2
 catalyst 

(concentration of 2,6-DNT vapor in gas phase 

indicated by black dashed line). Conductometric 

sensor response is presented in red and 

thermodynamic sensor response is presented in 

blue.

Figure 6: Sensor response to fl owing (2,6-DNT) using 

polystyrene pre-concentrator. Note step increase 

(pulse) in analyte detected when desorption of 

analyte (2,6-DNT) molecules from the polystyrene 

surface occurs when pre-concentration microheater 

upstream is excited.

Table 1: Desorption effi  ciency of various polymers to TNT as a function of temperature. The highlighted polymers 

exhibit nearly equal effi  ciencies of adsorption and desorption, which is the most desirable combination for pre-

concentration purposes.
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B. Major Contributions 

Our project on orthogonal sensors for trace detection has made a number of contributions to the ALERT 
Center’s research and education mission over the past year.  In terms of ALERT’s education mission, ive 
undergraduate students, two graduate students and a high school teacher were trained on a detection tech-
nology for trace explosives this past year.  Mr. Anthony Fascia, a chemistry and physics teacher from Hope 
High School in Providence, RI, worked on our detection technology this past summer and took that experi-
ence back to his students in the lab and classroom. In terms of ALERT’s research mission, two provisional 
patents were iled, two peer reviewed journal articles were published and six presentations were given at 
various conferences this past year.  All were related to the detection technology being developed for DHS at 
URI.  In terms of outreach, the United States Coast Guard and the Navy have expressed a keen interest in our 
detection technology, and these are highlighted in this report.  Finally, we are partnering with the US Army 
Research Laboratory, Naval Undersea Warfare Center (NUWC) and private corporations such as FLIR to com-
mercialize our sensor technology and get it into the hands of potential end users.

C. Fuure Plans

Part of the research plan for next year will focus on lowering the detection limits of our orthogonal sensor for 
the trace detection of explosives using pre-concentration and active dynamic control, where a second (refer-
ence) microheater is used to eliminate unwanted background signals. We will also continue to miniaturize 
our existing orthogonal sensor platform by transitioning to a smaller-footprint, MEMS based sensor for ro-
bustness and performance.  This will include efforts to increase the versatility of our MEMs sensing platform 
by moving to a 4-channel version of our sensor; i.e. using 2 of the 4 microheaters as the references for active 
dynamic control on a single die or substrate to quantify the differences in signals between a catalyst coated 
and uncoated microheater response. 

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

Dr. Ashwith Chilvery, an Assistant Professor of Physics from Talladega College, Talladega, AL, has applied for a 
DHS Scienti ic Leadership award for Minority Serving Institutions (MSI) for the next several years. If success-
ful, Dr. Chilvery and his students will spend time during the summer months in my laboratory at URI study-
ing nanostructured metal oxides for chemical sensing, infrared imaging and organic piezoresistive sensors. 
Dr. Chilvery’s proposal for a DHS Scienti ic Leadership Award is entitled, “Empowering Minority Scholars for 
Homeland Security’s Future Workforce via STEM Education and Research (EMPOWER).”

V. RELEVANCE AND TRANSITION

A. Anticipated end-user technology transfer

Partnering with the US Army Research Laboratory and the US Navy, 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 monitoring a wide variety of threat molecules. 
To develop the portable explosives trace detection system, our existing microheater based sensor is being re-
con igured to a MEMs platform using free-standing silicon nitride diaphragms (300 um x 300 um) to support 
the microheaters and catalysts, thereby creating the necessary thermal isolation in a microscopic platform. 
The Naval Undersea Warfare Center and URI have entered into a Co-operative Research and Development 
Agreement (CRADA- NUWCDIVNPT-13-801) to develop the technology required to produce an integrated 
MEMS and electrical measurement unit on a custom integrated circuit which can serve as a platform for mul-
tiple catalysts, thermal measuring devices and reference microheaters. NUWC has considerable expertise in 
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the development of MEMS devices, the custom integrated circuit design, device packaging and air low issues. 
FLIR Nomadics will be our commercialization partner responsible for sensor packaging and system integra-
tion.

VI. LEVERAGING OF RESOURCES

We are currently pursuing the commercialization of a MEMs version of our orthogonal sensor with FLIR No-
madics, a manufacturer of instruments that are capable of detecting trace levels of explosives.  In a parallel 
effort (to our current research on sensor development), we have been leveraging our limited resources by 
partnering with the US Army Research Laboratory and the US Navy (NUWC) to develop a MEMs based sensor 
with built-in orthogonality and are currently completing a fourth version of our MEMs device. We can then 
leverage the packaging and sampling expertise that exists at FLIR with our latest MEMs based sensor and 
combine with their best practices.  FLIR has extensive experience in this area and currently manufactures 
the FIDO system for combat, physical security and anti-terrorism operations. To assist in the transition to a 
commercial product for trace detection, we have sought additional funding from DHS and have responded to 
a recent DHS BAA for a portable explosives trace detection system. Our white paper entitled “A MEMS Based 
Sensor with Built-in Orthogonality”, was submitted to DHS under the BAA EXD 13-03; Technical Area 3: Por-
table Explosives Trace Detection Systems.

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

1. Chu, Yun, Mallin, Daniel J., Amani, Matin and Gregory, Otto J., “Detection of Peroxides Using Pd/SnO2 
Nanocomposite Catalysts”, Sensors and Actuators; B Chemical, Vol. 197, 2014, p. 376–384. 

        Pending- 
1. Chu, Yun, Mallin, Daniel, J. Amani, Matin and Gregory, Otto J., “Detection of Explosives Using Orthogo-

nal Gas Sensors”, IEEE Sensors Journal, in press.

B. Peer reviewed conference proceedings

1. Chu, Yun, Mallin, Daniel, J. Amani, Matin and Gregory, Otto J., “Detection of Explosives Using Orthogo-
nal Gas Sensors”, IEEE Sensors 2013 Conference, November, 2013.

C.  Other conference proceedings

1.  Y. Chu, D. Mallin, M. Amani, O. J. Gregory, Department of Homeland Security Center of Excellence- 
ALERT Year One Review, Boston, MA, Feb. 2014, “Detection of Explosives Using Orthogonal Gas Sen-
sors”.

D.  Other presentations

1. D. Mallin and O.J. Gregory, Graduate Symposium Series-Chemical Engineering Dept., Univ of Rhode 
Island, Kingston, RI, April 25, 2014, “The Detection of Explosives and Explosive Precursors using Gas 
Sensors with Pre-concentration”.

2. M. Champlin, B. Jaques, J. Chan and O. Gregory, Graduate Symposium Series-Chemical Engineering 
Dept., Univ. of Rhode Island, Kingston, RI, April 25, 2014, “Thermodynamic Sensors for Trace Detec-
tion”.
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3. M. Champlin, B. Jaques, J. Chan and O. Gregory, Northeast Regional AIChE Student Poster Contest, 
Storrs, CT, April 19, 2014, “Thermodynamic Sensors for Trace Detection”.

4. O.J. Gregory, Naval Undersea Warfare Center (NUWC), Middletown, RI, April 18, 2014, “A Thermody-
namic Sensor for Trace Detection”.

5. Y. Chu, D. Mallin, M. Champlin, B. Jaques, J. Chan and O.J. Gregory, Department of Homeland Security 
Center of Excellence-ALERT Year One Poster Session, Boston, MA, Feb. 18, 2014, “Trace and Vapor 
Sensors”.

6. Y. Chu, D. Mallin, M. Amani, O. J. Gregory, IEEE Sensors 2013 Conference, Baltimore, MD, Nov. 2-6, 
2013, “Detection of Explosives Using Orthogonal Gas Sensors”. 

E.  Student theses or dissertations produced from this project

1. Yun Chu, Solid State Gas Sensors for the Detection of Explosives and Explosive Precursors, May 2014, 
PhD., University of Rhode Island-Chemical Engineering

F.  Transferred technology/patents

1. “Optical Time Domain Re lectometry (OTDR) Sensor for the Trace Detection of Explosives”, URI pat-
ent disclosure and Provisional Patent; O.J. Gregory, T. Wei and J Oxley, iled May 2014.

2. “Orthogonal Sensor for the Passive Detection of Explosives”, URI patent disclosure and Provisional 
Patent; O.J. Gregory, M. Amani, Y. Chu and D. Mallin, iled January 2014.

G.  Requests for assistance/advice

1. From DHS
a. Coast Guard inquiry Jan 2014; Mr. Cornell Rosiu, Environmental D.R.A.T. Supervisor-First Coast 

Guard District contacted us about the capability of our sensors through URI’s DHS website to de-
termine if our sensor could help them with oil pollution in New Bedford Harbor, MA. The Coast 
Guard was looking for ways to passively monitor the waters in New Bedford Harbor, to deter-
mine if they could be used to identify the sources of pollution.  Prof Euler (URI) and I responded 
with a number of options for the Coast Guard to consider.  As of May 2014, the Coast Guard was 
considering various options.

2. From Federal/State/Local government
a. US Navy (Naval Undersea Warfare Center, Middletown, RI) expressed a strong interest in using 

gas sensor technology to detect leakage of propylene glycol dinitrate (Otto fuel) when charging 
torpedoes just before deployment; i.e. a sensor that could be alarmed to let personnel know if 
leakage has occurred while transferring the fuel.  The Navy plans to issue a contract, once we 
demonstrate that our sensor can detect vapors of propylene glycol dinitrate at trace levels.   Cur-
rently there is no solution to this problem.
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R2-B.2: Portable, Integrated Microscale Sensors 

(PIMS) for Explosives Detection

Abstract— This project seeks to develop portable, integrated, microscale sensors (PIMS), founded 
upon chemomechanically-induced response bifurcations, which are suitable for vapor-phase ex-
plosives detection.  In prior work by the investigators, these sensing system were shown to yield 
superior performance metrics (i.e. false positive/negative rates and sensitivity metrics) in laboratory 
environments within the context of alcohol sensing.  In the fi rst period of performance, research ef-
forts focused on the development of a new, low-cost bifurcation-based sensor platform (predicated 
by the commercial discontinuation of the platform utilized in prior work), the development of a new 
inkjet functionalization suite capable of rapidly and precisely depositing functional surface layers 
on the sensors developed herein and the development of new control and signal processing electron-
ics designed to enable portable functionality.  These efforts form a solid technical foundation for a 
second period of performance which will be focused on validating sensor performance with mock 
and real energetic materials within both laboratory and operational (wherein the impinging fl uid 
fl ow becomes important) environments; characterizing pertinent sensor metrics and benchmarking 
these metrics against alternative sensing platforms; exploring and overcoming the basic research 
challenges associated with sensor integration; and, fi nally, modeling the complete sensing system 
with an eye towards predictive design, performance optimization, and, ultimately, technology tran-
sition.

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

Students

Name Degree Pursued Institution Intended Year of Graduation

Nikhil Bajaj PhD Purdue University 8/2015

Andrew Sabater PhD Purdue University 5/2014

II. PROJECT OVERVIEW AND SIGNIFICANCE

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 portable, integrated, microscale sensors (PIMS) that are suitable for vapor-
phase explosives detection.  These small-scale, cost-effective sensing systems are ideally suited for integra-
tion into existing transportation security portals, building ventilation systems, or handheld portable devices, 
and, as subsequently described, exhibit performance metrics (e.g. false positive/negative rates, sensitivities, 
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and power consumption metrics) that are expected to compare very favorably when integrated in opera-
tional 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).  Because this approach utilizes a nonlinear mechanism 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.  In addition, the 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 environ-
ments and compare favorably to their more conventional counterparts [1, 2].

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, 

resulting 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 

representative functionalized Veeco DMASP probe – the fi rst bifurcation-based sensor developed by the investigators 

[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 bifurcation-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 deposit-
ing 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 mock and real energetic materials within both laboratory and opera-
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tional (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 constitu-
ent pieces in a single, portable platform; and 
• Modeling the complete sensing system with an eye towards predictive design, performance optimization, 
and, ultimately, technology transition.

III. RESEARCH ACTIVITY

A. 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 dem-
onstrations of microscale resonant mass sensing in water vapor and mercury detection, the ield has expand-
ed 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 chemomechanically-
induced shifts in the frequency response of an isolated electromechanical resonator or an array of electrome-
chanical resonators for analyte detection [7, 12, 13]. While a number of researchers have demonstrated the 
distinct utility of this approach in terms of both sensitivity and application space, sensors that exploit nonlin-
ear behaviors have the potential to: (1) render improved performance metrics; (2) offer tunable sensitivities; 
and (3) simplify inal device implementations, and thus reduce power consumption and formfactor metrics 
by eliminating the need to employ frequency tracking hardware, which is often attendant to conventional 
microscale mass sensor designs [1, 2, 14-17]. 
The present effort seeks to build upon the later body of research by developing portable, integrated mi-
croscale sensors (PIMS) based upon the bifurcation-based sensing principles described above.  This technical 
approach is markedly different from other known research, a possible exception being that described in [17], 
in that it is focused on: (1) the vapor-based detection of explosives; (2) an engineering-based technical solu-
tion that emphasizes overcoming the hurdles associated with developing a cost-effective sensor platforms 
capable of detection in operational environments, rather than solely performance metric enhancement; and 
(3) developing a scalable sensing solution which suitable for technology transfer.

B. Major contributions 

In the irst period of performance, research efforts focused on three key fronts: (1) the development of a new, 
low-cost bifurcation-based sensor platform; (2) the development of a new inkjet functionalization suite ca-
pable of rapidly and precisely depositing functional surface layers on the sensors developed herein; and (3) 
the development of new control and signal processing electronics designed to enable portable functionality.  
Research contributions made in each of these respective areas are outlined below.
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 at the onset of this project because the 
commercial platform originally intended for repurposing and use, the Veeco DMASP probe shown in Figure 1, 
was discontinued by the company shortly before the start of the initial performance period.  Fortunately, with 
challenge comes opportunity, and this temporary barrier allowed the investigators to explore and, ultimately, 
select a new resonator platform, which compares 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.  
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The selected platform, depicted in Figure 2, is a repurposed quartz 
tuning fork, originally designed to be a timing reference in com-
mercial electronics.  This electromechanical system, which utilizes 
piezoelectric mechanisms for both actuation and sensing, offers ex-
ceptional stability and is widely understood when operated in con-
ventional (linear) modalities.  Though prior works have explored the 
use of these tuning forks as sensors, all known works have exploited 
linear sensing principles, akin to those described above,  wherein 
shifts in one or more of the system’s resonances (see Fig. 3) are used 
to signal a detection event.  For purposes of this effort, the investi-
gators explored the frequency response characteristics of represen-
tative resonators (see Fig. 3 and Fig. 4 on the next page), and de-
termined that the torsional mode of vibration depicted in Figure 4d 
on the next page most frequently exhibits 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 (see Fig. 5 on the next page).  Unfortunately, this nonlin-
ear response was found to vary appreciable from resonator to resonator – a likely  by-product of the fact that 
these devices, as originally conceived, are designed to operate within a linear response regime. 

To overcome the device-to-device variability in the systems’ nonlinear response and ensure that any random-
ly-selected resonator would exhibit the desired frequency response structure, the investigators developed a 
simple control strategy, dubbed feedback nonlinearization (see Fig. 6 on the next page).  The antithesis of a 
feedback linearization system [18], this controller ensured that any quartz resonator, designed to exhibit a 
linear frequency response structure exhibits the nonlinear frequency response structure required for bifur-
cation-based sensing.  The effectiveness of this novel control approach is clear from the results presented 
in Figure 7, which highlights the frequency response of ive randomly-selected resonators.  As evident, each 
resonator exhibits the same qualitative response, with quantitative variation resulting solely from how the 
resonator enclosure, or can, was opened to the environment, as required for sensing.

Figure 2:  A second-generation 

bifurcation-based sensor – a repurposed 

quartz tuning fork which is driven into a 

nonlinear response regime.

Figure 3: Frequency response of the Kyocera ST3215SB tuning fork excited by a comparatively-low (3 V) pseudorandom 

excitation signal.  Note the multiple clear resonances are exhibited.
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Figure 4: Operational defl ection shapes (ODSs) associated with the fi rst four resonances of the tuning fork: (a) 22.05 

kHz, (b) 32.73 kHz, (c) 162.0 kHz, and (d) 187.6 kHz. These operational defl ection shapes were recovered via microscale 

laser Doppler vibrometry.  The ODS depicted in (d) was deemed to be the most likely to be associated with a nonlinear 

behavior.

Figure 5: Frequency response of a representative tuning 

fork excited near its fourth natural frequency.  Though 

the nonlinear response exhibited here is amenable to 

bifurcation-based sensing, this behavior was found to 

be quite variable between devices.  This prompted the 

feedback nonlinearization strategy outlined herein.

Figure 6: Schematic of the feedback nonlinearization control 

scheme utilized to recover a suitable nonlinear response in 

arbitrarily selected tuning fork resonators or “crystals”.
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With the functional backbone of the portable, integrated microscale sensor in hand, research efforts shifted 
towards the development of signal processing electronics suitable for sensor interrogation.  Though still in a 
developmental stage, the irst-generation control electronics, depicted in Figure 8, have been shown to suc-
cessfully and rapidly recover the sensor’s response – a necessary precursor to eventual sensor integration.

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 explosive vapors.  In the present effort, the investigators are leverag-
ing known surface chemistries, based on functional polymers, for explosives detection.  As such, the technical 
challenge lies not in adsorption or adhesion chemistry, but rather material deposition. 
To facilitate precise and rapid material deposition, the investigators have fabricated, tested and implemented 
a customized inkjet functionalization system (see Fig. 9 on the next page).  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 on the next page).  As shown in Figure 10 on the next page, this system enables the investigators to deposit 
various functional materials on the surface of the bifurcation-based sensors, or any other ALERT sensor plat-
forms, in a highly-controlled fashion.

Figure 7: Frequency response, (left) amplitude and (right) phase, recovered by implementing fi ve, randomly-selected 

tuning fork resonators or “crystals” into the feedback nonlinearization circuit highlighted above.  Note that though 

there is a slight variance in the response, likely attributable to variations in the packaging after the can is opened, the 

qualitative response structure is maintained.

Figure 8: (left) Schematic of the self-sensing circuit utilized for signal processing, and (right) a prototype portable, 

integrated microscale sensor, with associated self-sensing electronics.
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C. Future Plans 

As noted above, the irst year of the present effort focused on the development of a new, low-cost bifurca-
tion-based sensor platform, the development of a new inkjet functionalization suite capable of rapidly and 
precisely depositing functional surface layers on the sensors developed herein, and the development of new 
control and signal processing electronics designed to enable portable functionality.  With these efforts largely 
complete, the research focus can shift to the other hurdles which must be overcome to advance the develop-
ment of portable, integrated microscale sensors and, ultimately, enable technology transfer.  To this end, the 
next year of the proposed effort will focus on:
1.     Validating sensor performance with mock and real energetic materials within both laboratory and op-
erational (wherein the impinging luid low becomes important) environments;
2.     Characterizing pertinent sensor metrics (e.g. false positive/negative rates, sensitivities, power consump-
tion, etc.) and benchmarking these metrics against alternate sensing platforms;
3.     Overcoming the basic research challenges associated with integrating all of the sensing system’s constitu-
ent pieces in a single, portable platform; and 

Figure 9: 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.

Figure 10: A bifurcation-based sensor 

functionalized with black ink via the 

functionalization system developed as 

part of this eff ort.
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4.     Modeling the complete sensing system with an eye towards predictive design and performance optimiza-
tion.
To accomplish the irst two tasks, the investigators will work hand-in-hand with other ALERT researchers 
to select appropriate surface chemistries, and then 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 evolu-
tion of portable, integrated microscale sensors from laboratory to practice.

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

The impact of this project to date, from an education and workforce development perspective, has been limit-
ed to the two graduate research assistants who have worked on the project.  In the upcoming year, this impact 
is expected to markedly increase as additional students join the effort, and the underlying research problem 
is introduced into existing curricula (e.g. the investigator’s course on micro- and nanoelectromechanical sys-
tems – MEMS and NEMS, which contains an extended module on microscale sensors).

V. 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 portable, integrated, microscale sensors (PIMS) that are suit-
able for vapor-phase explosives detection.  These small-scale, cost-effective sensing systems are ideally suit-
ed for integration into existing transportation security 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 inte-
grated in operational environments to their more conventional counterparts.
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. Anticipated end-user technology transfer
Portable, integrated microscale sensors (PIMS) may be amenable to a wide variety of public and private or-
ganizations, including those tasked with transportation portal security (e.g. the TSA), building security, and 
ield-based detection (e.g. the ATF).

VI. LEVERAGING OF RESOURCES

To date, no commercial ventures related to this technology are being pursued.  A closely related technology, 
which could expand upon the work described here, was recently included in a proposal to TSWG.

ALERT  
Phase 2 Year 1 Annual Report

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

Project R2-B.2

168



VII. REFERENCES

[1] Kumar, V., Y. Yang, J.W. Boley, G.T.-C. Chiu, and J.F. Rhoads, Modeling, Analysis, and Experi-
mental Validation of a Bifurcation-Based Microsensor. Journal of Microelectromechanical Systems, 
2012. 21(3): p. 549-558.

[2] Kumar, V., J.W. Boley, Y. Yang, H. Ekowaluyo, J.K. Miller, G.T.-C. Chiu, and J.F. Rhoads, Bifurca-
tion-Based Mass Sensing Using Piezoelectrically-Actuated Microcantilevers. Applied Physics Let-
ters, 2011. 98(15): p. 153510.

[3] Thundat, T., P.I. Oden, and R.J. Warmack, Microcantilever Sensors. Microscale Thermophysical En-
gineering, 1997. 1(3): p. 185-199.

[4] Jensen, K., K. Kim, and A. Zettl, An Atomic-Resolution Nanomechanical Mass Sensor. Nature Nano-
technology, 2008. 3(9): p. 533-537.

[5] Naik, A.K., M.S. Hanay, W.K. Hiebert, X.L. Feng, and M.L. Roukes, Towards Single-Molecule 
Nanomechanical Mass Spectrometry. Nature Nanotechnology, 2009. 4: p. 445-450.

[6] Howe, R.T. and R.S. Muller, Resonant-Microbridge Vapor Sensor. IEEE Transactions on Electron 
Devices, 1986. ED-33(4): p. 499-506.

[7] Thundat, T., E.A. Wachter, S.L. Sharp, and R.J. Warmack, Detection of Mercury Vapor Using Reso-
nating Microcantilevers. Applied Physics Letters, 1995. 66(13): p. 1695-1697.

[8] Lang, H.P., R. Berger, F. Battiston, J.-P. Ramseyer, E. Meyer, C. Andreoli, J. Brugger, P. Vettiger, M. 
Despont, T. Mezzacasa, L. Scandella, H.-J. Guntherodt, C. Gerber, and J.K. Gimzewski, A Chemical 
Sensor Based on a Micromechanical Cantilever Array for the Identifi cation of Gases and Vapors. Ap-
plied Physics A: Material Science & Processing, 1998. 66(Supplement 1): p. S61-S64.

[9] Boisen, A., J. Thaysen, H. Jensenius, and O. Hansen, Environmental Sensors Based on Microma-
chined Cantilevers with Integrated Read-Out. Ultramicroscopy, 2000. 82(1-4): p. 11-16.

[10] Senesac, L. and T.G. Thundat, Nanosensors for Trace Explosive Detection. Materials Today, 2008. 
11(3): p. 28-36.

[11] Su, M., S. Li, and V.P. Dravid, Microcantilever Resonance-Based DNA Detection with Nanoparticle 
Probes. Applied Physics Letters, 2003. 82(20): p. 3562-3564.

[12] DeMartini, B.E., J.F. Rhoads, S.W. Shaw, and K.L. Turner, A Single Input – Single Output Mass Sen-
sor Based on a Coupled Array of Microresonators. Sensors and Actuators A: Physical, 2007. 137(1): 
p. 147-156.

[13] DeMartini, B.E., J.F. Rhoads, M.A. Zielke, K.G. Owen, S.W. Shaw, and K.L. Turner, A Single Input-
Single Output Coupled Microresonator Array for the Detection and Identifi cation of Multiple Ana-
lytes. Applied Physics Letters, 2008. 93(5): p. 054102.

[14] Dai, M.D., K. Eom, and C.-W. Kim, Nanomechanical Mass Detection Using Nonlinear Oscillations 
Applied Physics Letters, 2009. 95(20): p. 203104.

[15] Younis, M.I. and F. Alsaleem, Exploration of New Concepts for Mass Detection in Electrostatically-
Actuated Structures Based on Nonlinear Phenomena. Journal of Computational and Nonlinear Dy-
namics, 2009. 4(2): p. 021010.

[16] Zhang, W. and K.L. Turner, Application of Parametric Resonance Amplifi cation in a Single-Crystal 
Silicon Micro-Oscillator Based Mass Sensor. Sensors and Actuators A: Physical, 2005. 122(1): p. 
23-30.

[17] Li, L.L., E.L. Holthoff, L.A. Shaw, C.B. Burgner, and K.L. Turner, Noise Squeezing Controlled 
Parametric Bifurcation Tracking of MIP-Coated Microbeam MEMS Sensor for TNT Explosive Gas 
Sensing. Journal of Microelectromechanical Systems, 2014. to appear.

ALERT  
Phase 2 Year 1 Annual Report

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

Project R2-B.2

169



[18] Khalil, H.K., Nonlinear Systems. 3rd ed. 2002, Upper Saddle River: Prentice-Hall.

ALERT  
Phase 2 Year 1 Annual Report

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

Project R2-B.2

170



R2-C.1: Thin Film Fluorescent Sensors for 

Explosives Detection

Abstract— A fl uorescence sensor array is being developed to detect explosives at ambient tempera-
ture and atmospheric conditions. The sensor platform uses a multilayer substrate that serves to 
amplify the emission signal by more than three orders of magnitude, improving the sensor response 
accordingly. Studies to understand the mechanism of the signal amplifi cation are being undertaken 
so that the sensor system can be optimized.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution                               Email

William B. Euler PI URI weuler@chm.uri.edu

Students

Name Degree Pursued Institution Intended Year of Graduation

Mona Alhasani PhD URI 12/2017

Mingyu Liu PhD URI 5/2018

Matthew Mullen PhD URI 5/2017

Elsa Ortega PhD URI 5/2017

Yoomin Chung PharmD URI 5/2018

Sangmin You BS PharmD/MS URI 5/2014, 5/2016

Hui Qi Zhang BS URI 12/2014

II. PROJECT OVERVIEW AND SIGNIFICANCE

A thin ilm of a luorophore with a high quantum yield shows enhanced luorescence when placed on the ap-
propriate substrate structure. These emission enhancements can be over a factor of 1000 nm, which gives 
the potential for signi icant sensitivity improvements for a luorescence-based sensor. To provide selectivity, 
an array of luorophores can be used that each give a distinctive response to an analyte. Standard pattern 
recognition techniques can be used on the array response to identify unknowns. The sensor array is sensitive 
enough to detect explosives with vapor pressures in the parts per trillion or less range.

III. RESEARCH ACTIVITY

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

The sensor device being developed is a three layer structure that causes the luorescent enhancement. Fab-
rication is simple: the substrate is a rigid solid; on top of this is spin-cast, a transparent polymer with a 
thickness in the 100 to 1000 nm range; inally, a thin layer, 10 – 30 nm, of a luorophore is spin-cast onto the 
polymer layer.
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The mechanism of the luorescence enhancement is not known and is the subject of investigation. Each layer 
in the composite structure does affect the emission of the luorophore. To date, the following variations have 
been looked at:
1. Substrate: glass, lat silicon, porous silicon, silver coated porous silicon
2. Polymer: polymethylmethacrylate (PMMA), polyvinylidene di luoride (PVDF), poly(vinylidene di luoride-
co-tri luoroethylene) (co-polymer), polystyrene (PS)
3. Fluorophore: rhodamine 6G (Rh6G), methoxy-ethylhexoxy-polyphenylenevinylene (MEH-PPV), rhoda-
mine 560 (Rh560), luorescein 546 (Fl546)
When the substrate is a glass slide, the enhancement maximizes at ~35 when PVDF is the polymer. Structures 
with the co-polymer and PMMA only show enhancements of less than 5. In contrast, when the substrate is 
lat silicon, the enhancements are much larger: ~1600 when the transparent layer is the co-polymer, ~1000 

for PVDF and ~700 for PMMA. A simple model of internal re lection can account for the magnitude of the ob-
served enhancement when the substrate is glass. In this model, some of the light is re lected at each interface, 
which allows the light to bounce along the polymer layer. The internal re lection then provides more opportu-
nities for the incident light to be absorbed, and subsequently emitted, by the luorophore. When the substrate 
is a glass slide, calculations can be done that show the maximum enhancement when PVDF is the polymer 
is 45 – 50, consistent with our data. The model also predicts a sinusoidal variation of the enhancement as a 
function of the PVDF thickness, which is not observed. The model fails completely when the substrate is sili-
con. Using PVDF as the polymer and silicon as the substrate, the model predicts a maximum enhancement of 
~70, well below the observed enhancement of ~1000.
Combining the thin ilm sensor platform described above with a variety of luorophores can lead to a sen-
sor array with unprecedented capabilities. The luorophores chosen have high quantum yields, which will 
natively give strong signals. In addition, using the signal enhancement that can be designed into the array 
the emitted light level can be increased by a factor of 1000 or more. Moreover, the polymer layer beneath the 
luorophore layer also in luences the nature of the emission response to an analyte. 

B. Major Contributions 

Year 1- Initial studies to determine fabrication parameters and initial testing for explosives was done. The 
methods to control the thicknesses of the polymer and luorophore layers were established. Photophysical 
data for the different luorophores was measured. There is a pronounced effect of the underlying polymer 
layer on the photophysical properties of the luorophores that needs to be further understood.

B.1 Sensor array

The initial design of a sensor array for explosives was developed. The platform consists of a glass substrate, 
a polymer ilm and luorescent dye. Three different polymers were used: polymethylmethacrylate (PMMA), 
polyvinylidene luoride (PVDF) and polystyrene (PS). The polymers were deposited by spin coating onto the 
glass slide with thicknesses of ~300 nm for PMMA, ~300 nm and ~600 nm for PVDF and ~200 nm for PS. 
Three luorophores were used: rhodamine 6G (Rh6G), rhodamine 560 (Rh560) and luorescein 548 (Fl548). 
The luorescent spectrum of each sample was measured before and after exposure to a gas phase analyte. The 
analytes chosen were: trinitrotoluene (TNT), trinitrobenzene (TMB), pentaerythritol tetranitrate (PETN), 
1,3,5-trinitroperhydro-1,3,5-triazine (RDX), 1,3,5,7-tetranitorperhydro-1,3,5,7-tetrazocine (HMX), triac-
etone triperoxide (TATP), 2,3-dinitrotoluene (2,3-DNT), 2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene 
(2,6-DNT), 3,4-dinitrotoluene (3,4-DNT) and 4-nitrotoluene (4-NT). The results of this array of measure-
ments are shown as difference spectra in Figure 1 on the next page. 
The results indicate that this array of sensing transducers can distinguish all 11 analytes probed - the re-
sponse pattern is different for each analyte. The array can be adapted to more explosives by adding more 
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molecules to the training set, so the sensor design is adaptable to new threats. Further, all of these measure-
ments were taken with the explosives at their room temperature vapor pressure. Thus, explosives with very 
low vapor pressures, such as RDX or HMX, are readily detected (for example, HMX causes a 30-fold enhance-
ment of the luorescence of Fl548 when deposited on 300 nm of PVDF, which is extraordinary). Even though 
the luorescence enhancement on the glass substrate is modest, 5 – 35 times depending upon the polymer, 
the sensitivity to the explosives is signi icant.
The data in Figure 1 also led to a number of 
questions. In many cases, there is a luorescence 
enhancement upon exposure to the analyte. This 
is useful for pattern recognition but is unusual 
– most luorophores are quenched when inter-
acting with other molecules. So this leads to the 
question: what is the underlying mechanism 
that induces the luorescence change, especially 
for the enhancements? Answering this question 
is critical to optimizing the sensor platform. 
Another unusual feature in Figure 1 is that the 
response of the luorophore to the analyte de-
pends, at least in part, upon the thickness of the 
underlying polymer layer. An obvious example 
of this is TNT (the top row in Fig. 1), where any 
of the luorophores on 300 nm of PVDF show a 
small quench to no response, while the same set 
of dyes on 600 nm of PVDF show a signi icant 
increase in the emission intensity when expose 
to the TNT. The dye layers are all approximately 
the same thickness, 2 – 3 nm, so the underlying 
polymer must also be in luencing the analyte/
luorophore interaction. Thus, the next question 

is: what is the role of the substrate polymer in 
the response of the sensing system? Again, understanding this fundamental scienti ic question will lead to an 
optimization of the sensor. Another observation about the data in Figure 1 is that the samples with a PS layer 
all have low signal to noise. While not obvious in Figure 1, this arises because the luorophores are quenched 
when deposited onto PS. So the question that arises is: what is the mechanism of quenching induced by the 
PS and can this be utilized to create a turn-on sensor? Increasing the signal intensity from an initial state that 
is near zero is usually preferential because it leads to better sensitivity in the sensor, which is always a goal 
for detecting explosives.

B.2 Structure and photophysics of rhodamine 6G thin ilms

Rh6G was used as the prototypical dye system to begin inding answers to the questions above. Rh6G (the 
structure of Rh6G is shown at the top of Fig. 2, on the next page) has been heavily studied in solution and 
much is known about the solution chemistry and photophysics of this molecule. In dilute solutions (less than 
10–4 molar), Rh6G is monomeric and has a single absorption peak in the visible spectrum and a single emis-
sion peak with a lifetime of a ~4 ns. As the concentration is increased, the Rh6G begins to aggregate with 
two possible structures, and H-dimer and a J-dimer. The two dimers differ by the relative orientation of the 
aromatic rings. In the H-dimer, the rings are face-to-face and in the J-dimer, the rings are edge-to-edge, as il-
lustrated in the cartoon diagram in the middle of Figure 2. The interaction between the rings in the dimers 
causes a splitting in the excited state energies so that the dimers can be distinguished by either absorp-

Figure 1: Diff erence spectra of sensor confi gurations upon 

exposure to indicated analytes; all diff erence spectra have been 

corrected for exposure to a blank.
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tion or emission spectroscopy. In the H-dimer, a new absorption 
peak at higher energy than observed in the monomer is found 
but emission is quenched. This is because the transition from 
the ground state to the lower excited state of the split energies 
is forbidden. No emission seen from the higher energy state is 
observed because internal conversion to the lowest energy ex-
cited state is a much faster process than emission. In contrast, 
the J-dimer shows the opposite spectroscopic properties. The 
allowed J-dimer transition is at lower energy than the monomer, 
so an absorption peak is found at longer wavelength. Further, 
there also is a new emission peak at lower energy than found 
in the monomer. All of these transitions are shown in the lower 
part of Figure 2. 
Upon forming a thin ilm of Rh6G, the anticipated structure was 
that H-dimers would dominate, independent of the underlying 
substrate. If the Rh6G preferred to lay lat on the substrate, the 
interaction in the plane of the substrate would be J-type. How-
ever, the second layer of Rh6G would then be face-to-face with 
the irst layer, leading to the H-type interaction. In contrast, if 
the irst layer had a preference of the Rh6G ring being perpen-
dicular to the substrate, then nearest neighbors along the sub-
strate plane would be face-to-face, while the second layer would 
be edge-to-edge. In either scenario, the face-to-face interaction 
was likely larger because the distance between rings would be 
smaller in the face-to-face orientation. Thus, the H-dimer photo-
physics was expected.
To our surprise, our predictions were incorrect. Depending upon the deposition conditions, thin ilms of 
Rh6G could be formed that were either monomer or aggregates and the aggregated structure could be either 
H-type or J-type. The key lay in the structure of the solution used to deposit the ilm onto the substrate.
Figure 3 on the next page shows the absorption and emission spectra of Rh6G deposited on a glass slide by 
spin-casting as a function of the solution concentration. At low concentration, the absorption spectrum can 
be it to two peaks at 492 (weak) and 525 nm. Based on the strong emission from this sample, the assignment 
is that the 525 nm absorption is from the monomer. The weak 492 nm peak may be from a small amount of H-
dimer present in the sample or from a vibronic component on the monomer peak. This is a surprising result: 
although the initial solution is certainly primarily (or all) monomer, as the solution evaporates it would be 
expected that the increasing concentration should lead to aggregates that then are the primary structure in 
the thin ilm. Since the thin ilm structure is largely monomer, this implies that the evaporation kinetics dur-
ing spin-casting are suf iciently fast that there is not enough time for dimers to form before the ilm structure 
is set.

Figure 2: Top: structure of Rhodamine 6G; 

middle: cartoon representations of an 

H-dimer (left), monomer (middle), and J-dimer 

(right); bottom: energy level diagram for each 

structure showing allowed and forbidden 

transitions.
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As the concentration of Rh6G increases in the spin-casting solution, the absorption spectra of the thin ilm 
changes considerably. The peak maximum shifts to longer wavelength and a prominent shoulder located at 
the wavelength of the monomer maximum is observed. Deconvolution of the absorption spectrum of the ilm 
derived from the most concentrated solution shows that a moderately good it can be found using 3 peaks 
(two are ixed to match the monomer spectrum): 492 nm (weak), 525 nm, and 559 nm. The peak at 559 nm 
is assigned to a J-dimer, although this does not agree with the emission spectrum, which is largely quenched 
for this ilm. This can be explained if the peak at 492 nm is from an H-dimer and there is a resonance energy 
transfer from the excited J-dimer to the H-dimer, which is then nonemissive. Based on the energies of the its, 
the nonemissive state of the H-dimer is 118 cm–1 lower in energy than the emissive state of the J-dimer.
Figure 4 on the next page shows the effect of dip-coating at various pull rates on the thin ilm spectra of 
Rh6G. Again, signi icant changes are observed under different deposition conditions. For the data shown in 
Figure 4, the concentration of the Rh6G in solution is constant and high so that it is expected that the solution 
has a large amount of dimers present. As the pull rate increases, the absorption spectra shows an increase 

Figure 3: Absorption (top) and emission (bottom) spectra of Rh6G thin fi lms on glass as a function of solution 

concentration; the solutions were spin-cast onto glass slides at 1200 rpm. The insets show the maximum intensity and 

wavelength as a function of Rh6G concentration in the casting solution.
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in the peak associated with the J-dimer. But again, the emis-
sion spectra are contradictory to this conclusion, where the 
emission intensity decreases as the pull rate increases, which 
typically signals H-dimer formation. As discussed above, this 
implies that both J-dimers and H-dimers are present and that 
there is a resonance energy transfer to quench the emission.
The dip-coating experiment is slow compared to the spin-
casting method. This implies that evaporation rate cannot be 
the only controlling parameter in determining the structure 
of the thin ilm. It appears that the shear rate imposed on the 
developing ilm is also important in determining the ratio of 
dimers to monomers.
A comparison of the absorption spectra of ilms deposited by 
spin-casting and dip-coating is shown in Figure 5. The spectra 
of the ilms created by spin-casting at 1200 rpm dip-coating 
at 200 mm/min are similar. The shear rates between the spin-
casting experiment and the dip-coating experiment are very 
different but the ilm results are similar. This suggests that the 
in luence of shear rate is limited, asymptotically approaching 
the maximum effect at a pull rate not far above 200 mm/min. 

B.3 Effect of polymer

The role of the polymer characteristics in the sensor design is being studied, as well. In the enhancement 
of the luorescence the thickness of the polymer layer must have some in luence on the optical properties. 
Further, in the sensing experiment (see Fig. 1), the polymer thickness also affects the interaction of the ana-
lyte with the luorophore. For these reasons, control of the thickness (and perhaps other properties) of the 
polymer layer is critical.
Our initial experiments in understanding the role of the polymer layer have been with PMMA. PMMA has 
a simple phase behavior compared to PVDF and the thickness is readily measured by interference fringing 
in the visible spectrum. Spin-casting from solution is the ilm deposition of choice for making polymer thin 
ilms. Figure 6 on the next page shows the thickness of PMMA thin ilms as a function of the concentration of 

the casting solution and the spin rate. Thicker ilms can be formed by using a higher concentration of PMMA 
or a slower spinning speed. By controlling these two parameters, PMMA ilms ranging in thickness from 
~250 nm to ~ 900 nm can be formed on demand. 

Figure 4: Absorption (top) and emission (bottom) 

spectra of Rh6G as a function of the pull rate 

when deposited by dip-coating; the Rh6G 

solution was 9×10–4 M.

Figure 5: Absorption spectra of spin-cast and dip-coated thin fi lms.

ALERT  
Phase 2 Year 1 Annual Report

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

Project R2-C.1

176



C. Future Plans

In the next year, studies will continue to understand the mechanism of the luorescence enhancement. Sev-
eral avenues will be pursued, as detailed below.
One of the surprising things discovered in the last year was that the solution structure of the luorophore 
was retained upon spin-casting onto the polymer layer. The luorophores used here can exist as monomers at 
low concentrations or aggregates at high concentrations in solution. The expectation was that as the solvent 
evaporated, the increase in concentration would always lead to aggregated structures. However, we were 
able to deposit monomers using low concentrations, which may provide different behavior when interacting 
with explosive analytes. The photophysical properties (absorbance, emission, lifetime) of the luorophores 
will be examined as a function of solution concentration, choice of polymer substrate and thickness.
We also will study using different coating methods for depositing the luorophore. We found that dip-coating 
and spin-casting give different thin ilm structures, even when using the same initial solution. A comparison 
of the photophysical parameters, as a function of deposition conditions, will be examined for the whole family 
of xanthine dyes that we use as luorophores.
One of the polymers used is PVDF, which has multiple phases that can be attained. Normal casting conditions 
give a combination of α- and β-phases but the more interesting phase is the β-phase, which is ferroelectric. 
However, addition of simple metal salts to the casting solution induces β-phase formation, which can then be 
used in the sensor platform. The electric moment associated with the β-phase is expected to have a profound 
effect on the photophysics of the luorophores, which will be studied in detail.
Finally, a new luorophore system will be investigated. CdSe quantum dots will be used as the luorophore, 
which will give us the advantage of being able to tune the emission wavelength without changing the chemis-
try of the emissive layer. The initial studies will be to determine if the luorescence enhancement is generated 
with the quantum dots and if exposure to explosives gives a signi icant response.

IV. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

The technology may be adapted into a trace sensor for explosives detection in airports, train stations, etc.

Figure 6: PMMA thickness as a function of PMMA solution concentration and spin-casting rate.
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B. Anticipated end-user technology transfer

If commercialized, a broadly applicable trace explosives sensor would be realized.

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Transferred Technology/Patents

1. Inventions Disclosed
a. "A Chemical Sensor Based on an Array of Fluorophores with Enhanced Emission". This disclo-

sure was on April 17, 2014 at URI and was accepted.
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R2-C.2: Multiplexed Mid-Infrared Imaging of 

Trace Explosives

Abstract—The mid-infrared (MIR) region of the electromagnetic spectrum contains unique ab-
sorption “fi ngerprints” corresponding to vibrational modes of molecules. ALERT projects, led by 
Prof. Samuel P. Hernandez-Rivera (University of Puerto Rico) and Prof. Anthony Hoffman (Uni-
versity of Notre Dame), and ALERT industrial partner EOS Photonics are using mid-infrared light 
to identify molecular fi ngerprints 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 through MIR 
spectroscopy is limited by the availability of high-performance MIR laser sources and imaging plat-
forms. This project develops technology to heterogeneously integrate multiple laser systems; each 
uniquely designed for a certain wavelength (i.e., range of residual “fi ngerprints”) and integrated 
into a single module employing inter-chip micro-electromechanical systems (MEMS) fabrication 
techniques. This “Optical Quilt Packaging” technique is optimized for aligning arrays of waveguides 
on chips, such as the products developed by EOS Photonics. These modules will then be integrated 
into imaging and detection systems. Over the past year, we fabricated MIR waveguide structures 
and demonstrated the MEMS coupling technique with sub-wavelength and submicron lateral and 
axial alignment accuracy between the waveguides of separate chips that have been combined into a 
single “quasi-monolithic” heterogenous chip. Data from the fi rst year has been used to improve our 
designs, to increase yield and further decrease inter-chip spacing; the next generation of chips are 
currently being fabricated. Additionally, numerical calculations have been performed to model the 
expected performance of our devices to optimize device design and confi rm feasibility. Simulations 
predict < 3 dB insertion loss between waveguides, which would be suitable for extreme-wideband 
MIR explosive imaging and detection sources at signifi cantly lower cost than monolithic growth of 
wideband sources. Over the fi rst year, we have also successfully recruited a new US citizen graduate 
student to take over the primary responsibility of the project starting 7/1/2014.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution                               Email

Scott Howard PI University of Notre Dame showard@nd.edu

Students

Name Degree Pursued Institution Intended Year of Graduation

Tahsin Ahmed PhD University of Notre Dame 6/2016

Genevieve Vigil PhD University of Notre Dame 6/2017

David Benirschke PhD University of Notre Dame 6/2019
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II. PROJECT OVERVIEW AND SIGNIFICANCE

The overall goal of the project is to develop technology to enhance ongoing work of ALERT by providing low-
er cost, wide-bandwidth MIR laser sources and to develop MIR laser-based imaging technology. ALERT proj-
ects 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 combine several high-cost laser chips into a single module for 
sensitive imaging and detection, and (2) how do you perform sensitive spectroscopic imaging in a wave-
length range that lacks robust and widely available focal plan arrays and optical components? This project 
seeks to answer these questions through novel semiconductor fabrication techniques and laser-scanning/
coded aperture imaging technology. This will enhance ongoing ALERT efforts by enabling higher resolution 
imaging technology to detect signatures characterized by other ALERT thrusts, provide a technology to en-
hance the commercial offerings of ALERT industrial partners and provide new spectroscopic tools that could 
be useful to the security enterprise, as well as other ields where MIR technology is employed such as medical 
diagnostics, industrial process control, environmental monitoring , and pharmaceutical process analytical 
technology.

III. RESEARCH ACTIVITY

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

The 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.

A.1 On chip heterogeneous integration of widely disparate wavelength MIR lasers

The most commonly used, and commercially available, semiconductor MIR light source is a quantum cascade 
laser (QCL) [1]. QCLs are made into widely tunable devices that can cover large ranges over the entire ab-
sorption bands of explosive residue using external cavity (EC) feedback. These devices, known as (EC-QCLs), 
select wavelength by rotating the incident angle of light on a diffraction grating. Such a system has been of 
particular interest, recently, to detect trace explosive 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 ALERT partner EOS Photonics. These lasers have a lateral off-
set, 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 complex-
ity and renders the devices susceptible to mechanical instability.
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, indi-
vidual 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 derived 
(Fig. 1).
The proposed OQP leverages advances in electronic quilt packaging, a 
novel technique developed at the University of Notre Dame (UND) for 
high speed electronic interconnects. Electronic quilt packaging integrates diverse electronic device technolo-

Figure 1: Illustration of “Optical Quilt 

Packaging".
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gies into a quasi-monolithic module by connecting separate die with solid metallic contacts along the vertical 
faces for both mechanical and electrical connection (Fig. 2). Research at UND has demonstrated the world-
record low inter-die insertion loss of less than 0.1 dB from 50 MHz to 100 GHz [7] with submicron alignment.

A.1.1 Fabrication process 

This year, we have established a fabrication process for MIR OQP; a simpli ied wafer-scale fabrication low for 
alignment only is presented in Figure 3. Deep wells formed at the die boundaries are illed with electroplated 
copper (Fig. 3a-b). The copper overburden is removed via chemical mechanical polishing (CMP) (Fig. 3c). 
Ridge or rib waveguides are lithographically de ined and etched (Fig. 3d), and then die boundaries are de-
ined using deep reactive ion etching (DRIE) (Fig. 3e), exposing metallized contacts protruding from the edge 

facets (Fig. 3f). A second deep etch pattern forms narrow perforations along which subsequent die cleaving 
will occur, forming optically lat waveguide facets (Fig. 3g). (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 [8], and has been done successfully at 
UND.) The cleave line is positioned such that the nodules extend past the optical lats, enabling a nearly per-
fect 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 (Fig. 3h). All processing steps are compatible with conventional semiconductor processing technolo-
gies that are already available at the Notre Dame Nanofabrication Facility (NDNF).

Proof-of-concept devices on Si have been fabricated to determine minimum experimental tolerencing. Fig-
ure 4a on the next page 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 

Figure 2: SEM micrograph of interlocking 

quilt packaging nodule structure.

Figure 3: Process fl ow for OQP; (a) Defi ne trenches, (b) electroplate copper, (c) chemical mechanical polish (CMP) 

copper, (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, (h) mechanically combine chips.
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(> 50 micron) etched facets (Alcatel 601E inductively coupled plasma reactive ion etch (ICP-RIE)) have been 
demonstrated, as shown in Figures 4a and b.

A.1.2 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 [9]. This was achieved using MEEP, a freely 
available software package [10]. The results of these calculations are presented in [11] and summarized 
below.
• Dependence of waveguide coupling ef iciency on axial gap distance:
Transmission between a typical QCL ridge waveguide [12] and single 
mode, Ge-on-Si rib waveguide [13] 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 calculations are shown in Figure 
5. Transmission as a function of the inter-chip gap shows a sharp de-
crease 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 mechanical instabilities 
and require external free-space optics [14]. 
Transmission between a typical QCL ridge waveguide [12] and single mode, Ge-on-Si rib waveguide [13] was 
simulated for λ = 8 μm light. The inter-chip separation varied from 0 (contact) to 10 μm. Coupling ef iciency 

Figure 4: Example proof of concepts microfabricated OQP structures fabricated at UND. (a) Two separate OQP waveguide 

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. (d) Edge of fabricated structures showing nodules (left) and waveguides (right).

Figure 5: Coupling effi  ciency versus gap 

distance from a λ=8 μm InP QCL to a Ge-

on-Si waveguide.
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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 calculations 
are shown in Figure 5. 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 mechanical instabilities and require external 
free-space optics [14]. 
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 [15]) is a popular optical material in the MIR  [16]–[21], and is compatible as a spin-on material. 
Calculations 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 pro-
vides a conformal coating on waveguides. Combining these two technologies yields high-ef iciency, direct 
coupling between two different waveguides on separate die.

•  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 be-
tween a QCL and silicon-on-insulator (SOI) waveguide may be as 
high as ~3-4 μm, and should be similar for other types of wave-
guides. 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 ac-
ceptable for the project, waveguide mode shaping can render the 
coupling ef iciency less sensitive to alignment issues. For example, 
Figure 6 shows simulations of a λ = 8 μm QCL waveguide coupled to 
a Si-on-N 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 complementary 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.

A.2 MIR imaging of trace explosives

Thus far, we have explored OQP to fabricated sources to enable MIR imaging of trace explosives; we also plan 
on employing coded aperture technology with our laser modules to improve speed (frame rate) and sensi-
tivity (minimal 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 explosive imaging systems typically employ bolometer (i.e., thermal) or semiconductor detector 
(i.e., photonic) FPAs. Bolometer-based FPAs can be prohibitively slow for many differential measurement 
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 sensing. 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 multiplexing our 

Figure 6: Normalized transmission from an 

InP QCL waveguide to an SOI waveguide as 

a function of material misalignment.

ALERT  
Phase 2 Year 1 Annual Report

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

Project R2-C.2

183



differential measurement signal to acquire images at multiple wavelength simultaneously. Spatial informa-
tion 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 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; we created a free-space optical chopper [22] (Fig. 7, top dashed box) that can modulate an array 
of point sources at MHz rates by scanning a line-focused laser beam over a small (10-20 μm period) mirror 
grating on a photolithography mask (Fig. 7, right). Each horizontal line on the photolithography mask has a 
different spatial frequency. The re lected light is then descanned by the same scan mirror, and is imaged onto 
the sample by the line scanning microscope. Examples of raw and processed data from [22] is presented in 
Figure 8. This technology would allow for mid-IR spectroscopic imaging without needing mid-IR detector 
arrays. Trace explosive 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. 

B. Major Contributions 

Year 1:
1. Developed and characterized fabrication process for OQP;
2. Demonstrated subwavelength and submicron lateral and axial alignment without manual microscopic 
positioning; and
3. Modeled OQP device performance by numerical calculations, veri ied feasibility for low loss coupling 

Figure 7: Coded aperture mid-IR illumination scheme CL: cylindrical lens; BS: beam splitter; SM: scan mirror; PD: 

photodiode; PMT: photo-multiplier tube; OL: objective lens. Inset: Illustration of the spatial light modulator.

Figure 8: Coded aperature 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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with experimentally veri ied tolderances.

C. Future Plans

Over the next year, we plan to characterize and evaluate the performance of our module integration                             
technique:

1. Characterization of laser-to-waveguide coupling loss.
2. Characterization of laser array-to-waveguide array coupling loss.
3. Output beam quality (i.e., M2) measurements.

The output of these measurements will determine whether further optimizations are required, such as horn-
shaped waveguide coupling or gap index matching material per the descriptions above.

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

As part of the “National Robotics Week” event at the University of Notre Dame, our group organized and ran 
an exhibit on infrared remote sensing entitled “Robots See, Speak, Listen, and Show!” (See Fig. 9). There we 
made various musical instruments out of infrared range inders to demonstrate the concepts of infrared light 
and sensing to over 500 middle school students and their parents.

V. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

This project will directly aid the DHS enterprise by providing technologies to improve the sensitivity of re-
sidual explosive imaging and detection. 

B. Anticipated end-user technology transfer

This technology has applications throughout the defense industry, as well as medical, industrial and environ-
mental ields. Tech transfer will occur through technology commercialization via Indiana Integrated Circuits, 
LLC, the current licensee of OQP. Additionally, future technology may be developed in collaboration with EOS 
Photonics. This technology can be adapted for tissue imaging and diagnostics in the medical ield, industrial 
process analytical technology for improved manufacturing – especially in pharmaceutical industry which 

Figure 9: National Robotics Week Outreach Event.
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VI. LEVERAGING OF RESOURCES

The technology is patented and licensed to Indiana Integrated Circuits, who is collaborating in further im-
proving and charactering the technology to ensure further improvements are commercially viable. Further 
commercial applications include incorporating EOS Photonics laser arrays with OQP. The MIR imaging sys-
tem could additionally have commercial value, but is at a lower TRL.

VII. PROJECT DOCUMENTATION AND DELIVERABLES
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1. T. Ahmed, A. A. Khan, G. Vigil, J. M. Kulick, G. H. Bernstein, A. J. Hoffman, and S. S. Howard, “Optical 
Quilt Packaging: A New Chip-to-Chip Optical Coupling and Alignment Process for Modular Sensors,” 
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R2-C.3: Chaotic Cavity Gas Cell for Optical Trace 

Explosives Detection

Abstract— This project investigates the development of a compact, chaotic cavity gas cell with sta-
bilized optical trajectories for mid-infrared optical trace explosives detection.  Mid-infrared light 
interacts strongly with the fundamental and vibrational modes of many molecules, enabling specifi c 
and sensitive detection.  Optical absorption detection is accomplished by monitoring the power of 
light that is transmitted through a gas thought to contain the molecules under test, triacetone trip-
eroxide (TATP) for example.  The detection sensitivity of the system can be improved by increasing 
the interaction length of the light and the gas using a multipass cell.  The chaotic cavity gas cell in 
this project is constructed from a single highly-refl ective, closed surface that is designed by deform-
ing a sphere.  In this project, we focus on designing cavities with stabilized ray trajectories that have 
long optical path lengths.  The single-surface design of the gas cell and the stabilized orbits mitigate 
alignment issues and fl uctuations in the environment that limit more common multipass gas cells 
and reduce total product costs.  This project was added to ALERT in September 2013.  In the past 
7 months, we have developed effi cient computer code to simulate ray trajectories inside of the cha-
otic cavity. We used this code to explore the complex phase space for these cavities and developed 
methods for designing cavities.  Currently, a cavity is in the process of being manufactured using 
high precision milling techniques.  Characterization of the cavity will occur in the coming months.  
The low cost and autonomous nature of the proposed system enabled by this project will allow de-
ployment in areas not currently possible due to cost, space and personnel limitations.  These sensors 
will ultimately expand and enhance explosive detection capabilities with improved sensitivity and 
portability, improving safety of citizens and law enforcement personnel, while reducing cost and 
complexity.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution                               Email

Anthony J. Hoff man PI University of Notre Dame ajhoff man@nd.edu

Students

Name Degree Pursued Institution Intended Year of Graduation

Michael Harter PhD University of Notre Dame 05/2018

Galen Harden BS University of Notre Dame 05/2014

Luis Enrique Cortes Herrera BS/REU Tecnologico de Monterrey 05/2016

II. PROJECT OVERVIEW AND SIGNIFICANCE

This project pursues development of a compact, high performance optical detection system, utilizing a sta-
bilized chaotic cavity gas cell and mid-infrared quantum cascade lasers.  The novelty of the program is in 
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the use of mid-infrared technologies for increased detection sensitivity and the creation of an inexpensive, 
robust gas cell that supports long optical path lengths.  This project incorporates into the broader goals of the 
ALERT Program by exploring an additional mode for detection of explosives.  The societal impact is increased 
safety for citizens and law enforcement professionals by improving and expanding the detection capabilities 
in airports, major event venues and large buildings.  The low cost and autonomous nature of the proposed 
system enabled by this project will allow deployment in areas not currently possible due to cost, space and 
personnel limitations.  The scienti ic impact of this project is the creation of a multipass cell with myriad uses 
in spectroscopic and sensing applications, including: environmental monitoring, process control and medical 
diagnostics.  

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

The mid-IR is suited particularly well for both direct detection of explosives [1] and the gas byproducts 
formed via pulsed laser fragmentation on explosives [2].  Direct absorption optical detection is achieved by 
monitoring the power of light that interacts with a gas thought to contain the explosive.  Often, to increase 
the detection sensitivity, a multipass cell is used to effectively increase the interaction length of the light and 
the gas.  For unattended ield deployment, it is highly desired that a multipass cell be robust to the mirror 
alignment.
Direct optical absorption detection is accomplished by monitoring the power of light that is transmitted 
through a gas thought to contain the molecules under test.  The wavelength of light is chosen to overlap with 
the spectral ingerprint of the explosive and a reduction in the transmitted power indicates the presence of 
the targeted molecules. The detection sensitivity of the system can be improved by increasing the interac-
tion length of the light and the gas under test.  Typically, this is accomplished using a multipass gas cell.  For 
relevant-time detection and unattended ield deployment, it is desirable that the multipass cell be low-vol-
ume, robust to the mirror alignment, and stable against perturbations in the sensing environment, such as 
temperature luctuations and vibrations.  This project seeks improvements over conventional multipass cells 
in performance and cost by using a compact, stabilized chaotic cavity gas cell.
The chaotic cavity gas cell in this project is constructed from a highly-re lective, closed surface that is de-
signed by deforming a sphere.  For appropriate deformations, the ray trajectories of the sphere can become 
chaotic, quasi-chaotic, destabilized or stabilized.  In this project, we focus on designing cavities with stabi-
lized ray trajectories that have long optical path lengths.  To use the cavity as a gas cell, small optical ports 
for the laser beam are opened in the fabrication process; likewise, gas ports that do not interfere with beam 
trajectories are also created.  The single-surface design of the gas cell and the stabilized orbits mitigate align-
ment issues that limit more common spherical and astigmatic mirror multipass gas cells and reduce total 
product costs.  A schematic of such a gas cell is shown in Figure 1. 

Figure 1: Schematic of a gas cell containing a gas under test with an external quantum cascade laser source and 

detector; the ports at the top and bottom of the cell are used to fl ow the gas/air under test through the cell.
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The project’s technical approach compliments efforts within the ALERT COE.  For example, Prof. Hernandez-
Rivera of Thrust 3 is using mid-infrared quantum cascade laser arrays for standoff detection.  Our work on 
improved gas cells offers a complimentary mode of detection using the same source technology, the quantum 
cascade laser.  Professor Hoffman is an expert in quantum cascade lasers and both projects will bene it from 
his expertise.  Likewise, both projects will bene it from the optical sensing and detection expertise of Prof. 
Hernandez-Rivera.
Sensing using mid-infrared quantum cascade lasers outside of the ALERT COE has a strong focus on health, 
industry and environmental applications [1-6].  Efforts related to the detection of explosives focus primarily 
on methods involving laser photoacoustic spectroscopy (LPAS) [7-9].  The work in this project is differenti-
ated by the method of detection—LPAS versus direct optical absorption—and the ability implement multiple 
wavelengths in our project, thus enabling the detection of several explosives simultaneously.
The technical approach that we are employing is to develop ef icient models of the ray trajectories inside of 
the multipass gas cells.  In this technique, we use standard ray optics to describe the ray trajectory inside 
spherical cavity that is deformed using dipole and quadrupole terms.  Figure 2 shows the calculated trajec-
tory for 200 re lections inside of a rotationally asymmetric cavity.

The calculated 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 gas cell.  A phase-space representation of the trajectories is more appropriate for explor-
ing the complex phase space.  Such a representation is shown below (Fig. 3).  Here, χ is the angle of re lection 
and θ is the azimuthal angle.  The solid orbits generate “butter ly” orbits similar to those shown in Figure 2 
and the regions illed with dots represent chaotic regions.  In these chaotic regions of phase space, the beam 
trajectory changes substantially, with small changes in the input parameter.

Figure 2: Calculated ray trajectories for 200 refl ections inside of a rotationally asymmetric cavity.

Figure 3: Calculated phase-space plot for a cavity with a similar design to that shown in Figure 2.
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A signi icant accomplishment of the work in the past year has been the development of methods for analyzing 
the stability of the multipass gas cell.  For a properly designed multipass cell, the beam can be forced to focus 
over a global focusing time.  During this global focusing time, the envelope of the intensity distribution of the 
wavefront is bounded.  By designing the cell such that the beam is continually focused, the stability of the cell 
is improved because during focusing the trajectories are less susceptible to perturbations at the input.  Figure 
4 demonstrates how the envelope function is bounded by plotting the spatial distance between the peak of 
the Gaussian beam and the 1/e point for different input beam perturbations.

In addition to de ining a metric for the beam stability, we also determined methods for engineering the global 
focusing time by changing both the input beam parameters and the dipole and quadrupole deformations.
We have used these models to design a multipass gas cell with stabilized trajectories that is in the process 
of being fabricated using high-precision milling.  Once the fabrication process is complete, we will coat the 
interior of the cavity with gold.  The inal assembly will be characterized in the following year and the mea-
surement results will be used to verify the models we have developed.

B. Major contributions

This project was added to the ALERT program in September 2013 and has impacted the overall ALERT re-
search and education program in several ways.  Below is a breakdown of the research and educational con-
tributions this project has made to the ALERT program.
First, this program has strengthened the optical detection technologies in the ALERT COE, particularly mid-
infrared technologies, and enhanced the synergy between Thrusts 2 and 3.  
• Used ef icient models to create prototype multipass cell for optical characterization and validation of ray 
trajectory models.  Prototype cell will be used for explosives sensing measurements in Year 2.
• Developed ef icient models for simulating the ray trajectories and phase space of chaotic cavity gas cells.
• Provided an additional platform for the inclusion of mid-infrared technologies into the ALERT COE.  The 
addition of this project enhances the synergy between Thrusts 2 & 3, as well as synergy with commercial 
partners, particularly with Eos Photonics.  
Education Program
• Undergraduate students actively participate in research in Prof. Hoffman’s laboratory.  The students attend 

Figure 4: Spatial distance between the peak of the Gaussian beam and the 1/e for diff erent input perturbations as a 

function of refl ection number; the global focusing time corresponds to the minimum in the curves.
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weekly meetings where they learn about research being carried out by the graduate students and also par-
ticipate in smaller-scale projects.  
• Professor Hoffman has actively engaged the local, alumni and Notre Dame communities by participating in 
Junior Parents’ Weekend, Northern Indiana Science and Engineering Fair and the University of Notre Dame 
Robotics Week.  Each of these events was used to communicate and explain material relevant to the ALERT 
Program and showcase the ALERT COE.  
• In collaboration with Prof. Scott Howard, a new graduate-level course, Fundamentals of Photonics, was 
developed and offered during the spring 2014 semester.  The addition of the course will improve the overall 
ALERT program by providing better-trained students and attracting more students to research relevant to 
the ALERT mission.

C. Future plans

Phase 1 (months 1-5) of the project focuses on characterization of the cavity designed previously.  The initial 
characterization will be performed at visible wavelengths because mid-infrared light is invisible to the un-
aided eye, thus complicating experiments.  The optical path length as a function of beam input angle will be 
measured using a pulse delay measurement at visible wavelengths and compared with the model developed 
in Year 1.  Other beam parameters such as exit angle and beam divergence will also be measured and com-
pared.  The same characterization at mid-infrared wavelengths will follow the visible measurements using a 
quantum cascade laser available from the laboratory.  For this project, to keep costs low and meet the time 
constraints of the program, the wavelength of the laser will not necessarily overlap with the spectral inger-
print of targeted explosives.  The goal of Phase 1 is demonstration of a stabilized chaotic cavity gas cell at 
mid-infrared wavelengths with an optical path-length greater than 2 m, a total cell volume less than 150 cm3 

and greater than 90% re lected power per re lection.
Phase 2 (months 6-12) of the project will be used to demonstrate optical absorption measurements of the 
gas cell characterized in Phase 1.  Direct optical detection will be performed using pulsed and continuous 
wave devices.  Initial optical absorption measurements will be performed using devices available and may 
not spectrally overlap with the spectral ingerprint of targeted explosives.  

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

Prof. Hoffman is actively involved in community outreach, particularly to K-12.  While the programs that he 
participates in are sponsored by other organization, he uses these opportunities to introduce and explain 
material relevant to the ALERT Program and showcases the ALERT program as part of these interactions.  
Since the beginning of this project in September 2013, Prof. Hoffman has engaged students and parents at the 
Northern Indiana Science and Engineering Fair, University of Notre Dame Robotics Week and Junior Parents’ 
Weekend.
Profs Howard and Hoffman have also worked to implement changes to the Notre Dame Department of Elec-
trical Engineering PhD program to include material relevant to the projects Howard and Hoffman are pursing 
as part of the ALERT Program.  This has included the creation of a new graduate course on the Fundamentals 
of Optics and the addition of an optics question to the Ph.D. qualifying examination taken by all irst-year stu-
dents.  These changes have resulted in a large increase in the number of students with experience in optics 
and exposure to the projects being pursued in the ALERT Program.
Owen Dominguez is an incoming Electrical Engineering PhD student.  Mr. Dominguez is working in my labo-
ratory as part of a summer research program.  It is planned that he will spend a part of the summer working 
on this project. 
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V. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

The relevance of this research to the DHS enterprise is in the creation of a detection system with improved 
sensitivity and reduced system complexity and cost.  The small footprint of the anticipated system enables 
expansion and enhancement of multi-mode detection networks for continuous monitoring of areas of inter-
est.  Agencies such as the United States Coast Guard and the Transportation Security Administration (TSA) 
can both bene it from detection networks based on optical sensing.  In addition to the detection of explosives, 
mid-infrared technologies are also appropriate for the detection chemicals used in the manufacturing of il-
licit drugs.  This potential for dual use is particularly useful to the United States Coast Guard, as was indicated 
during the annual review.  

B. Anticipated end-user technology transfer

The project seeks to develop a high-performance, cost-effective multipass gas cell.  As such, the anticipated 
end-users include persons and companies engaged in gas phase absorption spectroscopy.  We have not con-
tacted any companies directly, but we expect that a company such as Southwest Sciences Inc. would be both 
a good end-user and commercialization partner.  Larger companies such as Raytheon or Lockheed may also 
be possible avenues for technology transfer.

VI. LEVERAGING OF RESOURCES

We have initiated conversations with two companies.  Discussions are ongoing and pending upon the results 
of this project, but there is a possibility to pursue external funding in collaboration with either or both com-
panies to develop a detection platform.  One of the companies we have discussed collaborations with is EOS 
Photonics, an industrial member of the ALERT Center.  During our last conversation with Dr. Mark Witinski, 
we discussed the possibility of EOS Photonics sending our lab group one of the mid-infrared sources created 
at his company for use with our cavity.  This collaboration will continue to develop over the next year.
We are also leveraging internal funding sources to help fund the research program, pursue new areas of rel-
evance to the ALERT community and DHS, and increase training and outreach.  This summer, Luis Enrique 
Cortes Herrera from Tecnologico de Monterrey will work on this project as part of a research experience for 
undergraduates (REU) program supported fully by NDNano at Notre Dame.  We are seeking similar funding 
to support additional students (particularly undergraduates), monies for community outreach and funds to 
support exploratory research relevant to the ALERT COE.

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

Pending-
1. M.P. Harter and A. J. Hoffman, “Engineering quasi-chaotic gas cells for continuous-wave spectros-

copy with long optical pathlengths,” in preparation, will be submitted to Optics Express

B. Other presentations

1. A. Hoffman, “Role of Interface Roughness in Mid-infrared and Nonlinear THz Quantum Cascade La-
sers,” University of Notre Dame Condensed Matter and Biophysics Seminar, April 11, 2014 – This 
presentation covered an overview of the research in my group, including fundamental concepts of 
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quantum cascade lasers, nonlinear generation of THz radiation and how to use this light for detec-
tion of explosives or other materials of interest.

2. Seminars
a. A. Hoffman, “Mid-infrared and THz Sources and Technologies,” IBM TJ Watson, May 2, 2014.

3. Brie ings
a. A. Hoffman, “Mid-infrared Technologies for Optical Detection of Explosives.” Indiana Economic Devel-

opment Council, June 4, 2014.
b. A. Hoffman, “Mid-infrared Technologies for Optical Trace Detection.” Consultant for General Electric, 

June 24, 2014.

C. New courses developed and student enrollment

1. New Course(s)
a. New graduate-level course on the fundamentals of photonics developed at University of Notre Dame 

with Prof. Scott Howard. 

D. Software developed

1. Models
a. Cavity Ray Dynamics Numerical Model – We have developed a Matlab-based numerical model for 

simulating the ray dynamics of quasi-chaotic gas cells.  The software will eventually be available and 
suitable for transition to interested parties, but it is currently not in a state for public or private dis-
tribution as new functionality is still being added.
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THRUST R3 
BULK SENSORS AND 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 and Algorithms for 
Millimeter Wave Whole Body Scanning for 
Advanced Imaging Technology (AIT)

Carey Rappaport
Jose Martinez-Lorenzo

Borja Gonzalez-
Valdes
Yuri Alvarez
Richard Moore

R3-B.1 Hardware Design for “Stand-off ” and “On-
the-Move” Detection of Security Threats

Jose Martinez-Lorenzo
Carey Rappaport

Borja Gonzalez-
Valdes
Yuri Alvarez
Richard Moore

R3-B.2 Advanced Imaging and Detection of Secu-
rity Threats using Compressive Sensing

Jose Martinez-Lorenzo
Carey Rappaport

Borja Gonzalez-
Valdes
Yuri Alvarez
Richard Moore

R3-C Standoff  Detection of Explosives: Mid-
Infrared Spectroscopy Chemical Sensing

Samuel Hernández Leonardo C. Pacheco
Pedro M. Fierro
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R3-D Magnetic Resonance Based Detection of 
Illicit Materials
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R3-A.1: Millimeter Wave Whole Body Scanning 

Radar Hardware for Advanced Imaging 

Technology (AIT)

Abstract—The second phase of the Advanced Imaging Technology project is divided into hardware 
research (R3-A.1, this report), and algorithm research (R3-A.2, following report).  The two parts 
work together to develop an improved multi-modality, portal-based passenger screening system.  
Millimeter-wave (mm-wave) scanning and x-ray backscatter, supplemented by Kinnect surface 
depth mapping, have been implemented.   The 56-64 GHz mm-wave imaging system has produced 
several hardware and data processing innovations. These include: a second generation Blade Beam 
refl ector transmitting antenna that produces narrow target illumination to allow accurate stacked 
2D reconstructions of the 3D surface; a carefully positioned multistatic, array receiving antenna for 
artifact-free imaging; and a fast data processing technique, based on the Fast Multipole Method 
(FMM) that produces 2D SAR images from scattered fi eld samples.  The specially-built hardware 
platform facilitates reconfi gurable sensor placement in order to develop the multistatic imaging ra-
dar system.  In addition, a patent-pending algorithm for determining the dielectric constant of weak 
dielectric objects attached to the body – has been developed under R3-A.2 and tested in this project, 
and is now ready for transition to industry as part of a proposed DHS Task Order contract.  These 
improvements lead to faster, more accurate whole body imaging to improve the security screening 
process, with proved detection capabilities validated by means of measurements carried out with a 
fi rst mm-wave portal prototype.

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 rhmoore@partners.org

Dan Busuioc Consultant NEU db.ipaq@gmail.com

Students

Name Degree Pursued Institution Intended Year of Graduation

Matthew Nickerson BS NEU 5/2016

Nigil Lee BS NEU 5/2017

Scott Pitas BS NEU 5/2015

Tiphanie Zeng BS NEU 5/2016

Thurston Brevett BS NEU 5/2018

Michael Woulfe BS NEU 5/2018

Matthew Tivnan BS NEU 5/2017
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II. PROJECT OVERVIEW AND SIGNIFICANCE

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 Whole Body Imaging project is developing an improved multi-modality, portal-based passenger screen-
ing system.  Millimeter-wave (mm-wave), infrared and low frequency microwave sensing are methods being 
pursued.   The 56-64 GHz mm-wave imaging system includes: a patented Blade Beam re lector transmitting 
antenna that produces narrow target illumination to allow accurate stacked 2D reconstructions of the 3D 
surface; a multistatic array receiving antenna for artifact-free imaging; and a fast reconstruction algorithm 
that  signi icantly outperforms conventional Synthetic Aperture Radar processing.  The specially-built hard-
ware platform facilitates recon igurable multi-sensor con igurations. 
With X-ray backscatter systems becoming less favored by the traveling public, especially in Europe, high reso-
lution human body imaging has fallen to mm-wave imaging and detection.  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 misrepre-
senting 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. 
For practical 3D human body screening, real-time capabilities are required, so fast methods for geometry 
reconstruction are needed.  The system that has been developed under ALERT support is based on fast mul-
tistatic Synthetic Radar Aperture (SAR) imaging and introduces several new contributions to the ield of mil-
limeter wave imaging.

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach and major contribution

Three signi icant technological advances have been pursued in the past year in the AIT hardware devel-
opment project: modularized mm-wave radar electronics realization, new elliptical torus re lector design 
for multistatic broadband blade beam illumination and successful experimentation with low-loss dielectric 
slabs af ixed to the body.

A.1 Modularized mm-wave electronics

The millimeter-wave imaging system was designed around a low-cost, highly-integrated, wide-bandwidth, 
transceiver chipset as described in [1]. A block diagram of the system is shown in Figure 1, with black lines 
representing signal lines, red trigger lines, orange clock lines and blue control lines.  The transceiver chipset 
was designed for high-speed, indoor, wireless communication using the unlicensed 60 GHz band. The chipset 
provides 8 GHz of bandwidth split into 16 separate 500 MHz bands in the range 56.5–64.5 GHz. The entire 
bandwidth is covered with a baseband input signal in the range 5–550 MHz. Although the transceiver chip-
set was not intended for use in millimeter-wave imaging, with appropriate modi ication, it can function as a 
wideband stepped-frequency radar:  i) The transmitter and receiver operate on a common clock; ii) Both the 
transmitted and received signals are sampled; and iii) A phase coherence mechanism is used to combine the 
16 separate 500 MHz bands into 8 GHz of imaging bandwidth.  The notable aspect of this novel design (with 
provisional patent) is that the clock signal – shown in orange – carries relatively low frequency signals, and 
therefore can use long lengths of standard, lexible cable, thereby allowing the transmitters and receivers 
to be widely separated for multistatic radar operation. The design, realized with component hardware, was 
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built, tested and proved to be effective in the previous year.
Progress in the past year has resulted in an RF printed circuit board 
custom design as seen in Figure 2a and realization, Figure 2b. As shown 
in Table 1, besides size advantages, the printed circuit version offers 
signi icant cost reduction.  Since the eventual full mm-wave radar sys-
tem will require multiple channels for multiple views, it may employ 
as many as 32 receivers.  Reducing the cost per receiver from $23.5K 
to $160 brings the total receiver cost down from a prohibitive $752K 
to about $5K (with comparable cost reductions for the transmitters).  
In addition, the Hittite transceiver chip [2] incorporates an integrated 
wide-beam antenna (shown in the lower right corner in Figs. 2a and 
2b).  The PC board will be mounted with the integrated antenna posi-
tioned in the feed region of the new torus re lector (discussed in the 
next section).  This will eliminate the need for expensive, heavy and 
dispersive waveguide, and since the antenna is in the board corner, the 
boards can be packed closely, overlapping 80% of an adjacent card.

Hybrid PC proto-

type

PC pro-

duction

Notes

RF and μwave 

components

$12,000 $128 $25 Hittite chip with integrated antenna

Supporting electronics: 

power supply, control

$200 – 500 $90 $10 Low-volume to high-volume cost ratio   10:1 

Mechanical >$500 $25 $5 Hybrid uses high precision mechanical 

supports, etc. 

Digitizer electronics $10,000 $1,000 <$100  Use integrated TI digitizer on-board for 

production

Cabling $300 – 500 $50 <$10  Hybrid precision-matched   

Total cost $23,500 ~ $1,275* < $160*   *Cost driven by digitizer

Figure 1:   Block layout of a single 

channel of the novel multistatic mm-

wave imaging radar.

   a)            b)

Figure 2:  Custom designed PC board with Hittite transceiver chip: a) Multilayer PC layout (left), and b) PC component 

placement on board (right).

Table 1:  Cost comparison for original, second generation PC prototype and production version estimates.
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A.2 New elliptical torus re lector design for multistatic broadband blade beam illumination

The irst phase of this ALERT project conceived and demonstrated the effectiveness of the Blade Beam re lec-
tor to illuminate narrow sections of a subject, facilitating ef icient high resolution processing of body con-
tours. The second phase has now been building on the lessons learned from Phase 1.  In particular, it was de-
termined that the near ield mm-wave imaging of large convex objects, such as a human torso, is much more 
dependent on specular ray paths than previously thought.  No amount of focusing can overcome the effects 
of glancing incidence.  If representative rays re lect from an object in directions with no receiving antennas, 
no ield will be observed.  Armed with this realization, it became clear that a single transmitter, even one with 
as carefully tailored illumination as the Blade Beam elliptical/parabolic re lector, cannot effectively probe 
the entire front of a torso.  To accomplish this complete imaging requirement, multiple incident directions of 
transmittance are needed.  Either multiple re lectors had to be used, or a new design is necessary.
The current novel re lector design borrows from satellite re lector concepts by blending multiple individual 
re lector surfaces into a single large section of a torus; circular in the horizontal plane and offset elliptical 
in the vertical plane.  Because of the elliptical vertical pro ile, the torus re lects rays from the system feed to 
a second focus at the target object; and with the appropriate choice of offset and circle radius, the rays can 
be made to be essentially parallel in the horizontal plane (for any given feed position).  Thus, this surface 
piecewise approximates the previously developed Blade Beam surface.  Figure 3a shows the torus re lector 
with the two foci in the plane of symmetry.  Figure 3b is a top view of this re lector, indicating in blue the arc 
of possible feed locations.  Note that the feed focus lies in the plane which contains the bottom edge of the 
torus, while the target focus is in the plane of the ellipse vertex (furthest point to the left), and that the center 
of rotation is at (x, y) = (0, 0).

By circular symmetry, any feed on the feed arc will generate the same set of re lected rays tilted by the angle 
of the feed from (0, 0) relative to the y-axis.  Figure 4a on the next page shows the top view of the re lector 
numerically illuminated by a feed in the central position, and Figure 4b on the next page shows a perspec-
tive view, also indicating the ield on the torso target.  Only the central section of the re lector is illuminated, 
but the torso is almost entirely illuminated from side to side, and the illumination is very narrow vertically.  
Figure 5 on the next page shows the illumination when the feed is positioned on the feed arc at 45 degrees 
relative to the y-axis.  Only the right side of the re lector is illuminated, and the right side of the torso is illumi-
nated by a similar blade beam.  Because the rays in this case are inclined 30 deg. in azimuth, most of them will 
re lect back to the re lector, rather than forward, away from the antenna; fewer specular rays will be missed. 

              a)        b)

Figure 3:  Off set elliptical torus refl ector: a) perspective view (left) and b) top view (right). 
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One advantage of using this type of symmetric torus re lector is that it can be used for both transmission and 
reception. Receiving antenna elements can be interspersed with transmitting elements along the feed arc, 
each using overlapping sections of the re lector.  In effect, the re lector provides multiple independent high 
gain beams for all radar modules in the transmit and receive arrays. Figure 6 illustrates this effect, as seen 
from above, for imaging as much of the torso as possible.  In this case, ive transmitters, located at 0, ±22.5, 
and ±45 deg. are used in turn, with 151 idea receivers evenly spaced across the ±60 deg. arc.  Figure 6a shows 
the reconstruction when the receivers are pointed to the re lector and, as such, gather more of the scattered 
waves, while Figure 6b is the image that results when the receiving antenna elements are instead pointing to 
the torso.  Note the much closer agreement to the true torso contour (in green) for the re lector-based receiv-
ing scheme.  In particular, the imaging correctly reconstructs the contour for all but the inal 10% (edges) 
where the specular rays re lect forward and away from the antenna.

              a)        b)

Figure 4:  Torus refl ector illumination: a) top view (left), b) perspective view also showing illumination of target (right). 

Figure 5:  Torus refl ector illuminated by feed at 45 deg., also showing illumination of target. 

              a)        b)

Figure 6:  Imaging results using 5 transmitters at 0, ±22.5, and ±45 deg. illuminating the torus refl ector: a) using the 

refl ector with 151 receiving elements (left), b) using just the 151 receiving element directly (right).  
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One open area of research is the choice of number and best positions of the receiving and transmitting ele-
ments.  The resolution of the reconstructed image is proportional to the combination of the point spread 
function (PSF) of the transmitter and the receiver.  If the nulls of one line up with the sidelobes of the other, 
the image becomes clearer.  Array periodicity tends to produce grating lobe artifacts, so non-uniform element 
distributions are preferable.  With these thoughts in mind, it is possible to thin both the transmit and the re-
ceive array, as long as elements remain non-uniformly distributed and uncorrelated.  Genetic algorithms are 
being pursued to optimize the element con igurations.

A.3 Experiments with dielectric slabs

The previous ALERT algorithm research in characterizing weak dielectric slabs af ixed to the body has been 
tested and validated in the past year with the mm-wave hardware in the AIT lab.  We use a lat metal plate as 
a skin simulant and a speci ically formulated paraf in-TiO2 TNT surrogate for the multistatic 56-63 GHz imag-
ing experiment.  Figure 7 shows a photograph of the paraf in block taped to the metallic backing, positioned 
on a microwave-transparent Styrofoam stand.  Horizontal slices were measured every 0.5 cm and each re-
constructed separately.  Figure 8a on the next page shows the raw reconstruction of slice 17, approximately 
halfway down from the top of the plate.  The plate is well-imaged with high intensity corresponding closely 
to the true 12 cm width of the plate, and the central portion of the image indicating retardation of the signal 
at the position of the explosive simulant.  This retardation is characteristic of a weak dielectric slab, due to 
the reduced propagation velocity in the dielectric causing an increase in the time for the wave to re lect from 
the conducting surface behind it.  This image is noisy, and a simple processing approach has been developed 
to clarify it.  Figure 8b on the next page is the result of applying a poor, under-sampled and un iltered Ra-
don/inverse Radon transform to the data in Figure 8a.  This processing has the effect of smearing out details 
within the high intensity region without widening the perimeter of the region.  Now, applying a thresholding 
and column-by-column peak detection provides the estimated contour of the slice, as shown in Figure 9 on 
the next page.  The 2.3cm depression (increased range) in the center of the reconstructed plate corresponds 
almost exactly to the expected value of the 3.4cm thick slice of material with dielectric constant 2.9, as given 
by the formula:

This process was repeated for all the slices of the plate, then registered and stacked.  The resulting surface 
image is given in Figure 10 on the next page.  This reconstruction shows the shape, size, and position of the 
explosive simulant, and its depth characterizes its dielectric constant.

     1depres thick TNTD D  

Figure 7:  Experimental setup of paraffi  n block diagonally mounted on a metal plate. 
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              a)        b)

Figure 8:  a) Raw SAR single slice reconstruction of the fl at metal plate with paraffi  n block (left), b) Radon/inverse Radon 

processed image with smeared peaks within high-intensity region (right). 

Figure 9:   Contour detection of paraffi  n block on metal slice with threshold and column peak processing. 

Figure 10:   Stacked slices of paraffi  n block on metal slice using contour detection.  
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B. Future plans

B.1 Modularized mm-wave electronics

The new PC board is being assembled, and will be tested in the coming months.  First, the receiver module 
will be built and swapped into the existing lexible radar hardware mounting platform to verify that it per-
forms as well as the current hybrid component-based module.  Then, the transmitter module will replace the 
current transmitter. And inally, multiple modules will be mounted in the new torus re lector feed region to 
test the sparse ixed feed array. Once the electronics are shown to be operational, multiple units will be built 
and incorporated into the full radar imaging system.

B.2 Elliptical torus re lector

The new re lector concept has been optimized for human target implementation, and modeled to validate 
its expected performance.  On-going work involves optimizing the number and positions of transmitters and 
feeds, fabricating the re lector surface, precisely mounting the re lector and feeds and conducting a full set of 
experiments with a variety of inanimate and human targets to test 
its effectiveness.  Eventually the goal is to transition the entire mul-
tistatic system to industrial mm-wave security scanner vendors for 
product development and widespread installation.  To fabricate the 
re lector, we are engaging with several machine shops with CNC 
milling machines to cut the high tolerance surface.  As the entire 
re lector is almost 2m wide, we anticipate fabricating four identical 
surface sections to be bolted together.  High precision alignment 
will be necessary to join the sections and maintain a 0.01cm toler-
ance.  A preliminary drawing of the four joined sections is shown 
in Figure 11. 

B.3 Dielectric slab experiments

Continuing research in this subproject will be to perform experiments with different materials and sub-
strates:  curved torso-like metal surfaces, real human body surfaces, non-planar slabs, slightly conductive 
materials, such as rubber and wood.  In addition, we will examine multistatic non-specular scattering as a 
means of providing additional information to determine both the thickness and dielectric constant.  Experi-
ments will be conducted to support new algorithm development in R3-A.2, which will use the low intensity 
signal pattern preceding the retarded signal as added information about the slab thickness.

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

A.  Student internships

1. Two DHS Research Experiences for Undergraduates students (including two minority students) 
during summer,

2. Three DHS Career Development Grant master degree research assistant students, 
3. Two volunteer undergraduate internships. 

B. Interactions and outreach to K-12

1. One NSF Young Scholar Program high school student working on mm-wave anomaly detection 

Figure 11:   SolidworksTM drawing of four 

joined refl ector sections.
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V. RELEVANCE AND TRANSITION

A.  Relevance of your research to the DHS enterprise

Passenger screening is an essential part of the DHS/TSA mission and this research is relevant for the follow-
ing reasons:
• An improved technology platform and associated algorithms reduce detection errors and decrease false 

positive results.
• Newly designed radar modules using RF printed circuit radar electronics have lowered the cost of imple-

mentation by almost two orders of magnitude, allowing for signi icant cost reduction while simultane-
ously improving performance.

• Higher resolution coupled with new feature detection will allow more automatic threat detection, less 
human inspector involvement, and greater passenger comfort.

• A well-conceived experiment is essential to validate models, inversion principles, and the concept of op-
eration.

• Infrastructure has been fabricated to be modular, expandable, and scalable, so it can be used as a platform 
for a variety of readily fused co-registered security screening modalities.

• Accurate computer-controlled motion allows rapid data collection and validation for multiple trials with 
large parameter variation.

• Future advancements in mm-wave hardware will be readily implemented and tested on the lexible hard-
ware platform.

B. Anticipated end-user technology transfer

AIT manufacturers, such as L3 Communications, Inc., Smiths, as well as portal scanner suppliers, such as 
Rapiscan, have expressed interest in our technology.  The challenge will be to establish the value of upgrading 
their individual approaches with our novel approach.

VI. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

1. Gonzalez Valdes, B., Allen, G., Rodriguez-Vaqueiro, Y., Álvarez, Y., Mantzavinos, S., Nickerson, M., Mar-
tinez Lorenzo, J.A., Las-Heras, F., and Rappaport, C., “Sparse Array Optimization using Simulated An-
nealing and Compressive Sensing for Near-Field Millimeter Wave Imaging,” IEEE T. Ant. Prop. vol. PP, 
no. 99, Nov. 2013.

 Pending-
1. Álvarez, Y., Gonzalez-Valdes, B., Martínez, J. A., Las-Heras, F., and Rappaport, C., “SAR imaging-based 

techniques for Low Permittivity Lossless Dielectric Bodies Characterization,” accepted for publica-
tion in IEEE T. Ant. Prop.

2. Alvarez, Y., Rodrguez-Vaqueiro, Y., Gonzalez- Valdes, B., Mantzavinos, S., Rappaport, C., Las-Heras, 
F., and Martinez-Lorenzo, J. A., “Fourier-based Imaging for Multistatic Radar Systems,” accepted for 
publication in IEEE Transactions on Microwave Theory and Techniques.
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B. Peer reviewed conference proceedings

1. Mantzavinos, S., Gonzalez-Valdes, B., Busuioc, D., Miller, R., Martinez-Lorenzo, J. A., Rappaport, C., 
“Low-Cost, Fused Millimeter-Wave and 3D Point Cloud Imaging for Concealed Threat Detection,” 
IEEE Int’l Ant & Prop Symp, July 2013, pp. 1014 – 1015.

2. Álvarez, Y., Las-Heras, F., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Rappaport, C., “Low Permit-
tivity Dielectric Object on Conductor Characterization,” IEEE Int’l Ant & Prop Symp, July 2013, pp. 
822 – 823.

3. Álvarez, Y., Las-Heras, F., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Rappaport, C., “Accurate Pro ile 
Reconstruction Using An Improved SAR Based Technique,” IEEE Int’l Ant & Prop Symp, July 2013, 
pp. 818 – 819.

4. Álvarez, Y., Las-Heras, F., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., and Rappaport, C., “Material 
characterization using a millimeter wave portal-based imaging system for security screening,” IEEE 
Homeland Security Technology Conference, October 2013, six pages.

C. Other presentations

1. Seminars
a. Carey Rappaport, Overview of ALERT, 2/10/14, Passport Systems Collaboration
b. Carey Rappaport, “Improved Mm-Wave Whole Body AIT Threat Discrimination,” 2/12/14, Lin-

coln Lab visit to AIT Lab 
c. Carey Rappaport, “Advanced Airport Security Scanners: How They Work, But Why Superman 

Wouldn’t Be Satis ied with What They Reveal,” 3/24/14, Northeastern University Scholars Pro-
gram, Master Class 

d. Carey Rappaport, “Opportunities and Challenges for Advanced Mm-Wave Radar Whole Body Se-
curity Scanning,” 4/16/14, ALERT ASPIRE Conference

2. Poster Sessions
a. Thurston Brevette, Michael Woulfe, Borja Gonzalez, Jose Martinez, Carey Rappaport, “Advanced 

imaging technologies for whole body imaging applied to security related threats.” 4/10/14, 
Northeastern University Research Innovation and Scholarship Expo

D. Technology Transfers/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. “Doubly Shaped Re lector Transmitting Antenna for Millimeter-Wave Security Scanning System,” 

Carey M. Rappaport and Borja Gonzalez Valdes,U.S. patent pending.
b. “Modular Superheterodyne Stepped Frequency Radar System for Imaging,” Carey Rappaport, 

Spiros Mantzavinos, Borja Gonzales Valdes, Jose Angel Martinez-Lorenzo, Dan Busuioc, provi-
sional patent.

E. Software developed

1. Multistatic FFT based SAR processing.

F. Requests for assistance or advice

1. From DHS
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a. Assisted Johns Hopkins University Applied Physics Laboratory working with Jason Hull and Bill 
Garrett from TSA to help develop a technology maturity roadmap for the Passenger Screening 
Program.

VII. REFERENCES

[1] Reynolds, S.; Valdes-Garcia, A.; Floyd, B.; Beukema, T.; Gaucher, B., Duixian Liu; Hoivik, N.; Or-
ner, B.; , ”Second Generation 60-GHz Transceiver Chipset Supporting Multiple Modulations at Gb/s 
data rates,” Bipolar/BiCMOS Circuits and Technology Meeting, 2007 BCTM ’07. IEEE , pp.192-
197, Sept. 30 2007-Oct. 2 2007.

[2] http://www.hittite.com/press_releases/index.html/view/745
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R3-A.2: Computational Models and Algorithms 

for Millimeter Wave Whole Body Scanning for 

Advanced Imaging Technology (AIT)

Abstract—The second phase of the Advanced Imaging Technology project is divided into algorithm 
research (R3-A.2, this report), and hardware research (R3-A.1, previous report).  The two parts 
work together to develop an improved multi-modality, portal-based passenger screening system.  
Millimeter-wave (mm-wave) scanning and X-ray backscatter, supplemented by Kinnect surface 
depth mapping, have been implemented.   The 56-64 GHz mm-wave imaging system has produced 
several hardware and data processing innovations. These include: a second generation Blade Beam 
refl ector transmitting antenna that produces narrow target illumination to allow accurate stacked 
2D reconstructions of the 3D surface; a carefully positioned multistatic, array receiving antenna for 
artifact-free imaging; and a fast data processing technique, based on the Fast Multipole Method 
(FMM) that produces 2D SAR images from scattered fi eld samples.  The specially-built hardware 
platform facilitates reconfi gurable sensor placement in order to develop the multistatic imaging ra-
dar system.  In addition, a patent-pending algorithm for determining the dielectric constant of weak 
dielectric objects attached to the body – has been developed under R3-A.2 and tested in this project, 
and is now ready for transition to industry as part of a proposed DHS Task Order contract.  These 
improvements have resulted in faster, more accurate whole body imaging with the ability to improve 
the security screening process, with proven detection capabilities validated by means of measure-
ments carried out with a fi rst mm-wave portal prototype.

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 rhmoore@partners.org

Dan Busuioc Consultant NEU db.ipaq@gmail.com

Students

Name Degree Pursued Institution Intended Year of Graduation

Galia Ghazi PhD NEU 12/2014

Yolanda Rodriguez-Vaqueiro PhD NEU 12/2014

Greg Allan BS NEU 5/2016

Jenna Czech BS NEU 5/2017

Diana Regalbuto BS NEU 5/2018

Abeco Rwakabuba REU Middlesex Community College 5/2014
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II. PROJECT OVERVIEW AND SIGNIFICANCE

As people enter secure areas, it is important that they be scanned to ensure they are not entering with weap-
ons 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 Whole Body Imaging project is developing an improved multi-modality, portal-based passenger screen-
ing system.  Millimeter-wave (mm-wave), infrared and low frequency microwave sensing are methods being 
pursued.   The 56-64 GHz mm-wave imaging system includes a patented Blade Beam re lector transmitting 
antenna that produces narrow target illumination to allow accurate stacked 2D reconstructions of the 3D 
surface; a multistatic array receiving antenna for artifact-free imaging; and a fast reconstruction algorithm 
that  signi icantly outperforms conventional Synthetic Aperture Radar processing.  The specially-built hard-
ware platform facilitates recon igurable multi-sensor con igurations. 
With the X-ray backscatter system becoming less favored by the traveling public, especially in Europe, high 
resolution human body imaging has fallen to mm-wave imaging and detection.  Mm-waves pass though cloth-
ing 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, for example reconstruction artifacts, such as dihedral effects, and misrep-
resenting 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. 
For practical 3D human body screening, real-time capabilities are required, so fast methods for geometry 
reconstruction are needed.  The system that has been developed under ALERT support is based on fast mul-
tistatic Synthetic Radar Aperture (SAR) imaging and introduces several new contributions to the ield of mil-
limeter wave imaging.

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach and major contribution

Four signi icant technological advances have been pursued in the past year in the AIT algorithm development 
project:  radon transform image processing, algorithm development for dielectric slabs attached to skin, com-
pressive sensing for portal mm-wave scanners, and multistatic FFT-based reconstruction algorithms.

A.1 Radon transform image processing

The mm-wave AIT radar operates at the limits of the desired resolution. Accurately determining the recon-
structed imaged object contours is often challenging because of wide range bins and cross range bins com-
bined with imaging artifacts.  A novel approach has been developed to smooth out the image intensity varia-
tions and facilitate contour estimation.  The important aspect of this image processing procedure is that the 
length and width of the high intensity region remain the same after processing. The Radon transform is a 
series of planar projections of data values in speci ic directions, modeling the effect of multi-view trans-
mission x-ray attenuation.  When these projections are iltered and inverted with the Fourier-based inverse 
Radon transform, the internal structure of the data values is reconstructed.  This is the basis of computer-
ized tomography. If iltering is not done, and if too few angular projections are taken, the internal structure 
is blurred.  However, since the transform is based on projections, the external envelope of the high intensity 
image region is not signi icantly expanded as it would be with simple low-pass spatial iltering.
Figure 1 demonstrates the effectiveness of this algorithm.  The raw SAR image of a curved slice of a torso that 
was measured with the mm-wave radar developed in ALERT Project R3-A.1 is shown in Figure 1a.  A square 
metallic box was af ixed to the torso section as a discrete anomaly.  The torso and box are imaged fairly well, 
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with alternating 1 cm wide streaks of high intensity re lectivity values ranging from 2 to 5 cm long.  As the 
resolution limit of the radar is about 2 cm, the alternating structure of the image is arti icial, and it should be 
homogenized.  As a reference, the true torso and box contours are shown in green.  Although the true position 
of the contour matches the image well, it is challenging to automatically process the image data to estimate 
this contour.  Figure 1b shows the result of performing the Radon transform on the image data of Figure 1a 
for 23 unevenly spaced angles from 0 to 180 deg., followed by the inverse Radon transform.  This process is 
automatic and very fast, and the results are excellent, with almost the entire interior region blended together 
without widening or lengthening its periphery.  For this processed image, choosing the midpoint of the high 
intensity region for each column approximates the true contour – including the box – quite well.  The Radon 
transform image processing algorithm provides a fast, non-iterative method for minimizing image artifacts, 
allowing precise contour estimation.

A.2 Algorithm for dielectric slab characterization

On-going research to simultaneously characterize both the dielectric constant έ and the thickness d of weak 
dielectric slabs attached to the body has yielded a new method which will potentially work for multi-mono-
static radar systems.  Last year, we presented and published a method to determine d and έ using multistatic 
radar, considering both the normally re lected rays and the obliquely re lected rays, which requires a receiver 
symmetrically separated from the transmitter.  When using only a single transceiver, as currently employed 
systems do, only the normals rays can be sensed.  Without the second oblique measurement, determination 
of both d and έ is problematic.

 a)        b)

Figure 1:   a) Raw SAR reconstruction of measured mm-wave radar data for a curved metallic torso surrogate with 

attached square pipe (left); b) Radon processed image using raw reconstruction (right).  Green lines are true contours.
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The new approach supplements the observation that the image of the skin re lection through the slab is de-
pressed a distance                                          with the appreciation of the inite bandwidth of the point spread func-
tion.  Using the same measured data, the bandwidth of observed data can be manipulated to provide a second 
degree of freedom to generate a second independent equation, and thus a means of solving for both of the 
unknowns.  In particular, if the reconstructed distance separating the re lection from the front and from the 
back of the dielectric slab is exactly two range bins c/BW, then there must be a deep and narrow null midway 
between them, where the nulls of the PSF of each interface re lection coincide.  Thus:

Of course measuring the position of the front interface re lection would provide d directly, but often this 
re lection is very weak, and if the PSF from the back re lection destructively interferes with it, it becomes al-
most undiscernible.  Instead, concentrating on the particular bandwidth which produces the deepest null at 
half a range bin preceding the back re lection (and at half the range to the front face re lection) readily gives 
the thickness d using the above equation.
Figure 2 illustrates this algorithm for a 3 cm thick TNT slab (έ = 2.9, yellow dots) on skin (green dots), illu-
minated from the top of the igure with 55-65 GHz mm-wave radar (on left) and 55-61 GHz radar (on right).  
Even though the 10 GHz bandwidth image has higher imaging resolution, the interaction between the PSFs 
ill their respective nulls to the -15 dB level.  The 6 GHz bandwidth case, however, has a range resolution of 

c/2BW = 2.5cm, and since                         , the PSF null from the lower re lection lines up with the null from the 
upper re lection, producing a clear, deep -30 dB null on the image between ranges -1.7 and +1.2cm.  This null 
is much easier to identify on SAR images than a low intensity peak, and hence is a strong feature for auto-
matic detection algorithms.

A.3 Compressive sensing for portal mm-wave scanners

One of the limitations of the proposed portal-based system is the minimum number of receivers in the arcs. 
According to the minimum sampling rate criterion for the proposed system (f = 60 – 66 GHz, human body 
having a maximum cross-range size of ~40 cm), the minimum number of receivers on each arc to avoid SAR 
image aliasing is approximately 150. Reducing the number of receivers and thereby the cost, complexity and 

    1echod d   

   echod d d   

  
 

c
BW



  5.1d  

                  a)                  b)

Figure 2:   Modeled radar reconstruction of 3 cm thick slab of TNT (yellow dots) on skin (green dots), incident fi eld 

from top of fi gure:  a) 55-65 GHz (left); b) 55-61GHz (right).
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measurement time, without compromising the quality of the reconstructed image, is the purpose of this re-
search. For this goal, Compressed Sensing (CS) techniques, which have been successfully applied in several 
SAR imaging problems [1] are proposed.
Compressed Sensing (CS) [6-10} is a relatively novel signal processing theory, which states that sparse sig-
nals can be recovered using far fewer samples or measurements than that required by the Nyquist sampling 
criterion. The Nesterov algorithm [9], provided as a Matlab toolbox, limits the calculation time (60s in a con-
ventional laptop with matrix size N = 100⤫100). The choice of this algorithm is based upon superior results 
when compared to other norm-1 minimization techniques.
The physical basis for the sparsity that is exploited by the CS SAR imaging comes from the fact that the in-
cident ield does not penetrate appreciably nor scatter from points inside the human body, so for a 2D slice, 
only a narrow layer, corresponding to the body surface where electric currents are induced, will be recov-
ered. Thus, the resulting 2D image will be sparse. CS is successful in reducing the amount of samples needed 
for good inversion results in most SAR imaging systems. Usually, CS images are generated with just 25-30% 
of the samples required by the Nyquist sampling criterion. In this section, an application example of the CS 
techniques for the proposed personnel screening system is presented. 
For an initial con iguration, a 90º-arc with 150 receiving positions placed at z = 0 m is considered. As a test 
case, two metallic objects are af ixed to a human body torso. The forward problem is simulated with physical 
optics (PO), assuming that the human body behaves as a good conductor in the 60.6-66 GHz frequency band, 
sampled at 600 MHz frequency steps (F = 10). A Signal-to-Noise ratio of 30 dB is considered, by adding white 
Gaussian noise to the simulated scattered ield. The reconstruction slice is (x, y) = (0.3, 0.3) m, centered at 
(x, y) = (0, 0.15) m, with z = 0 m.
The results for traditional SAR imaging using the algorithm described in [10] are plotted in Figure 3a for a 
densely packed array. Both the human body torso and the anomaly (both in green) at the chosen slice are 
recovered. Next, the number of receivers is reduced to 40 (reduction of 73%).  The contour is partially re-
covered in Figure 3b, but the imaging aliasing artifacts make precise determination impossible. When the CS 
algorithm is applied to 40 non-uniformly distributed receivers, Figure 3c, the results are stunningly good, 
matching the green line better than the dense array.

A.4 Multistatic FFT-based reconstruction algorithms

Fourier-based methods for monostatic and bistatic setups have been widely used for high-accuracy radar im-
aging. However, the multistatic con iguration has several characteristics that make Fourier processing more 

Figure 3: Reconstruction of synthetic torso with object (true contour: green line): a) Standard densely sampled receiving 

array with 150 elements, b) under-sampled array with 40 uniformly spaced elements along the same overall size array, 

and c) 40 element optimally positioned array with Compressive Sensing processing.
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challenging: i) a non-uniform grid in k-space, which requires multidimensional interpolation methods, and 
ii) image distortion when the incident spherical wave is approximated by a plane wave. This sub-project 
derived the irst ever Fourier-based imaging method for multistatic systems. Multistatic FFT-based imaging 
requires using multidimensional interpolation techniques, which map the data in the k-space from a non-
uniform grid into a uniform one. To overcome the issue of computational cost, the k-space is split into several 
regions where multidimensional interpolation is applied.  The details of the method – which is applicable to 
both standoff and portal mm-wave radar imaging systems – is described in Project Report R3-B.2.
A 3D AIT portal-type simulation using the Physical Optics code [12], [13] as a forward scattering model is 
described in the following section.  The problem setup is depicted in Figure 4. The working frequency band 
is from 60 to 66 GHz (the same as in [14]), with 600 MHz-steps. The scattered ield observation domain is 
120x90 cm, discretized every 25 mm (0.55 l at 66 GHz), yielding 481x361 acquisition points. The transmitter 
is placed 5 cm ahead of the observation domain, for better observation of the incident ield compensation 
distortion. Range resolution (z-axis) is 25 mm, and cross-range resolution is 15 mm (x-axis) x 19 mm (y-axis). 
Again, no windowing function is considered. The object under test is a 44x44x4.4 l metallic object curved 
about the y-axis, with several holes, the smallest being 1x1 cm. It was chosen so that most of the scattered 
power falls on the observation domain.
Fourier results for re lectivity when 4x4 phase center speci ication are considered are in Figure 4b. The RMS 
error between conventional SAR processing and FFT is -25 dB when 16 phase centers are considered. Fouri-
er-based imaging for the 16 phase center speci ication takes 9000 s.  This compares to SAR backpropagation 
for the same geometry, which requires 252000 s, 28 times slower.  Large calculation times (both for Fourier 
and SAR) are due to: i) the use of single-core calculation; ii) the hardware itself (laptop); iii) the electrically 
large problem-under-test; and iv) the use of a Matlab®-based implementation.

The Fourier-based method overcomes two of the main limitations that Fourier processing has for this ra-
dar con iguration: i) non-uniform grid in k-space, requiring multidimensional interpolation methods; and 
ii) image distortion when approximating spherical wave-like OUT illumination with plane waves. The irst 
drawback is solved by using k-space partitioning, applying interpolation on every domain. The second takes 

 a)          b)

Figure 4: a) Layout of the 3D imaging system and simulated fi eld at the receiver positions on a two dimensional aperture 

with object under test (gray shape) positioned off -center. Transmitter is represented with a white dot; b) Recovered 

refl ectivity (-6dB isosurface, in gray). XY, XZ, and YZ views; 16 phase center specifi cations are considered.
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advantage of using multiple incident plane waves, each referred to a phase center speci ication within the 
imaging domain.  Both solutions are fully parallelizable, thus allowing calculation time savings; multi-core 
computers and GPU hardware are suitable for this purpose.

B. Future plans

B.1 Radon transform image processing

The plan is to test and re ine the algorithm for different materials and shapes, and to automate for stacked 
contour to generate images with smooth, regular surfaces.

B.2 Algorithm for dielectric slab characterization

The plan is to test for robustness for different thicknesses and dielectric materials, consider slightly conduc-
tive material and extend the algorithm for non-planar layers of material.  This will involve determining the 
piecewise specular rays combined with the re lections form inclined front surfaces.

B.3 Compressive sensing for portal mm-wave scanners

Continuing research in this subproject will be to apply CS principles to the elliptical torus re lector described 
in Project Report R3-A.1 to reduce the number of transmitting and receiving elements without degrading 
image quality.  Since the required image feature is always the body and anomaly contour, the sparsity con-
straint is maintained when the mm-waves are re lect from the torus surface. It is anticipated that combining 
optimum non-uniform element spacing with CS processing could lead to a reduction of 75%, with perhaps as 
few as 16 transmitting and 16 receiving elements being needed to accurately image most of the front surface 
of a torso.

B.4 Multistatic FFT-based reconstruction algorithms

The next phase of this research will be primarily to convert the existing SAR processing for most of the AIT 
imaging experiments to FFT-based processing, and verify that the 1-1/2 order of magnitude speed up applies 
for general imaging geometries.  In addition, performance limitations will be studied, and extensions with 
custom formulation for particular classes of problems will be explored.

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

A. Student internships

1. Two DHS Research Experiences for Undergraduates students (including two minority students) 
during the summer.

2. Three DHS Career Development Grant master degree research assistant students.
3. Two volunteer undergraduate internships. 

B.  Interactions and outreach to K-12

1. One NSF Young Scholar Program high school student working on mm-wave anomaly detection.

ALERT 
Phase 2 Year 1 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors and Sensor Systems 

Project R3-A.2

217



V. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

Passenger screening is an essential part of the DHS/TSA mission and this research is relevant for the follow-
ing reasons:
• An improved technology platform and associated algorithms reduces detection errors and decrease false 

positive results.
• Higher resolution coupled with new feature detection will allow more automatic threat detection, less 

human inspector involvement, and greater passenger comfort.
• Accurate computer-controlled motion allows rapid data collection and validation for multiple trials with 

large parameter variation.

B. Anticipated end-user technology transfer

AIT manufacturers, such as L3 Communications, Inc., Smiths, as well as portal scanner suppliers, such as 
Rapiscan, have expressed interest in our technology.  The challenge will be to establish the value of upgrading 
their individual approaches with our novel approach.

VI. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles 

1. Álvarez, Y., Laviada, J., Tirado, L., García, C., Martínez-Lorenzo, J.A., Las- Heras, F., and Rappaport, C., 
“Inverse Fast Multipole Method for Monostatic Imaging Applications,” Geoscience and Remote Sens-
ing Letters, Vol. 10, no. 5, pp. 1239-1243, Sept. 2013.

2. Rodríguez-Vaqueiro, Y., Álvarez, Y., Gonzalez-Valdes, B.  Martínez, J. A., Las-Heras, F., and Rappaport, 
C., “On the Use of Compressed Sensing Techniques for Improving Multistatic Three-dimensional 
Millimeter-Wave Portal-Based Personnel Screening,” IEEE T. Ant. Prop.,  vol. 62, no. 1, Jan. 2014, pp. 
494 - 499.

3. Gonzalez-Valdes, B.; Martinez-Lorenzo, J.A.; Rappaport, C.M., “A New Fast Algorithm for Radar-Based 
Shape Reconstruction of Smoothly Varying Objects,” IEEE Ant. Wireless Prop. Lett., Vol.12, no., pp. 
484-487, 2013.

4. Álvarez, Y., Rodriguez-Vaqueiro, Y., Gonzalez-Valdes, B., Martínez, J. A., Las-Heras, F., and Rappaport, 
C., “Phase error compensation using Compressed Sensing techniques,” IEEE Antennas & Wireless 
Propagation Letters, vol. 12, no. 12, Dec. 2013, pp. 1574 - 1577.

 Pending- 
1. Gonzalez-Valdes, B., Alvarez, Y., Martinez-Lorenzo, J. A., Las-Heras, F., and Rappaport, C., “On the 

Combination of SAR and Model Based Techniques for High-Resolution Real-Time Two-Dimensional 
Reconstruction,” accepted for publication in IEEE Transactions on Antennas and Propagation.

B. Peer reviewed conference proceedings

1. Rodriguez-Vaqueiro, Y., Gonzalez-Valdes, B., Martinez-Lorenzo, J. A., Rappaport, C., Álvarez, Y., Las-
Heras, F., “Compressed Sensing Techniques for Multistatic Three-dimensional Millimeter-Wave Per-
sonnel Screening,” IEEE Int’l Antennas and Propagation Symposium July 2013, pp. 534-535.
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2. Rappaport, C., Gonzalez-Valdes, B., Allan, G., and Martínez-Lorenzo, J. A., “Optimizing Element Posi-
tioning in Sparse Arrays for Near ield Mm-Wave Imaging,” IEEE Phased Array Conference, October 
13-16, 2013, pp. 333-335.

3. Álvarez, Y., Rodriguez-Vaqueiro, Y., Las-Heras, F., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Las-
Heras, F., and Rappaport, C., “A Compressed Sensing-based Imaging System,” EuCAP 2014, The Neth-
erlands, 2 page.

C. Other presentations

1. Seminars
a. Carey Rappaport, Overview of ALERT, 2/10/14, Passport Systems Collaboration.
b. Carey Rappaport, “Improved Mm-Wave Whole Body AIT Threat Discrimination,” 2/12/14, Lin-

coln Lab visit to AIT Lab.
2. Poster sessions

a. Thurston Brevette, Michael Woulfe, Borja Gonzalez, Jose Martinez, Carey Rappaport, “Ad-
vanced imaging technologies for whole body imaging applied to security related threats,” 
4/10/14, Northeastern University Research Innovation and Scholarship Expo.

D. Transferred technology/patents

1. Patent Applications Filed (Including Provisional Patents)
a. “Signal Processing Algorithm for Explosive Detection and Identi ication using Electromagnet-

ic Radiation,” Jose Angel Martinez-Lorenzo, Carey M. Rappaport INV-13002: U.S. application 
13/968,746.

b. “Low permittivity lossless dielectrics characterization using a millimeter wave imaging system,” 
Jose Angel Martinez-Lorenzo, Yuri Alvarez, Carey M. Rappaport INV-14040: provisional patent.

E. Software developed

1. Multistatic FFT based SAR processing.
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Whole Body Imaging for Detecting Explosive-Related Threats, “ IEEE Transactions on Antennas and 
Propagation, vol. 60, no. 9, pp. 4453-4458, Sept. 2012.
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R3-B.1: Hardware Design for “Stand-off ” and “On-

the-Move” Detection of Security Threats

Abstract—During the last year, we have advanced the hardware design and integration of a low-cost 
millimeter wave radar system that can be used to fi nd security threats at mid-ranges and standoff-
ranges. In particular, the following activities were developed for this project: 1) Study of a new “on-
the-move” system confi guration; 2) Hardware design and integration of a multiple-bistatic imaging 
system; 3) Calibration algorithm for coherent image formation in multiple-bistatic imaging system; 
and 4) Experimental results using the multistatic millimeter wave radar system.

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

Yuri Alvarez Visiting Faculty NEU yurilope@gmail.com

Richard Moore Consultant MGH rhmoore@partners.org

Students

Name Degree Pursued Institution Intended Year of Graduation

Galia Ghazi PhD NEU 12/2014

Luis Tirado PhD NEU 12/2014

Matthew Nickerson BS NEU 5/2016

Siddharth Velu BS NEU 5/2016

Nigil Lee BS NEU 5/2017

Thurston Brevett BS NEU 5/2018

Mohit Bhardwaj BS NEU 5/2016

Shaan Patel BS NEU 5/2017

Imani George High School Thayer Academy 2015

Jenny Dinh High School Lowell High School 2015

II. 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 
signatures 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 10 to 50 meters 
without causing physical harm. 
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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. Figure 1 
on the next page shows a schematic of the on-the-move con iguration.

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

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 work 
on multiple-bistatic con igurations, 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. 
During the last year, the following activities were developed for this project: 1) Study of a new “on-the-move” 
system con iguration; 2) Hardware design and integration of a multiple-bistatic imaging system; 3) Cali-
bration algorithm for coherent image formation in multiple-bistatic imaging system; and 4) Experimental 
results using the multistatic millimeter wave radar system. 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 developed. Additionally, many of the technology and 
techniques developed for this project are commonly used in near- ield applications by other ALERT Projects, 
including the R3-A.1 and R3-A.2.

B. Major contributions

B.1 Study of a new “On-the-move” system confi guration

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 2 on the next 
page presents the layout 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 in-
formation from all the possible angles is collected. 

 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.
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As the subject moves inside the system, the transmitters are sequentially activated and the electric ield, 
which is then scattered by the person, is collected by all the receivers at the same time. Fast electronic switch-
ing allows for the quick activation of all the transmitters and the data collection. In this way, information from 
multiple relative positions of the person from the scanner can be collected.  

Figures 3a and 3b depict, from a top 
view, some of the propagation direc-
tions of incident and scattered mil-
limeter waves when two different 
transmitters are active and the sub-
ject is in the position #1 of Figure 2. 
Different areas on the body contour 
are primarily reconstructed when us-
ing each transmitter. Similar results 
for position #2 are presented in Fig-
ures 3c and 3d, showing that the same 
transmitters allow for reconstruction 
of different areas of the body as the 
person walks through the scanner. 
The combination of the information 
from all the possible combinations of 
transmitters/receivers and all the po-
sitions allows for accurate reconstruc-
tion of the full body surface.  A fast implementation of a multistatic Synthetic Aperture Radar (SAR) technique 
is used to create images proportional to the re lectivity of the body under test. The inal image is obtained, 
combining in magnitude the images obtained from the subject in the multiple captured positions inside the 
scanning hall way.
A two dimensional reconstruction example using two lines of transmitters and receivers has been simulated 
to show the feasibility of the scanning system. The system layout is the same one presented in Figure 3. The 
range of frequencies goes from 23-28 GHz. The coherent combination of the images assuming the same exact 
contour for 11 intermediate positions is presented in Figure 4 on the next page together with the ground 
truth.

Figure 2: a) Top view and b) side view of the system with three positions of the person under screening as walking 

through the scanning system.

Figure 3: Incident and scattered mm waves directions for two diff erent 

transmitters when a) and b) the subject is in position #1 and c) and d) the 

subject is in position #2.
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As a comparison with current state of the art systems, where transmitters and receivers are placed in the 
same side of the person, Figure 5 shows the image that would be obtained using only one wall of transmit-
ters/receivers. It is clear from the images that the coherent combination of the two walls allows to overcome 
most of the limitations of the current systems.

B.2 Hardware design and integration of a multiple-bistatic imaging system 

In collaboration with the company HXI, we have designed, integrated and tested a millimeter wave radar 
system for detecting security threats at mid-ranges. In particular, the hardware system is composed of the 
following elements: a) ive HXI # 8302 Transmitter (Tx) Modules; b) ive HXI # 8301 Receiver (Rx) Modules; 
and c) one HXI # 8303 Local Oscillator Module (LOM). The LOM has eight synch outputs, and it permits the 
use of eight Tx and Rx working in a fully-coherent bistatic or multistatic mode of operation. Figure 6 on the 
next page shows a schematic of the millimeter-wave radar architecture assembled by the company HXI. 

Figure 4: a) Actual contour under test with objects attached to skin, and b) Reconstructed image using the system.

Figure 5: a) Actual contour under test, and b) Reconstructed image using only one wall of transmitters/receivers.
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Figure 7a shows a schematic of the millimeter-wave radar system built in our ALERT laboratory. The current 
imaging system is composed of four 
receivers, which are represented by 
a white square in Figure 7a. The real 
picture of the system, Figure 7b, also 
highlights the position of the four re-
ceivers using a white square; and Fig-
ure 7c shows a zoomed image of the 
millimeter-wave receiver. In the inal 
system, an array of static receivers in a 
two dimensional aperture, highlighted 
in red in Figure 7a, should be used; 
however, a simpli ied version of this 
con iguration has been currently im-
plemented in our laboratory. This sim-
pli ied version consists of two linear 
actuators that scan the transmitter on 
the two dimensional aperture; these 
actuators are the two black rails that 
are shown in Figure 7b in a cross con-
iguration. Figure 7d shows a zoomed 

version of the transmitter. 

B.3 Calibration algorithm for coherent image formation in multiple-bistatic imaging system

In order to coherently combine the information from multiple transmitters and receivers, a new radar calibra-
tion algorithm for multiple-bistatic con iguration has been implemented. Perfect electric conductor spheres 
are chosen as calibration targets [1]. Our results show that positional errors larger than one wavelength can 
be corrected, thus improving the performance of current-state-of-the art algorithms, such as the Iterative 

Figure 6: Schematic of the millimeter-wave radar architecture assembled by the company HXI (only one Tx and one 

Rx Module shown).

Figure 7: Schematic of the millimeter-wave radar architecture assembled 

by the company HXI (only one Tx and one Rx Module shown).
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Figure 8: Sketch of the confi guration used by the 

calibration algorithm.

Field Matrix (IFM) [2] method. In summary, the algorithm extracts the phase of the complex image generated 
by each receiver, using Inverse Fast Multiple Method (IFMM)[3], 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        . In more detail, the algorithm is divided in two steps. 

B.3.1 Step 1: Training the calibration algorithm using synthetic data

In the training step, a series of synthetic experiments (us-
ing the con iguration shown in Fig. 8) are used to ind the 
displacement error vectors        , using the misalignment of 
sphere images. If second receiver (Rx2) is positioned inac-
curately, the images of Sp1 as reconstructed by each receiv-
er will not coincide. Instead, the predicted sphere centers 
will be displaced by an error vector                      .  For a reason-
ably close initial guess, given by measured data at Rx1 and 
Rx2 for scattering from Sp1, the cross range (x) and range 
(y) components of the vector        for a given synthetic ex-
perimental test can be linearly related to the corresponding 
cross-range (q_1) and range (p_1) components of sphere 
center displacement for that test as:

                (1)

The constants A1,B1,C1,D1,E1, and F1  are obtained after applying a best- it algorithm 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 N_k is the number of train-
ing 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       . 
The procedure to extract       and       requires that the center of the sphere Sp1 is inferred from the recon-
structed IFMM images. The magnitude and phase of the complex-valued images for the irst sphere (Sp1) 
using the data from Rx1 and Rx2 are depicted in Figure 9a on the next page. The phase-fronts in the phase 
image follow the contour of the sphere, plotted in green. A simulated annealing algorithm [4] has been used 
to determine the center of the sphere that best its a phase-front for a known radius. The centers generated 
from the two phase images in Figure 9a are illustrated in Figure 9b on the next page.
The same training procedure described for Sp1 is repeated for the second sphere (Sp2) speci ically to im-
prove cross range speci icity. The resulting second set of equations like (1) have subscripts ’1’ replaced by ’2’. 
Inverting these four equations in a least squares sense gives a good estimate of the Rx2 displacement error 
vector         =                .
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B.3.2 Step 2: Applying the trained calibration algorithm on the measured data

After inding the sphere center error vectors (q1,p1,q2,p2), from phase of the images of the measured data, 
inverting the four achieved equations, gives a good estimate of an unknown displacement error vector      .        
This displacement vector is used to obtain the true position of the second receiver, and this new position is 
used to coherently generate the image of the multi-bistatic imaging system.
The performance of the calibration algorithm is evaluated using a numerical simulation of a millimeter-wave 
radar system, which operates in the 70-77GHz frequency band. A displacement                                for the sec-
ond receiver is investigated. In order to generate the multi-bistatic images, the complex images from the irst 
and second receivers are combined. The magnitude of the non-calibrated, multi-bistatic image for the Sp1 is 
presented in Figure 10a; it contains a null at the specular re lection, showing the degradation suffered from 
the incorrect position of the second receiver. The multi-bistatic image after using the detected error vector to 
correct the position of Rx2 is shown in Figure 10b.

 (a)         (b)

Figure 9: (a) SAR image for Sp1(phase and amplitude), from Rx1(top), fromRx2 (bottom); (b) the predicted sphere 

centers.

Rd


 Rd 10 x̂ ˆ5y mm 


                         (a)       (b)

Figure 10: (a) multi-bistatic image of Sp1 with no correction; (b) multi-bistatic image of Sp1 with corrected.
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B.4 Experimental results using measured data with the multistatic millimeter wave radar system

The developed radar system built upon the Radar Front 
End (RFE) Model 8300 developed by HXI [5] operates in the 
70—77 GHz frequency band.  A sketch of the experimental 
geometry used is shown on Figure 11. Scattered ield data 
was collected by two receivers, indicated by Rx1 and Rx2 in 
Figure 11, while a transmitter is moved by a linear actuator 
over a straight line. A GaGe Octopus 8284 CompuScope digi-
tizer board was used to capture the data. The object under 
test (OUT) shown in Figure 12a is a 91.5cm long steel rod of 
2.5cm in diameter, located in front of a metallic plate.
A CUDA-based IFMM code, described in the Project Report 
R3-B.2: Advanced Imaging and Detection of Security Threats 
using Compressive Sensing, is used to create the images of the object under test for each receiver indepen-
dently and for the combination of both (see Fig. 12b).

C. Future plans

C.1 “On-the-move” system confi guration

a. Collect experimental data for an “on-the-move” con iguration.

C.2 Hardware design and integration of a multiple-bistatic imaging system

a. Integrate the different mechanical parts of the mm-wave radar system working with 2 transmitters 

Figure 11: Sketch of the experimental geometry.

                (a)         (b)

Figure 12: (a) photo of the object under test; and (b) reconstructed images using the CUDA-based IFMM algorithm: 

(top) receiver 1, (center) receiver 2, and (bottom) non-coherent combination of both receivers.

ALERT 
Phase 2 Year 1 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors and Sensor Systems 

Project R3-B.1

228



and 5 receivers.
b. Build a mechanical gantry that allows for the mechanical scanning of the two transmitters at the same 

time.
c. Add a mechanical extension to the gantry to support “on-the-move” experiments.
d. Develop the control software, based in lab-view, to handle the switching between different transmit-

ters.
e. Develop the control software, based in lab-view, to digitize the scattered data for multiple receivers.
f. Develop a control signal, based in a micro-controller, to switch between the different transmitters.

C.3 Calibration algorithm for coherent image formation in multiple-bistatic imaging system

a. Validate the calibration algorithm with 2D experimental data.
b. Extend the calibration algorithm to 3D.

C.4 Experimental results using the multistatic millimeter wave radar system

a. Collect experimental data for different security threats.

C.5 Study additional features for reducing the cost of the imaging system

a. Study the potential use of electrical switches to multiplex in the time domain multiple receivers.

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

Graduate students Galia Ghazi and Luis Tirado will continue to play an important role in this research project. 
They will assist in developing new hardware design and integration for the millimeter wave radar system. 
Undergraduate students Matthew Nickerson, Siddharth Velu, Nigil Lee, Mohit Bhardwaj and Shaan Patel are 
active participants in the research group. In particular, undergraduate student Mohit Bhardwaj will join the 
team during the summer of 2014 as an REU student, in order to give continuity to the work he did during 
the preceding fall and spring semesters. Two high school students, Imani George – Thayer Academy, Class of 
2015 and Jenny Dinh – Lowell High School, Class of 2015, will be joining the group over the summer. Populat-
ing the research group with undergraduates brings homeland security technologies to undergraduate engi-
neering students, and establishes a pipeline to train and provide a rich pool of talented new graduate student 
researchers.

V. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

The following features will be of special relevance to the DHS enterprise:
1. Imaging for high throughput, non-invasive, minimal disruption scanning.
2. Full body coverage for imaging without interrupting forward steady pedestrian movement.
3. Affordable, with minimum number of non-uniform sparse array of Tx/Rx radar modules.

B.  Anticipated end-user technology transfer

1. Industrial transition partners: L3 Communication, HXI, Inc.; Smiths Detection.
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2. Target government customers: TSA, DOJ, CBP, Dept. of State.

VI. LEVERAGING OF RESOURCES

New proposals related to the topic of this research will be submitted to other federal funding agencies. The 
work developed under this project has played an important role in receiving additional funding from other 
agencies, including DARPA and the United States Army. 

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles 

1. B. Gonzalez-Valdes, G. Allan, Y. Rodriguez-Vaqueiro, Y. Alvarez, S. Mantzavinos, M. Nickerson, Jose A. 
Martinez-Lorenzo, Fernando Las-Heras and Carey M. Rappaport, “Sparse Array Optimization using 
Simulated Annealing and Compressed Sensing for Near-Field Millimeter Wave Imaging,” IEEE Trans-
actions on Antennas and Propagation. Vol. 62, No. 4, pp. 1716-1722 doi:10.1109/TAP.2013.2290801.

2. Rodríguez-Vaqueiro, Y., Álvarez, Y., Gonzalez-Valdes, B.  Martínez-Lorenzo, J. A., Las-Heras, F., and 
Rappaport, C., “On the Use of Compressed Sensing Techniques for Improving Multistatic Three-di-
mensional Millimeter-Wave Portal-Based Personnel Screening,” IEEE Transactions on Antennas and 
Propagation, vol. 62, no. 1, Jan. 2014, pp. 494 - 499.

3. Alvarez, Y., Rodriguez-Vaqueiro, Y., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Las-Heras, F., and 
Rappaport, C., “Phase error compensation in imaging systems using Compressed Sensing tech-
niques,” IEEE Antennas and Wireless Propagation Letters, vol. 12, no. 12, Dec. 2013, pp. 1574 - 1577. 

4. Alvarez, Y., Laviada, J., Tirado, L., García, C., Martínez-Lorenzo, J.A., Las- Heras, F., and Rappaport, C., 
“Inverse Fast Multipole Method for Monostatic Imaging Applications,” Geoscience and Remote Sens-
ing Letters, Vol. 10, no. 5, pp. 1239-1243, Sept. 2013.

5. Gonzalez-Valdes, B.; Martinez-Lorenzo, J.A.; Rappaport, C.M., “A New Fast Algorithm for Radar-Based 
Shape Reconstruction of Smoothly Varying Objects,” IEEE Antennas and Wireless Propagation Let-
ters, Vol.12, no., pp.484-487, 2013.

 Pending-
1. Williams, K; Tirado, K; Chen, Z; Gonzalez-Valdes, B;  Martinez-Lorenzo, J. A.;  Rappaport, C. M., “Ray 

Tracing for Simulation of Millimeter Wave Whole Body Imaging Systems,” submitted for publication 
in IEEE Transactions on Antennas and Propagation.

2. Galia Ghazi, Carey M. Rappaport, and Jose A. Martinez-Lorenzo.  “Improved contour detection through 
high resolution SAR imaging,” submitted for publication in Progress in Electromagnetic Research.

3. Y. Alvarez, Y. Rodriguez-Vaqueiro, B. Gonzalez- Valdes, S. Matzavinos, C. M. Rappaport, F. Las-Heras 
and J. A. Martinez-Lorenzo, “Fourier-based Imaging for Multistatic Radar Systems,” accepted for pub-
lication in IEEE Transactions on Microwave Theory and Techniques.

4. Alvarez, Y., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Las-Heras, F., and Rappaport, C., “SAR imag-
ing-based techniques for Low Permittivity Lossless Dielectric Bodies Characterization,” accepted for 
publication in IEEE Antennas and Propagation Magazine.

5. B. Gonzalez-Valdes, Yuri Alvarez, Jose A. Martinez-Lorenzo, Fernando Las-Heras and Carey M. Rap-
paport, “On the Combination of SAR and Model Based Techniques for High-Resolution Real-Time 
Two-Dimensional Reconstruction,” accepted for publication in IEEE Transactions on Antennas and 
Propagation
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6. Y. Rodriguez-Vaqueiro and J. A. Martinez-Lorenzo, “On the use of Passive Re lecting Surfaces and 
Compressive Sensing techniques for detecting security threats at standoff distances,” accepted for 
publication International Journal on Antennas and Propagation.

B. Peer reviewed conference proceedings

1. Y. Alvarez-Lopez, Y. Rodriguez-Vaqueiro, B. Gonzalez-Valdes, J. A. Martinez-Lorenzo, Fernando Las-
Heras and Carey M. Rappaport. “A Compressed Sensing-based Imaging System,” CD Proc., EuCAP 
2014, VII European Conference on Antennas and Propagation, the Hague (the Netherlands), April, 
2014. 

2. Mantzavinos, S., Gonzalez-Valdes, B., Busuioc, D., Miller, R., Martinez-Lorenzo, J. A., Rappaport, C., 
“Low-Cost, Fused Millimeter-Wave and 3D Point Cloud Imaging for Concealed Threat Detection,” 
IEEE International Antennas and Propagation Symposium, July 2013, pp. 1014 - 1015.

3. García Pino, A., Gonzalez-Valdes, B., Martinez-Lorenzo, J. A. and Rappaport, C., “Scanned Blade Beam 
Re lector Antenna for Near ield Imaging,” IEEE International Antennas and Propagation Symposium, 
July 2013, 950 - 951.

4. Rodriguez-Vaqueiro, Y., Gonzalez-Valdes, B., Martinez-Lorenzo, J. A., Rappaport, C., Álvarez, Y., Las-
Heras, F., “Compressed Sensing Techniques for Multistatic Three-dimensional Millimeter-Wave Per-
sonnel Screening,” IEEE International Antennas and Propagation Symposium, July 2013, pp. 534-
535.

5. Álvarez, Y., Las-Heras, F., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Rappaport, C., “Low Permittiv-
ity Dielectric Object on Conductor Characterization,” IEEE International Antennas and Propagation 
Symposium, July 2013, pp. 822 - 823.

6. Álvarez, Y., Las-Heras, F., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Rappaport, C., “Accurate Pro ile 
Reconstruction Using An Improved SAR Based Technique,” IEEE International Antennas and Propa-
gation Symposium, July 2013, pp. 818 - 819.

7. Gonzalez-Valdes, B., Martinez-Lorenzo, J. A. and. Rappaport, C., “Dual Band SAR Processing for Low 
Dielectric Contrast Buried IED Detection,” IEEE International Antennas and Propagation Sympo-
sium, July 2013, pp. 1080 - 1081.

8. Álvarez, Y., Las-Heras, F., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., and Rappaport, C., “Material 
characterization using a millimeter wave portal-based imaging system for security screening,” IEEE 
Homeland Security Technology Conference, October 2013, pp. 511 - 516.

9. Rappaport, C., Gonzalez-Valdes, B., Allan, G., and Martínez-Lorenzo, J. A., “Optimizing Element Posi-
tioning in Sparse Arrays for Near ield Mm-Wave Imaging,” IEEE Phased Array Conference, October 
13-16, 2013, pp. 333-335.

C. Other presentations

1. Seminars
a. Jose Martinez, “Novel signal processing algorithms for the next generation of AIT systems,” 

8/14/2013, DHS AIT Industry Day
b. Jose Martinez, “Compressive Sensing techniques for detecting security threats,” 10/8/2013, 

Northeastern University Smiths Delegation 
c. Jose Martinez, “Mechanical-Electromagnetic Sensing and Imaging Technologies in Security Ap-

plications,” 11/6/2013, ALERT and Gordon-CenSSIS Scholars 
d. Jose Martinez, “Next steps on standoff and on-the-move detection of security threats,” 4/16/2014, 
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ASPIRE workshop 
e. Jose Martinez, R3-B: Stand-off Person Screening Systems, 2/19/2014, DHS-ALERT site visit 

2. Poster sessions
a. Borja Gonzalez- Valdes, Jose Angel, Martinez, Carey M. Rappaport, Fernando Las-Heras, “Auto-

matic SAR Processing for Pro ile Reconstruction and Recognition of Dielectric Objects on the 
Human Body Surface,” 10/14/13 ADSA09 

b. Mohit Bhardwaj, Shaan Patel, Galia Ghazi, Luis Tirado, Borja Gonzalez-Valdes, Scott Pitas, Cary 
Rappaport, Jose Martinez-Lorenzo. “Millimeter-Wave Standoff Detection of Concealed Explo-
sives,” 4/10/14, RISE

c. Galia Ghazi, Luis E. Tirado, Carey M. Rappaport, Jose A. Martinez-Lorenzo. “Coherent Image For-
mation and Calibration for Multi-Bistatic Radar Con igurations,” 4/10/14, RISE

d. Luis E. Tirado, Galia Ghazi, Carey Rappaport and José A. Martinez-Lorenzo. “Inverse Fast Multi-
pole Method GPU Implementation for Standoff Radar Imaging Applications,” 4/10/14, RISE 

e. Yolanda Rodriguez-Vaqueiro and Jose Angel Martinez-Lorenzo. Compressive Sensing techniques 
applied to standoff detection of security threats using Passive Re lecting Surfaces, 4/10/14, RISE

D. Transferred technology/patents

1. Gonzalez-Valdes, B., Martinez-Lorenzo, J. A. and Rappaport, C., On the move millimeter wave inter-
rogation system with a hallway of multiple transmitters and receivers, US Provisional Application 
No. 61/912,630. Date of Filing: Dec. 6, 2013.

2. Martinez-Lorenzo, J. A., Alvarez, Y. and Rappaport, C., Low Permittivity Lossless Dielectrics Charac-
terization using a Millimeter Wave Imaging System without First Re lection Information, US Provi-
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R3-B.2: Advanced Imaging and Detection of 

Security Threats using Compressive Sensing

Abstract—This year, we have focused on the acceleration of two inverse operators, so that they 
can be used by the Compressive Sensing (CS) imaging algorithms in the future. In particular, the 
following activities were performed for this project: 1) Development of a multistatic FFT-based 
formulation for imaging applications; and 2) Acceleration of the multistatic Inverse Fast Multipole 
Method (I-FMM) using GPUs.  Both techniques are inverse methods; the FFT-based is faster than 
the I-FMM, however the former is less accurate than the latter. For this reason, the FFT can be used 
as a coarse-scale imaging algorithm and the I-FMM can be used as a fi ne-scale imaging algorithm.

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

Yuri Alvarez Visiting Faculty NEU yurilope@gmail.com

Richard Moore Consultant MGH rhmoore@partners.org

Students

Name Degree Pursued Institution Intended Year of Graduation

Yolanda Rodriguez-Vaqueiro PhD NEU 12/2014

Greg Allan BS NEU 4/2016

Matthew Nickerson BS 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

II. 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 
signatures 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 10 to 50 meters 
without causing physical harm. 
The objective of this project is the development of advanced imaging and detection algorithms, based on 
Compressive Sensing (CS) techniques, which can be used to detect security threats hidden on individuals at 
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mid-ranges (2-10 meters) and at standoff-ranges (10-40 meters). In particular, the algorithms implemented 
in this project will be directly used in conjunction with the hardware developed in the ALERT project: R3-
B.1- Hardware design for “Stand-off” and “On-the-Move” Detection of Security Threats. Figure 1 shows a 
schematic of the on the move con iguration.

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

The outcome of this project is the development of imaging and detection algorithms required to operate the 
hardware developed in the R3-B.1 project. In particular, we are interested in the development of CS tech-
niques, which can operate the radar system in quasi-real time. Our previous work demonstrated that CS 
techniques can be used to detect security threats at standoff distances when a Passive Array of Scatters or 
Mechanically Recon igurable Surfaces are used by the imaging system [10].  Unfortunately, CS techniques 
are iterative methods that require multiple evaluations of forward and inverse operators. The latter require-
ments are time consuming, and they may limit the applicability of this technology into a real application. 
This year, we have focused on the acceleration of two inverse operators, so that they can be used by the CS 
imaging algorithms in the future. In particular, the following activities were performed for this project: 1) 
Development of a multistatic FFT-based formulation for imaging applications; and 2) Acceleration of the 
multistatic Inverse Fast Multipole Method (I-FMM) using GPUs.  Both techniques are inverse methods; the 
FFT-based is faster than the I-FMM, however the former is less accurate than the latter. For this reason, the 
FFT can be used as a coarse-scale imaging algorithm and the I-FMM can be used as a ine-scale imaging al-
gorithm. This project is closely related to the ALERT project R3-B.1- Hardware design for “Stand-off” and 
“On-the-Move” Detection of Security Threats; in which a millimeter wave radar prototype has been designed, 
built and tested. Additionally, many of the technology and techniques developed for this project are com-
monly used in near- ield applications by other ALERT projects, including ALERT Projects R3-A.1 and R3-A.2.

B. Major contributions

B.1 Multistatic FFT-based formulation for imaging applications

 a)                                                                                              b) 

Figure 1: General sketch of proposed the inexpensive, high-resolution radar 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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B.1.1  General description

A multistatic FFT-based formulation, derived from the monostatic case described in Sheen [11], has been 
developed [12]. The new method was proved to be faster than traditional SAR imaging techniques. It also 
reduces the computational cost, due to the use of the ef icient FFT algorithm. Additional tasks that are neces-
sary to perform the inversion, like a multidimensional interpolation, are fully parallelizable, thus being well 
suited to take advantage of multi-core platforms or Graphics Processing Units (GPUs).

B.1.2 Formulation

For the sake of simplicity, a 2D imaging formulation, involving range (z axis) and cross-range (x axis) will be 
described. The scattered ield                    acquired in a linear observation domain placed along x axis, for a 
certain frequency range, f, can be represented in the spectral domain kx by taking the Fourier Transform in 
the cross-range dimension:
          (1)
with the kx domain being de ined from the aperture size and the sampling rate. Next, the ield in the spectral 
domain is translated to the imaging domain by applying a phaseshift equal to kz Z0:
          (2)

where Z0 is the distance in range from the observation domain, z, to the imaging domain, which is assumed to 
be centered at (z’, x’) = (0,0). kz is de ined as                      . Next, the incident ield is speci ied. Assuming plane 
wave illumination:
          (3)
where kinc = k = 2πf/c and (zinc, xinc) denoting the position of the transmitter. The incidence angle, α, is de ined 
relative to the z-axis. To recover the image centered in the imaging domain (z’, x’), the spectral domain is re-
de ined as follows:
          (4)
with kx,inc = kinc sin(α), kz,inc = kinc cos(α). Thus, the incident ield                       has to be interpolated into a regular 
grid kz’= nΔkz, kx’= mΔkx. This step is the most time-consuming operation in Fourier-based imaging methods. 
For multistatic systems, the interpolation step becomes even more challenging as the (f, kx) grid is not equally 
spaced in kx for oblique incidence, that is, kx,inc ≠ 0. The interpolation operation is de ined as:
          (5)

F is the interpolation operator (e.g., linear interpolation). Finally, a 2D inverse Fourier Transform is applied 
to recover the re lectivity ρ in the z’, x’ domain:
             (6)

As mentioned before, the multistatic formulation has the drawback of non-uniform grid spacing in kx for 
oblique incidence, thus requiring 2D interpolation techniques, which increases the computational complex-
ity. To overcome this limitation, a strategy based on k-space partitioning is proposed. The idea is to divide 
the (kz’, kx’)-space domain into several subdomains. The advantage of this interpolation technique is that it 
can be easily parallelized, as every subdomain can be processed independently. Thus, several threads can be 
launched in parallel for performing interpolation operations.  Interpolation can be done faster by pre-calcu-
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lating the interpolation operator F. This operator is a function of the geometry and the operating frequency 
band of the imaging system. Thus, for a given imaging system, operator F can be calculated once, then applied 
it to every new set of measured data.
The FFT algorithm for multistatic radar systems makes two assumptions: i) the imaging domain is centered 
at the origin of the coordinate system; and ii) the incident ield is a plane wave. These assumptions limit the 
scope of application for point source-like transmitters placed in the near- ield region of the imaged object. 
This approach will introduce a phase error in the recovered image proportional to the distance between the 
origin of the coordinate system and the point where the image is recovered; i.e., the difference between pla-
nar and spherical phasefronts. Thus, only the origin of the coordinate system will have zero phase error. To 
minimize this error, the imaging domain size is divided into several regions. Imaging is done independently 
for every region, locally compensating the incident ield using a plane wave travelling from the transmitter 
to the phase center speci ication.

B.1.3 Preliminary results from experimental data

The Fourier-based multistatic imaging algorithm is validated in a three-dimensional (3D) con iguration us-
ing experimental data collected with the radar system developed in the ALERT Project R3-B.1:  Hardware 
design for “Stand-off” and “On-the-Move” Detection of Security Threats [13,14,15]. A general layout and a 
photograph of the radar are shown in Figure 2. The working frequency band is from 72 to 74.66 GHz, sampled 
every 445 MHz. The transmitting antenna is translated within Dx = 50 cm, Dz = 20 cm domain, placed YTx = -1.1 
m away from the center of the coordinate system, creating a synthetic transmitting aperture. This domain is 
sampled every 0.5 wavelengths at the highest frequency (4 mm), resulting in 251x101 transmitting positions. 
Range resolution (y-axis) is 56.4 mm, and cross-range resolution is 9 mm (x-axis) x 22.9 mm (z-axis). The 
receiver is placed at the position (x, y, z) = (15, -134, 20) cm. 
Two metallic objects are chosen as targets (see Fig. 2a). Figure 3 on the next page shows the re lectivity ob-
tained using the Fourier-based approach. This processing takes 52 s of calculation (48 s interpolation tasks, 1 
s FFT and IFFT operations, 3 s remaining calculations). This time has been found to be 213 times faster than 
traditional SAR when applied to the same problem.

  a)         b)

Figure 2: (a) Layout of the measurement setup, and (b) Photo of the measurement setup with synthetic transmitting 

aperture and metallic OUT. Measured fi eld amplitude (from -30 to 0 dB) is shown with partial transparency. Note that 

this multistatic radar system has a moving transmitter and stationary receiver.
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B.2  A GPU implementation of the inverse fast multipole method for multi-bistatic imaging applications

B.2.1 General description

In order to make real-time image reconstruction possible, a parallel implementation of the Inverse Fast Mul-
tipole Method (IFMM) [16] on NVIDIA Compute Uni ied Device Architecture (CUDA) [17] Graphics Process-
ing Units (GPUs) has been implemented. 
The IFMM algorithm is an inverse scattering technique used to reconstruct the support and constitutive 
parameters of the object under test (OUT) from the acquired scattered ield. The algorithm is based on back-
propagating the scattered ields from the observation domain into the reconstruction domain. The algorithm 
uses the scattered ield          to recover the currents           in a cubic subdomain Δ      via the following operators:
a.   aggregation:

                    (1)

b.   translation:

                  (2)

c.   disaggregation:

                  (3)

where                              is the distance from the center of the mobs-th observation group        mobs  to the center 
of the nsource-th source group      nsource . The          dyadic term and other quantities in (1-3) are de ined and 
described in [2]. A visual depiction of the IFMM algorithm operators is shown in Figure 4 on the next page.

Figure 3: Retrieved refl ectivity using FFT when the phase center specifi cation is at (x, y, z) = (2.5, -2.5, 18) cm; 

amplitude isosurfaces in dB, (a) XZ and (b) XY; black dashed lines represent the OUT profi le.
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B.2.2 IFMM CUDA implementation

Whereas the existing C IFMM code relies on nested loops to perform the aggregation, translation and disag-
gregation steps, the CUDA implementation exploits GPU parallelism. It computes the aggregation and transla-
tion steps via a kernel with 2D thread blocks spanning Nsource×Mobs, where each block performs computations 
for the elements on each observation group. Disaggregation is performed via a separate 1D thread block 
kernel spanning the number of source points, each block performing Mobs computations.

B.2.3 Millimeter wave radar system con iguration/data and results

The developed radar system built upon the Radar Front 
End (RFE) Model 8300 developed by HXI [15] operates 
in the 70—77 GHz frequency band.  A sketch of the ex-
perimental geometry used is shown in Figure 5. Scat-
tered ield data was collected by two receivers, indicat-
ed by Rx1 and Rx2 in Figure 5, while a transmitter is 
moved by a linear actuator over a straight line. A GaGe 
Octopus 8284 CompuScope digitizer board was used to 
capture the data. The object under test (OUT), shown in 
Figure 6a on the next page, is a 91.5cm long steel rod of 
2.5cm in diameter, located in front of a metallic plate.
The simulations were conducted on a workstation with 
a 3.4 GHz Intel® Core™ i7-4930K CPU, and an NVIDIA 
Quadro K6000 GPU [17]. The reconstruction is carried out with the C-based and CUDA-based IFMM codes.  
Figure. 6b on the next page presents the 2D images, for the z=0.768m plane, of the OUT when the ield mea-
sured by the irst receiver, by the second receiver, and when both receivers are used for the imaging. The 
IFMM CUDA code, which generates exactly the same image as the C-based version, takes 3.75s for two recon-
structions, which is a considerable speedup of 46 times compared to 173.96s for the IFMM C code.
The simulations performed with measured data con irm the mm-wave radar testbed is able to discern a me-
tallic threat 2 cm in front of another object. This is suf icient to detect, for example, a 1 inch-diameter pipe-
bomb concealed underneath clothing.
The integration of the GPU-accelerated IFMM algorithm along with Modi ied Equivalent Current Approxima-

Figure 4: IFMM scattered fi eld observation and reconstruction (OUT) domains.

Figure 5: Sketch of the experimental geometry.
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tion (MECA) fast forward solver [18] enables faster, iterative model-based imaging. This effort will reduce the 
number of transmitters and receivers in the imaging system, thus reducing its cost.

C.  Future plans

1. Develop a forward operator of the FFT-based algorithm, which can be combined with the inverse op-
erator and CS techniques, for real time imaging and detection of security threats.

2. Develop a CS code based on GPU for real time imaging and detection of security threats.
3. Study the acceleration of the imaging algorithms by using schemes like the Alternating Direction 

Method of Multipliers (ADMM), which are suitable to be implemented in GPUs.
4. Study the optimal parameters (# of frequencies, # antennas, # scatters in PAS and MRS) for the Com-

pressive Sensing imaging algorithm. 

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

Graduate student Yolanda Rodriguez-Vaqueiro will continue to play an important role in this research proj-
ect. She will assist in developing new imaging and detection algorithms using CS techinques for the mil-
limeter wave radar system. Undergraduate student Gregory Allan is an active participant in the research 
group. Indeed, the work he developed for this project helped him to be awarded with one of the prestigious 
Goldwater Scholarships. 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 of 2014. Populating the research 
group with undergraduates brings homeland security technologies to undergraduate engineering students, 
and establishes a pipeline to train and provide a rich pool of talented new graduate student researchers.

    a)                                                                          b) 

Figure 6: (a) Photo of the object under test; and (b) reconstructed images using the CUDA-based IFMM algorithm: 

(top) receiver 1, (center) receiver 2, and (bottom) non-coherent combination of both receivers.
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V. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

The following features will be of special relevance to the DHS enterprise:
1. Imaging for high throughput, non-invasive, minimal disruption scanning.
2. Full body coverage for imaging without interrupting forward steady pedestrian movement.
3. Affordable, with minimum number of non-uniform sparse array of Tx/Rx radar modules.

B. Anticipated end-user technology transfer

1. Industrial transition partners: L3 Communication, HXI, Inc.; Smiths Detection.
2. Target government customers: TSA, DOJ, CBP, Dept. of State.

VI. LEVERAGING OF RESOURCES

New proposals related to the topic of this research will be submitted to other federal funding agencies. The 
work developed under this project has played an important role in receiving additional funding from other 
agencies, including DARPA and the United States Army. 

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles 

1. B. Gonzalez-Valdes, G. Allan, Y. Rodriguez-Vaqueiro, Y. Alvarez, S. Mantzavinos, M. Nickerson, Jose A. 
Martinez-Lorenzo, Fernando Las-Heras and Carey M. Rappaport, “Sparse Array Optimization using 
Simulated Annealing and Compressed Sensing for Near-Field Millimeter Wave Imaging,” IEEE Trans-
actions on Antennas and Propagation. Vol. 62, No. 4, pp. 1716-1722 doi:10.1109/TAP.2013.2290801.

2. Rodríguez-Vaqueiro, Y., Álvarez, Y., Gonzalez-Valdes, B.  Martínez-Lorenzo, J. A., Las-Heras, F., and 
Rappaport, C., “On the Use of Compressed Sensing Techniques for Improving Multistatic Three-di-
mensional Millimeter-Wave Portal-Based Personnel Screening,” IEEE Transactions on Antennas and 
Propagation, vol. 62, no. 1, Jan. 2014, pp. 494 - 499.

3. Alvarez, Y., Rodriguez-Vaqueiro, Y., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Las-Heras, F., and 
Rappaport, C., “Phase error compensation in imaging systems using Compressed Sensing tech-
niques,” IEEE Antennas and Wireless Propagation Letters, vol. 12, no. 12, Dec. 2013, pp. 1574 - 1577. 

4. Alvarez, Y., Laviada, J., Tirado, L., García, C., Martínez-Lorenzo, J.A., Las- Heras, F., and Rappaport, C., 
“Inverse Fast Multipole Method for Monostatic Imaging Applications,” Geoscience and Remote Sens-
ing Letters, Vol. 10, no. 5, pp. 1239-1243, Sept. 2013.

5. Gonzalez-Valdes, B.; Martinez-Lorenzo, J.A.; Rappaport, C.M., “A New Fast Algorithm for Radar-Based 
Shape Reconstruction of Smoothly Varying Objects,” IEEE Antennas and Wireless Propagation Let-
ters, Vol.12, no., pp.484-487, 2013.

 Pending-
1. Williams, K; Tirado, K; Chen, Z; Gonzalez-Valdes, B;  Martinez-Lorenzo, J. A.;  Rappaport, C. M., “Ray 

Tracing for Simulation of Millimeter Wave Whole Body Imaging Systems,” submitted for publication 
in IEEE Transactions on Antennas and Propagation.
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2. Galia Ghazi, Carey M. Rappaport, and Jose A. Martinez-Lorenzo.  “Improved contour detection through 
high resolution SAR imaging,” submitted for publication in Progress in Electromagnetic Research.

3. Y. Alvarez, Y. Rodriguez-Vaqueiro, B. Gonzalez- Valdes, S. Matzavinos, C. M. Rappaport, F. Las-Heras 
and J. A. Martinez-Lorenzo, “Fourier-based Imaging for Multistatic Radar Systems,” accepted for pub-
lication in IEEE Transactions on Microwave Theory and Techniques.

4. Alvarez, Y., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Las-Heras, F., and Rappaport, C., “SAR imag-
ing-based techniques for Low Permittivity Lossless Dielectric Bodies Characterization,” accepted for 
publication in IEEE Antennas and Propagation Magazine.

5. B. Gonzalez-Valdes, Yuri Alvarez, Jose A. Martinez-Lorenzo, Fernando Las-Heras and Carey M. Rap-
paport, “On the Combination of SAR and Model Based Techniques for High-Resolution Real-Time 
Two-Dimensional Reconstruction,” accepted for publication in IEEE Transactions on Antennas and 
Propagation.

6. Y. Rodriguez-Vaqueiro and J. A. Martinez-Lorenzo, “On the use of Passive Re lecting Surfaces and 
Compressive Sensing techniques for detecting security threats at standoff distances,” accepted for 
publication International Journal on Antennas and Propagation.

B. Peer reviewed conference proceedings

1. Y. Alvarez-Lopez, Y. Rodriguez-Vaqueiro, B. Gonzalez-Valdes, J. A. Martinez-Lorenzo, Fernando Las-
Heras and Carey M. Rappaport. “A Compressed Sensing-based Imaging System,” CD Proc., EuCAP 
2014, VII European Conference on Antennas and Propagation, the Hague (the Netherlands), April, 
2014. 

2. Mantzavinos, S., Gonzalez-Valdes, B., Busuioc, D., Miller, R., Martinez-Lorenzo, J. A., Rappaport, C., 
“Low-Cost, Fused Millimeter-Wave and 3D Point Cloud Imaging for Concealed Threat Detection,” 
IEEE International Antennas and Propagation Symposium, July 2013, pp. 1014 - 1015.

3. García Pino, A., Gonzalez-Valdes, B., Martinez-Lorenzo, J. A. and Rappaport, C., “Scanned Blade Beam 
Re lector Antenna for Near ield Imaging,” IEEE International Antennas and Propagation Symposium, 
July 2013, 950 - 951.

4. Rodriguez-Vaqueiro, Y., Gonzalez-Valdes, B., Martinez-Lorenzo, J. A., Rappaport, C., Álvarez, Y., Las-
Heras, F., “Compressed Sensing Techniques for Multistatic Three-dimensional Millimeter-Wave Per-
sonnel Screening,” IEEE International Antennas and Propagation Symposium, July 2013, pp. 534-
535.

5. Álvarez, Y., Las-Heras, F., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Rappaport, C., “Low Permittiv-
ity Dielectric Object on Conductor Characterization,” IEEE International Antennas and Propagation 
Symposium, July 2013, pp. 822 - 823.

6. Álvarez, Y., Las-Heras, F., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., Rappaport, C., “Accurate Pro ile 
Reconstruction Using An Improved SAR Based Technique,” IEEE International Antennas and Propa-
gation Symposium, July 2013, pp. 818 - 819.

7. Gonzalez-Valdes, B., Martinez-Lorenzo, J. A. and. Rappaport, C., “Dual Band SAR Processing for Low 
Dielectric Contrast Buried IED Detection,” IEEE International Antennas and Propagation Sympo-
sium, July 2013, pp. 1080 - 1081.

8. Álvarez, Y., Las-Heras, F., Gonzalez-Valdes, B., Martínez-Lorenzo, J. A., and Rappaport, C., “Material 
characterization using a millimeter wave portal-based imaging system for security screening,” IEEE 
Homeland Security Technology Conference, October 2013, pp. 511 - 516.

9. Rappaport, C., Gonzalez-Valdes, B., Allan, G., and Martínez-Lorenzo, J. A., “Optimizing Element Posi-
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tioning in Sparse Arrays for Near ield Mm-Wave Imaging,” IEEE Phased Array Conference, October 
13-16, 2013, pp. 333-335.

C. Other presentations

1. Seminars
a. Jose Martinez, “Novel signal processing algorithms for the next generation of AIT systems,” 

8/14/2013, DHS AIT Industry Day
b. Jose Martinez, “Compressive Sensing techniques for detecting security threats,” 10/8/2013, 

Northeastern University Smiths Delegation 
c. Jose Martinez, “Mechanical-Electromagnetic Sensing and Imaging Technologies in Security Ap-

plications,” 11/6/2013, ALERT and Gordon-CenSSIS Scholars 
d. Jose Martinez, “Next steps on standoff and on-the-move detection of security threats,” 4/16/2014, 

ASPIRE workshop 
e. Jose Martinez, R3-B: Stand-off Person Screening Systems, 2/19/2014, DHS-ALERT site visit 

2. Poster sessions
a. Borja Gonzalez- Valdes, Jose Angel, Martinez, Carey M. Rappaport, Fernando Las-Heras, “Auto-

matic SAR Processing for Pro ile Reconstruction and Recognition of Dielectric Objects on the 
Human Body Surface,” 10/14/13 ADSA09 

b. Mohit Bhardwaj, Shaan Patel, Galia Ghazi, Luis Tirado, Borja Gonzalez-Valdes, Scott Pitas, Cary 
Rappaport, Jose Martinez-Lorenzo. “Millimeter-Wave Standoff Detection of Concealed Explo-
sives,” 4/10/14, RISE

c. Galia Ghazi, Luis E. Tirado, Carey M. Rappaport, Jose A. Martinez-Lorenzo. “Coherent Image For-
mation and Calibration for Multi-Bistatic Radar Con igurations,” 4/10/14, RISE

d. Luis E. Tirado, Galia Ghazi, Carey Rappaport and José A. Martinez-Lorenzo. “Inverse Fast Multi-
pole Method GPU Implementation for Standoff Radar Imaging Applications,” 4/10/14, RISE 

e. Yolanda Rodriguez-Vaqueiro and Jose Angel Martinez-Lorenzo. Compressive Sensing techniques 
applied to standoff detection of security threats using Passive Re lecting Surfaces, 4/10/14, RISE

D. Transferred technology/patents

1. Gonzalez-Valdes, B., Martinez-Lorenzo, J. A. and Rappaport, C., On the move millimeter wave inter-
rogation system with a hallway of multiple transmitters and receivers, US Provisional Application 
No. 61/912,630. Date of Filing: Dec. 6, 2013.

2. Martinez-Lorenzo, J. A., Alvarez, Y. and Rappaport, C., Low Permittivity Lossless Dielectrics Charac-
terization using a Millimeter Wave Imaging System without First Re lection Information, US Provi-
sional Application No. 61/901,124. Date of Filing: November 11, 2013.

3. Rappaport, C., Mantzavinos, S., Gonzalez-Valdes, B., Martinez-Lorenzo, J. A. and Busuioc D., Modu-
lar Superheterodyne Stepped Frequency Radar System for Imaging, US Provisional Application No. 
61/865,353. Date of Filing: August 13, 2013.

VIII. REFERENCES

[1] J. Yinon, “Field detection and monitoring of explosives,” Trends in analytical chemistry, vol. 21, 

ALERT 
Phase 2 Year 1 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors and Sensor Systems 

Project R3-B.2

242



no. 4, pp. 415–423, 2002.
[2] J. Yinon, Forensic and Environmental Detection of Explosives. Chichester: John Wiley and Sons, 

1999.
[3] [M. Leahy-Hoppa, M. Fitch, X. Zheng, L. Hayden, and R. Osiander, “Wideband terahertz spectros-

copy of explosives,” Chemical Physics Letters, vol. 424, no. 8, pp. 227–230, 2007.
[4] D. J. Cook, B. K. Decker, and M. G. Allen, “Quantitative thz spectroscopy of explosive materials,” 

in Optical Terahertz Sicience and Technology, Orlando, Florida, 14-16 March, 2005.
[5] H. Liu, Y. Chen, G. J. Bastiaans, and X. Zhang, “Detection and identifi cation of explosive rdx by 

thz diffuse refl ection spectroscopy,” Optics Express, vol. 14, pp. 415–423, 1 2006.
[6] P. Shea, T. Gozani, and H. Bozorgmanesh, “A tnt explosives-detection system in airline baggage,” 

Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, De-
tectors and Associated Equipment, vol. 299, no. 20, pp. 444–448, December 1990.

[7] C. L. Fink, B. J. Micklich, T. J. Yule, P. Humm, L. Sagalovsky, and M. M. Martin, “Nuclear instru-
ments and methods in physics research section b: Beam interactions with materials and atoms,” 
Evaluation of neutron techniques for illicit substance detection, vol. 99, no. 1-4, pp. 748–752, May 
1995.

[8] H. Itozaki and G. Ota, “International journal on smart senssing and intelligent system,” Nuclear 
quadrupole resonanace for explosive detection, vol. 1, no. 3, pp. 705–715, september 2008.

[9] J. B. Miller and G. A. Barral, “Explosives detection with nuclear quadrupole resonance,” American 
Scientist, vol. 93, pp. 50–57, January-February 2005.

[10] Y. Rodriguez-Vaqueiro and J. A. Martinez-Lorenzo, “On the use of Passive Refl ecting Surfaces and 
Compressive Sensing techniques for detecting security threats at standoff distances,” accepted for 
publication International Journal on Antennas and Propagation.

[11] D. M. Sheen, D. L. McMakin, and T. E. Hall, “Three-Dimensional Millimeter-Wave Imaging for 
Concealed Weapon Detection,” IEEE Transactions on Microwave Theory and Techniques, vol. 49, 
no. 9, pp. 1581-1592, Sept. 2001.

[12] Y. Alvarez, Y. Rodriguez-Vaqueiro, B. Gonzalez- Valdes, S. Matzavinos, C. M. Rappaport, F. Las-
Heras and J. A. Martinez-Lorenzo, “Fourier-based Imaging for Multistatic Radar Systems,” accept-
ed for publication in IEEE Transactions on Microwave Theory and Techniques.

[13] T. Rosa, “HXI Model 8300 73 GHz Multi-Static FMCW Radar Front End (RFE),” Oct 2012; http://
www.hxi.com/doc/Radar_8300v2.pdf.

[14] Y. Alvarez, Y. Rodriguez-Vaqueiro, B. Gonzalez- Valdes, S. Matzavinos, C. M. Rappaport, F. Las-
Heras and J. A. Martinez-Lorenzo, “Fourier-based Imaging for Multistatic Radar Systems,” accept-
ed for publication in IEEE Transactions on Microwave Theory and Techniques.

[15] T. Rosa, “HXI Model 8300 73 GHz Multi-Static FMCW Radar Front End (RFE),” Oct 2012; http://
www.hxi.com/doc/Radar_8300v2.pdf.

[16] Y. Alvarez, J.A. Martinez-Lorenzo, F. Las-Heras, C.M. Rappaport, “An Inverse Fast Multipole 
Method for Geometry Reconstruction Using Scattered Field Information,” IEEE Transactions on 
Antennas and Propagation,  vol.60, no.7, pp.3351–3360, July 2012.

[17] NVIDIA’s Next Generation CUDA™ Compute Architecture: Kepler™  GK110, white paper, 
NVIDIA Corp., May 2012.

[18] L.E. Tirado, J.Á. Martínez-Lorenzo, B. González-Valdés, C. Rappaport, O. Rubiños-López, and H. 
Gómez-Sousa. “GPU implementation of the Modifi ed Equivalent Current Approximation (MECA) 
method.” Applied Computational Electromagnetics Society Journal 27, no. 9 (2012).

ALERT 
Phase 2 Year 1 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors and Sensor Systems 

Project R3-B.2

243



This page intentionally left blank.

244



R3-C: Standoff  Detection of Explosives:            

Mid-Infrared Spectroscopy Chemical Sensing

Abstract—The main objective of the ALERT Phase 2 R3-C component is to develop Vibrational 
Spectroscopy for photonic standoff detection of highly energetic materials (HEMs): explosives and 
homemade explosives (HMEs). The expected outcomes of the project are to signifi cantly improve 
the current state of development of vibrational standoff detection of HEMs/HMEs, in terms of: 
range (target-observer distance); detection limits; quantifi cation; and discrimination capabilities 
from interferents (background and matrices). During Year 1, signifi cant improvements were made 
in the development of remote mid-infrared (MIR) sensing of explosives using QCL, thermal and 
CO2 laser based methods.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution                               Email

Samuel  Hernández PI UPRM sp_hernandez_uprm@yahoo.com

Leonardo C. Pacheco Research Associate UPRM pachecolc@yahoo.com

Pedro M. Fierro Research Associate UPRM fi erropm@yahoo.es

William Ortiz Research Associate UPRM wortiz30@yahoo.es

Students

Name Degree Pursued Institution Intended Year of Graduation

John R. Castro-Suarez PhD UPRM 12/2015

Eduardo Espinosa PhD UPRM 5/2014

Carlos Ortega MS UPRM 5/2014

Nataly Galán MS UPRM 5/2014

José L. Ruiz PhD UPRM 12/2015

Jorge Castellanos PhD UPRM 5/2016

Amanda Figueroa BS/REU UPRM 5/2015

Doris M. Laguer BS UPRM 12/2015

Amira Padilla PhD UPRM 2014

  Karina Ruiz BS UPRM 2015

  Yaireliz Dávila BS UPRM 2017

  Isamar Aleman BS UPRM 2017

  Natalia Santiago BS  UMET, PR 2015

  Eric Warren BS/REU Univ.  Iowa 2015

II. PROJECT OVERVIEW AND SIGNIFICANCE

The need for rapid detection and identi ication instrumentation for explosives threats in homeland security 
and defense applications has become a concern of crucial importance in modern society. For military, secu-
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rity and anti-terrorist personnel, to irst responders and law enforcing employees, such as police of icers, 
airport screeners and border patrols personnel, to Navy, Army, Air Force and National Guard workforces, the 
possibility of coming in contact with a chemical or biological threat agent is high. Highly energetic materi-
als (HEMs), including high explosives (HE; nitroaromatic or nitroaliphatic) or homemade explosives (HMEs, 
organic peroxides, nitrate or perchlorate based) are more often encountered by security personnel and irst 
responders than chemical agents, toxic industrial compounds or biological agents. To achieve the required 
countermeasures in handling explosives threats and mitigation efforts, vibrational spectroscopic techniques 
are frequently used. Detection of HEMs resident on substrates at trace levels or airborne remains a subject 
of great importance. In the past few years, many of the published reports have focused on the detection of 
these important chemical compounds. However, the majority of them require some type of sampling. Obtain-
ing samples in the ield is the principal disadvantage of most explosive detection devices because the person 
doing the sampling is at risk.
Vibrational spectroscopy based standoff detection has been used for sensing HE and HME, forming an impor-
tant part of the contributions from the Chemistry research group at the University of Puerto Rico-Mayagüez, 
as part of the ALERT Phase 1 F2-F component, and now carries on to the DHS COE: ALERT Phase 2 in its new 
component R3-C. During the past year, research has covered applications at close distances (0.1 m to 1 m) 
and long ranges (5 to 65 m), in the case of standoff mid infrared (MIR) spectroscopy, not limited by range but 
rather by source; and up to 140 m, in the case of standoff Raman spectroscopy. Raman spectroscopy based 
standoff detection still holds a bright future in defense applications (particularly for UV Raman standoff de-
tection) but not for security applications under the DHS/TSA umbrella because of obvious problems with eye 
safety. On the other hand, MIR spectroscopy coupled with laser sources can provide HEMs detection solu-
tions, both at close range (0.1 – 1 m) and at longer distances from the observer (1-100 m) under totally eye 
safe conditions for the operators and for target suspects. The need to develop more powerful MIR sources 
that allow detection at longer distances when a target is present at trace levels deposited on substrates sug-
gests the use of collimated, coherent and polarized sources; i.e.: lasers. These sources were irst developed at 
Bells Labs in 1994 with the invention of quantum cascade lasers (QCLs).
This new project of the R3-C component of ALERT involves evaluating MIR laser sources which are eye safe. 
Quantum cascade lasers have revolutionized MIR spectroscopy applications. They are capable of producing 
from tens to hundreds of milliwatts of continuous mode or pulsed power at ambient conditions, are commer-
cially accessible and have made possible the development of a ruggedized system for detection of hazardous 
threats. Recent developments in QCL technology include size reduction, which has enabled the transition 
from table-top laboratory instruments to easy-to-handle, portable devices; and design of small instruments 
that can be used by irst responders and military personnel outside the con inement of a sample compart-
ment. Moreover, the increase in output power has enabled the use of QCL-based spectrometers in long dis-
tance (range) applications, making detection of chemical and biological threat agents possible at tens of me-
ters from the source. Other Fourier transform IR spectroscopic modalities important to the task of detection, 
identi ication and discrimination of explosives range from bulk (few mg) to trace (sub-μg/cm²) @ 0.1 – 20 
m. Techniques evaluated must provide positive/negative or a con idence level indication to the operator for 
presence of explosives within 1 minute (in most cases a few seconds), and must operate effectively in a ield 
environment at multiple distances with varying levels of relative humidity, air particulates, temperature, light 
and wind.

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

Rapid and precise identi ication of HE and HMEs is at the top of the agenda of National Defense and Secu-
rity agencies. At the ALERT COE, the interest focuses on all areas related to these highly energetic materials, 
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including detection, characterization and prevention of terrorist attacks. Instruments that can be used in 
the ield to rapidly and accurately detect and identify explosives and their precursors could form part of 
checkpoint security stations in airports, seaports and government buildings. Infrared spectroscopy (IRS) in 
the mid-infrared (MIR) region has played an important role in the characterization of highly energetic ma-
terials through persistent characteristic signatures. These signatures can be universally used to detect these 
compounds from a distance. This project deals with the use of IRS to develop con irming orthogonal chemi-
cal sensors for detecting explosives residues on clothing, travel bags, personal bags, laptop bags/cases, skin 
and other substrates. Con irming orthogonal sensors are envisioned for use after millimeter wave sensing of 
anomalies/devices under clothing and within human bodies. The main hurdle to overcome is discriminating 
for the nitro or peroxide based explosives from highly interfering, MIR absorbing substrates (matrices) on 
which explosives are found. This area is our second most signi icant contribution to the ield.

B. Major contributions

B.1 Detection of highly energetic materials on 
non-re lective substrates using quantum cas-
cade laser spectroscopy (QCLS)

A spectroscopic system based on quantum 
cascade lasers was used to obtain mid-infrared 
spectra of highly energetic materials (HEMs) 
deposited on non-ideal, low re lectivity sub-
strates such as travel bags (TB), cardboard 
(CB) and wood (W). Various deposition meth-
ods including spin coating, sample smearing, 
partial immersion and spray deposition were 
tested for preparing standards and samples 
used in the study. Figure 1 contains a schemat-
ic diagram illustrating the experimental 
setup, sample preparation and data acqui-
sition and analysis.
The HEMs used included nitroaromatic 
explosive 2,4,6-trinitrotoluene (TNT), 
aliphatic nitrate ester pentaerythritol 
tetranitrate (PETN), and aliphatic nitra-
mine 1,3,5-trinitroperhydro-1,3,5-triazine 
(RDX). Low surface concentrations (1-15 
μg/cm2) of HEMs were used in the inves-
tigation. Figure 2 shows representative 
QCLS spectra of TNT, PETN and RDX on 
Al (Fig. 2a), on CN (Fig. 2b), on W (Fig. 2c) 
and on TB (Fig. 2d).
Hit quality index (HQI) values were calcu-
lated from a spectral library and used as 
identi ication methods through correla-
tion coef icients. Spectral ID using spectral 
correlation algorithms were not ef icient enough for identifying HEMs when present on non-ideal low re lec-
tivity, highly mid-infrared absorbing substrates. The results are shown in Table 1 on the next page. 

Figure 1: Experimental setup. (a) Sample preparation: HEM 

samples deposited on substrates. (b) In situ QCL spectral 

measurements. (c) Multivariate statistical analyses.

Figure 2: QCL spectra of HEM on substrates: (a) Al, (b) CB, (c) wood 

and (d) TB. Surface concentrations were 15 μg/cm2. QCL spectra of 

substrates are included to establish the degree of spectral interference.
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HQI/Spectral Correlation

HEM spectra on AI HEM spectra on CB HEM spectra on wood HEM spectra on TB

library 

spectra

PETN RDX TNT PETN RDX TNT PETN RDX TNT PETN RDX TNT

PETN 0.95 0.39 0.07 0.06 0.00 -0.03 -0.39 0.13 -0.10 0.20 0.21 0.12

RDX 0.39 0.94 0.09 0.15 0.30 0.25 -0.05 0.14 0.07 0.34 0.36 0.40

TNT 0.10 0.14 0.96 -0.03 -0.09 -0.55 -0.22 0.22 -0.60 -0.10 0.11 0.14

Two chemometrics algorithms were applied to analyze the spectral characteristics recorded using QCLS; 
principal component analysis (PCA) was used to identity spectral similarities in a spectral data set and par-
tial least squares (PLS) were used to ind the best correlation between the infrared signals and the surface 
concentration of samples. Multivariate analyses were ef icient enough in attaining the goals of this investiga-
tion. Several preprocessing steps were used to analyze the obtained infrared spectra of HEMs deposited as 
contaminants on target substrates. Chemometrics-based multivariate analyses used to detect target HEMs 
deposited on TB and CB substrates required only irst derivative and mean centering as preprocessing steps. 
Wooden substrates were more challenging for generating ef icient PCA models and a third preprocessing 
step (standard normal variate transformation) was required to achieve the desired discrimination on these 
substrates. Moreover, classi ications according to the type of HEM were achieved. PCA models of the three 
HEMs studied, TNT, RDX and PETN, on the three substrates tested (general PCA model) allowed discrimina-
tion even in the presence of highly interfering and complex substrates, although the model required 12 PCs 
to account for 80% of the variance. In general, QCL spectroscopy was demonstrated to be useful for detecting 
HEMs on non-ideal, low re lectivity substrates, and for discriminating the analytes from highly interfering 
substrates when coupled with chemometric tools such as PCA analysis. Figure 3 illustrates some of the re-
sults using PCA models; Figure 3a- PCA for HE investigated on TB; Figure 3b- general PCA regression model 
for TNT, PETN and RDX on TB, CB and W.

Finally, PLS models demonstrated the capability of predicting surface concentrations of HEMs on the sub-
strates tested using a maximum of 8 latent variables (LV) to obtain values of R2 higher than 0.9. The results 
clearly demonstrate that the infrared vibrational method used in this study can be useful for the detection 
of HEMs on real-world low re lectivity substrates. The PLS-DA models resulting from the discrimination of 
each HEM from the others and from the neat substrate for TB are shown in Figure 4 on the next page. The 

Table 1: Values of spectral correlation coeffi  cients (HQI) for spectra of HEM deposited on various substrates.

Figure 3: PCA model for QCLS detection of HE deposited on TB. Preprocessing steps applied: 1st deriv. (15 pt.) + MC. 

Red dotted curve represents 95% confi dence level. (b) General PCA regression model for QCL spectra of HE deposited 

on substrates. Preprocessing steps applied: 2nd deriv. (17 pts.) + SNV + MC. Dotted red closed curve represents 95% 

confi dence level.
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class predictions of PETN, RDX, and TNT on TB from the cross validation are shown in Figures 4a-4c. Four 
LVs were required to obtain the best multivariate classi ication model with high sensitivity (see Table 2) for 
the HEMs tested from the calibration, cross validation and prediction data sets. The variance captured was 
87.8%, which is suf icient for a good classi ication of the predicted spectra set on TB. For the multivariate 
(clustering) analysis of the HEMs on TB, a total of six LVs were necessary to capture 80% of the total variance 
in the spectral data. As shown in the score plot in Figure 4d two latent variables with 60% of the spectral 
variance were suf icient to obtain an excellent classi ication according to the type of HEM deposited and to 
discriminate from the TB substrate. In this model, spectra from the prediction set (RDX Test, TNT Test, and 
PETN Test) were well grouped according to chemical characteristics with spectra from the calibration sets.

Substrate Explosive LV R2 CV R2 Pred RMSECV (μg/

cm2)

RMSEP (μg/

cm2)

TB

PETN 8 0.998 0.999 0.12 0.09

RDX 8 0.996 0.998 0.17 0.13

TNT 8 0.973 0.971 0.48 0.41

CB

PETN 7 0.980 0.985 0.56 0.41

RDX 8 0.980 0.987 0.61 0.40

TNT 8 0.945 0.993 1.06 0.47

Wood

PETN 5 0.989 0.996 0.43 0.29

RDX 8 0.984 0.985 0.46 0.39

TNT 9 0.918 0.982 1.03 0.45

In summary, a QCL based spectroscopic system allowed the detection of HEM deposited at low surface con-
centrations (1-15 μg/cm2) on three types of non-ideal low re lectivity substrates: travel bag fabric (TB), card-
board (CB) and wood. Spectral identi ication using spectral correlation algorithms were not ef icient enough 

Figure 4: PLS model for QCLS detection of HE deposited on TB: (a) PETN test; (b) RDX test; (c) TNT test; (d) Scores Plot 

for all data.

Table 2: Statistical parameters of PLS calibrations for QCLS spectra of HEM deposited on substrates.
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for identifying HEMs when present on non-ideal low re lectivity, highly mid-infrared absorbing substrates. 
However, multivariate analyses were ef icient enough in attaining the goals of this investigation.  Finally, PLS 
models demonstrated the capability of predicting surface concentrations of HEMs on the substrates tested 
using a maximum of 8 latent variables (LV) to obtain values of R2 higher than 0.9.

B.2 FT-RAIRS monitoring of ultra-thin RDX ilms generated by spin coating and modelled by chemometrics mul-
tivariate analyses: PLS and PCA

Ultra-thin ilms have been prepared by various methods. Their thickness have been estimated with various 
techniques: pro ilometry, atomic force microscopy and other sophisticated methods have been employed to 
measure ilm thickness and roughness. However, there have been very few studies involving ilm thickness 
in luence on infrared spectra. Ultra-thin RDX ilms have been prepared by spin coating on various surfaces. 
Initially principal component analysis (PCA) indings explain that it is possible to discriminate ultra-thin 
ilms prepared by angular speed (rpm) in the spin coating process. Film thickness will be estimated by atomic 

force microscopy. Calibration curves prepared by partial least squares (PLS) should correlate the measure-
ments, found by atomic force microscopy, to deposition speed (rpm) in the spin coating methodology. Model 
robustness will be measured with an independent validation set, once the experimental design provides 
optimized results in principal component analysis. Optical properties for these ultra-thin ilms will also be 
measured to examine variations with deposition. The objective of this study is to determine thickness and 
roughness parameters on the preparation of samples and standards and the concomitant correlation with 
speed of deposition, ilm thickness, roughness and the optical properties. This will allow for the generation 
of samples with a high level of known physical, optical and spectroscopic characteristics.
Principal component analysis was performed on the stainless steel and gold surfaces, spin coated with RDX 
at 3000 RPM.  At a 45° Electric Field Vector angle, there should be little to no response in intensity with thin 
ilms.  The purpose of carrying out Principal component analysis with this spectra is to compare the respons-

es by EFV angle as the RPM’s increase, assuming that the thickness of the RDX thin ilm decreases.  Figure 
6 on the next page shows the change in intensity for the mentioned peaks as the Electric ield Vector angle 
increases, one of them is at 1240 cm-1 and the next one is at 1560 cm-1.  The only preprocessing needed was 
baseline correction, with a Root Mean Squared Error of Calibration (RMSEC) value of 0.0027 (0.27%) and a 
Root Mean Squared Error of Prediction (RMSEP) value of 0.0054 (0.54%).  Variance Captured Percentage for 
this PCA was calculated as 99.54%.  The scores in Figure 7 on the next page show the precision for every spec-
tra taken at each EFV angle, for which we will calculate for every 1000 revolutions per minute, from 1000 to 
9000.  For one spectrum without polarization, there was more variation and less precision in measurements. 
The difference noticed on principal component analysis has to do with the intensity of these important peaks.  
Spectra taken at an electric ield angle of 90° are then subjected to principal component analysis, separated 
by the revolutions per minute when prepared by spin coating.  Figure 3 shows that there is a relative decrease 
in intensity for two peaks at 1265 (NO2 axial) and 1320 cm-1.    There is also a slight shift in these peaks as 
the revolutions per minute decrease.
Partial Least Squares is also to be carried out once PCA shows a clearer distinction per spin velocity.  PCA 
shown in Figure 6 on the next page shows that the irst principal component describes a difference per revo-
lution.  Looking at Figure 5b on the next page, principal component analysis describes the left-hand side of 
the principal component as the one with the least amount of revolutions per minute. However, spectra for 
thin ilms taken at 9000 revolutions per minute fall right in the middle. In order to corroborate that this be-
havior is true, a new data set is to be evaluated by PCA, once the homogeneity of the ilms is established by 
AFM.   This data was only mean centered, with three PCs chosen with 99.97% cumulative variance. With this 
premise, we assume that thickness is involved in the difference in Fourier transform Infrared Spectra.  Figure 
7 on the next page shows the scores for the irst three principal components. The third component does not 
add much information to discriminate per spin velocity.  Figure 8 on the following page shows loadings per 
principal component, where the irst one explains the most variation per revolution in the spectra.  The sec-
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ond and third principal component add more noise to the model.  The fourth principal component provides 
additional peaks which will be further studied.  Looking at this principal component, one of the most studied 
peaks of RDX at 1600 cm-1 is appreciated. However, the spectra in this peak are not varying in intensity per 
revolution per minute as seen in the peak at 1265 and 1320 cm-1. Figure 8 on the next page shows the irst 
loading for the principal component, in which the peaks at 1265, 1320 and 1600 cm-1 are appreciated.

In summary, homogeneity of the ilms should be established, since there was some variation within the same 
class. The experimental setup has been modi ied since the measurements carried out per revolution, so the 
measurements will be repeated in summer 2014.  With Principal Component Analysis, we can deduct that 
the irst principal component explains why there is a difference per spin velocity in the spectra, which is 
inversely proportional to the thickness. This means that while revolutions per minute increase, the thick-
ness decreases.  On the other hand, there is also a marked difference between spectra taken at different elec-
tric ield vector angle and without polarization.  Optical properties will be calculated at these angles for all 

Figure 5: PLS regression plots of predicted vs. measured 

surface concentrations for HEM deposited on substrates. 

(a) RDX on TB, (b) TNT on CB and (c) PETN on wood. Spectral 

range used: 1000-1600 cm-1.

Figure 6: Stainless Steel (SS) surface coated with 

RDX at 3000 RPM shows two prominent peaks as the 

Electric fi eld Vector angle increases, one of them is at 

1240 cm-1 and the next one is at 1560 cm-1.

Figure 7: PCA scores plot for SS surfaces with RDX thin fi lms; (a) As function of deposition speed (rpm); (b) classifi ed by 

electric fi eld vector angle with respect to surface normal.
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revolutions. These measurements will also be 
carried out in copper, silicon and gold surfaces. 
The advantages of Fourier Transform infrared 
spectroscopy to evaluate ilm thickness is that 
this method is non-destructive, provides high 
resolution and it can provide more informa-
tion when combined with Partial Least Squares 
(PLS) and PCA, as well as other chemometric 
methods. Figure 9 shows the initial results for 
classi ication with PLS in which more distinct 
separation of the data are achieved, particularly 
in 3-dimension score plots as shown in Figure 
10 on the next page.

Figure 8: Spectra as function of deposition speed (rpm) showing 

a decrease of RDX band intensities at 1260 and 1320 cm-1.

Figure 9: PLS results: (a) there are no outliers in this PCA model. (b) Scores show adequate reproducibility within the 

same classes, particularly at 6000 RPM; (c) Scores on PC 1 are shown in order from left to right from 1000 to 9000 RPM; 

(d) deposition speeds studied.
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C. Future plans

Several projects have been planned as continuation of the efforts in vibrational spectroscopy based chemi-
cal 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 
building an addressable library of HE/HEMs independent of substrate type and to start QCLS transmission 
mode detection of explosives.
Another relevant project deals with characterization of HMEs and their detection and their precursors. Up-
coming work will include standoff detection of HEMs/HMEs on other substrates, such as plastic, wood, leath-
er, cloth and other metallic surfaces, in order to quantify and obtain chemometrics models that can be applied 
in real world environments. Detailed theoretical study of optical processes on these surfaces is required 
to understand the nature of the results of the experiments and for the transition of standoff laser induced 
thermal emission (LITE) of explosives to real world substrates using complex matrices, such as sand, plastic, 
wood, leather, cloth and other metallic surfaces.
Future work will also be performed for detection of HMEs and other harmful substances in vapor phase, com-
bined with statistical analysis in order to obtain a quanti ication model using chemometrics. In addition, we 
will be performing research in order to optimize the overall process in the fabrication of our capillary SERS 
substrate and fully characterize the obtained microdevices.  

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

The R3-C project has had a strong commitment to education and training at all levels, from high school to 
post-doc trainees. Table 3 below and continued on the next page illustrates the main factors used to measure 
productivity and effectiveness. 

PRODUCTIVITY ALERT Phase 2

Faculty Involved PI

Post-Docs 3

Graduate Students 7

Undergrad Students 7

Figure 10: PC Projections show that PC3 also describes variation as function of deposition speed.
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PRODUCTIVITY ALERT Phase 2

MS / Ph.D. 2 /5

REU Students 3

Peer Reviewed Papers 11

Disclosures 0

During the summer of 2013 the Research Experiences for Undergraduates was extended to host 6 under-
graduate students: two (2) from the DHS ALERT-COE; one (1) from DOD HBCU-MI program and two (2) from 
a recently awarded NSF-REU grant for Metropolitan University. The students are listed in Table 4.

Name Institution Sponsor

1 Eric Warren U. Iowa ALERT

2 Natalia Santiago Metropolitan U. AGMUS-PR ALERT

3 Doris Laguer UPRM EPA

4 Andrea Flores Metropolitan U. AGMUS-PR NSF-REU-MET. U.

5 Edgar J. Trujillo Metropolitan U. AGMUS-PR NSF-REU-MET. U.

6 Amanda Figueroa UPR-MAYAGUEZ DOD-HBCU/MI

7 Amanda Figueroa UPR-MAYAGUEZ ALERT

V. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

The results of ongoing studies demonstrate that the experimental setups can be used in many applications 
for detection of explosives, other threat chemicals and biological threat agents. The results of this study in-
dicate that explosives, as well as illegal drugs, can be strategically mixed with other compounds with similar 
chemical and physical properties with the purpose of disguising them from security personnel and using 
them for criminal or terroristic events. Detection of hazardous compounds such as explosives, hazardous 
chemicals and biological agents employed by terrorists and smugglers is considered an area of high interest 
for federal government agencies, such as the Department of Homeland Security, Department of Defense, De-
partment of Justice, State Departments of Corrections and Forensic Agencies and others.
This project also intends to expand the knowledge in the ield of preparation of samples and standards based 
on thin ilms and islands of HEMs, and also HEMs for both basic and applied research by depositing traces 
of target analytes on substrates of high interest using spin coating technology to develop the mentioned as-
semblies. The two main goals of this project are related to the study of solid-substrate interactions. The irst 
and primary goal is to develop methodologies capable of producing solid samples deposited on substrates 
in controlled size and distribution modes deposited on selected surfaces to generate specimens that would 
reproduce real contamination samples. In a second closely related aim, the prepared samples will be used 
to characterize analyte-substrate interactions, physical and chemical properties derived from these interac-
tions, including, but not limited to, particle sizes and shapes, polymorphism at the sub-micro range, optical 
and spectroscopic properties, thermal properties and others. At the micron and sub-micron ranges, the resi-

Table 3: Productivity factors in F2-F and R3-C ALERT component at UPR-M: 6 years of project operation.

Table 4: Summer of 2013 and 2014 REU students hosted by UPR-Mayagüez.
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dence time of these adsorbate-substrate assemblies becomes an important property for study, since behavior 
at the microscopic scale is very different from bulk phase characteristics. Finally, the applications of these 
well-characterized samples include use in experiments that require ine control of the distribution of load-
ings of analytes on surfaces.

B. Anticipated end-user technology transfer

Work on QCLS based detection of explosives is also being pursued in collaboration with Eos Photonics and 
Thermo-Fisher Scienti ic (formerly Ahura) for the development of explosives detection equipment. The com-
mercial applications have been envisioned in the standards market for traditional nitroexplosives or high 
explosives (HE), and for cyclic organic peroxides (CAP) HME, including DADP, HMTD and TMDD.
The technologies under development are useful for gas phase detection of relatively high vapor pressure 
HMEs (such as 2,4-DNT, TATP and others), for chemical agents, for biological threat agents and for illicit drug 
detection. They can also be used in Process Analytical Technology (PAT) applications in pharmaceutical and 
biotechnology industries. The applications for pharma and biotech are in tablet content uniformity veri i-
cation and for cleaning validation of batch reactors, mixers, ilters and dryers. Coupling with multivariate 
analysis routines in all of these applications will de initively enhance the desired results and drive low limits 
of detection to the lowest possible values.
In still another application of QCLS coupled to chemometrics, the detection and classi ication of microorgan-
isms (such as bacteria, viruses and yeasts) can be addressed very successfully, shortening analysis time from 
hours to seconds. Defense and security, as well as biotech, food industries and public health facilities and 
hospitals will bene it, to a large extent, from the methods and techniques under development in the R3-C 
research and development component.

VI. LEVERAGING OF RESOURCES

The NSF Chemical Measurement and Imaging Program supports research focusing on chemically-relevant 
measurement science and imaging, targeting both improved understanding of new and existing methods and 
development of innovative approaches and instruments. The primary focus of this research is on develop-
ment of new instrumentation enabling chemical measurements, likely to be of wide interest and utility to the 
chemistry research community.
Under the auspices of the Defense Threat Reduction Agency (DTRA) of the DoD and within the program Rap-
id Investment Funds, Eos Photonics (Lead) and Thermo-Fisher Scienti ic (Co-Lead) and University of Puerto 
Rico-Mayaguez (Academic Partner, S.P. Hernández-Rivera) and other companies are also being considered as 
partners for collaborative and transitioning work.
Grants:
A. Project: Puerto Rico REU: Research Training in Cross-disciplinary Chemical Sciences
• Program: Research Experiences for Undergraduates (REU)
• Funding agency: NSF
• Status: Approved, $450,000 3 years; co-Funded by DOD
• PI: Dr. Osvaldo Cox
• Co-PI: Dr. Beatriz Zayas
• Research Mentors: Dr. Ajay Kumar, Dr. Mitk’El B. Santiago, Dr. Oliva M. Primera-Pedrozo, Dr. Jonathan 

Friedman, Dr. Shikha Raizada, Dr. Antonio Alegría, Dr. Carlos Cabrera and Dr. Samuel P. Hernández.
• Description: The goal of this project is to build a cross-disciplinary research community in chemistry to 
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increase the competitiveness of chemistry majors in Puerto Rico and thereby increase their prepared-
ness and enthusiasm to continue to graduate school. The project will recruit students at Universidad 
Metropolitana, a Hispanic Serving Institution in San Juan, Puerto Rico and offer a program during the 
academic year followed by a summer component at four (4) partner institutions which are research in-
tensive institutions.

B. Project: Acquisition of Confocal RAMAN-AFM-NSOM Imaging Spectroscopic System
• Pending: Major Research Instrumentation, NSF 13-517
• Funding agency: NSF
• Status: Pending; Requested: $803,596
• PI: Dr. Carlos Padín-Bibiloni, Chancellor, UMET-AGMUS
• Co-PIs: Dr. Samuel P. Hernández-Rivera’, Dr. Oliva M. Primera-Pedrozo, Dr. Mitk’El B. Santiago, Dr. Wilfredo 

Otaño, 
• Researchers: Dr. Francisco Marquez, Dr. Jaime Ramirez-Vick, Dr. Luis F. de la Torre
• Description: Metropolitan University (UMET) and UPR-M proposes the acquisition of equipment capable 

of performing atomic force microscopy (AFM), near- ield scanning optical microscope (NSOM), Raman 
spectroscopy (RS), surface enhanced Raman spectroscopy (SERS) and material characterization, in gen-
eral. The objective is to increase the participation of scientists from multiple universities in Puerto Rico in 
state-of-the-art research and to broadly impact the STEM pipeline education and training in spectroscop-
ic techniques, in iber optics in scienti ic instrumentation, and in laser techniques, The requested instru-
mentation will enable a new network for cutting-edge materials science research that brings together 
young, competitive researchers and seasoned experienced investigators from four (4) different institu-
tions across the island of Puerto Rico: UMET, University of Puerto Rico-Mayaguez (UPR-M), University of 
Puerto Rico-Cayey (UPR-C), and Universidad del Turabo (UT).

C. Project: Confocal Raman-AFM-SNOM Imaging Spectroscopic System: An Initiative to Expand Materials Re-
search in Puerto Rico
• Program: Defense University Research Instrumentation Program (DURIP) PA-AFOSR-2013-0001
• Funding agency: Department of Defense – DURIP 
• Status: Approved, $225,000
• PI: Dr. Samuel P. Hernández-Rivera
• Co-PI: Dr. Oliva M. Primera-Pedrozo, Dr. Luis F. de la Torre 
• Researchers: Dr. Arturo Hernández-Maldonado, Dr. Wilfredo Otaño, Dr. Jaime Ramírez-Vick,
• Description: This proposal is aimed at strengthening research and education infrastructure capabilities 

at University of Puerto Rico – Mayaguez (UPR-M) aligned with ARO goals and objectives. Equipment ac-
quired through this grant will assist in developing the local workforce by fostering the development of 
the doctoral program in Applied Chemistry at UPR-M, one of the nation’s leading Hispanic Serving In-
stitutions producing graduates in science, mathematics, and engineering. A second goal is to increase 
participation of students and scientists in state-of-art research and to impact STEM pipeline education 
and training in confocal Raman microscopy, atomic force microscopy (AFM), scanning near- ield optical 
microscopy (SNOM), surface enhanced Raman spectroscopy, tip enhanced Raman spectroscopy (TERS) 
and in materials characterization in general. The requested instrumentation will greatly enhance current 
research capabilities in National Defense/Security in materials sciences, nanotechnology applications 
in sensors development, biophysical/cellular studies, regenerative medicine, anticancer drug delivery, 
and cancer studies, including new protocols for early and non-invasive diagnosis. This equipment will 
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also enhance the research experiences of graduate and undergraduate students from underrepresented 
groups by exposing them to research equipment not currently available in any research or educational 
institution. Computer remote access will provide opportunities for successful sharing and maximizing 
resources. The project will create a “virtual laboratory” environment including implementation of tools 
and resources to build necessary infrastructure enabling online instrument access: network connection, 
multiuser account, instrument registration schedule and multiuser sharing screen.

D. Project: New Approaches  to Cleaning Validation in Pharma & Biotech  Industries
• Program: Alternate technologies for evaluation of equipment surface samples for Cleaning Validation
• Funding agency: Industry-University Consortium (INDINIV), Government of Puerto Rico 
• Status: Pending, $80,000
• PI: Dr. Samuel P. Hernández-Rivera
• Co-PI: Dr. Leonardo C. Pacheco-Londoño, Dr. Pedro M. Fierro-Mercado, 
• Researchers: Mrs. Nataly Y. Galán-Freyle, MS; Miss. Amanda Figueroa-Navedo, UGS
• Description: The proposed project focuses on the development, testing and validation of new method-

ologies for analyzing trace level amounts of APIs, detergents and cleaning agents left as contamination 
residues on surfaces of batch reactors and handling equipment as part of cleaning protocols. The analyti-
cal methodologies to be developed will be robust enough for consistent every-day use and will be of wide 
capability of implementation in Pharma and Biotechnology industries. The analytical methods will be 
capable of providing highly cost effective alternatives to established methodologies of cleaning validation 
in these industries. 
For direct examination of equipment surfaces a QCL spectrometer based methodology will be developed, 
tested and validated to substitute swab/HPLC based sample collection and analysis. Recent developments 
in QCL technology include size reduction, which has enabled the transition from table-top laboratory in-
struments to easy-to-handle, portable, and small instruments. Moreover, the augmented output power 
has enabled the use of QCL-based spectrometers in long-distance applications, making the detection of 
chemicals possible at several meters from the source. However, the majority of previous investigations 
are focused on the detection of chemicals deposited on nearly ideal, highly re lective substrates (such as 
metallic surfaces), and there are no published reports on spectral effects of real-world substrates (such 
as Te lon, silicones and polymer plastics) on the spectra of the analyzed targets. 
For the particular cases for which using a direct, remote sensed methodology is not viable (the ield of 
view of the laser is obstructed), we propose two alternative, in situ, validate-CIP methodologies that 
will be based on the use of swabs or their equivalent. The irst one envisions collecting the sample us-
ing swabs and analyzing with CE-QCLS. The other proposed methodology uses gold/silver nanoparticles 
(Au/Ag NP) coated swabs/ ilters to capture the APIs/detergents and uses a portable Raman spectrom-
eter and surface enhanced Raman scattering (SERS) to analyze the target chemicals residues

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

1. Espinosa-Fuentes, E. A., Pacheco-Londoño, L.C., Hidalgo-Santiago, M., Moreno, M., Vivas-Reyes, R. and 
Hernández-Rivera, S.P. “A Mechanism for the Uncatalyzed Cyclic Acetone-Peroxide Formation Reac-
tion: An Experimental and Computational Study”, 2013, J. Phys. Chem. A, 117 (41), 10753–10763. 
DOI: 10.1021/jp406972k.

2. Pacheco-Londoño, L.C.; Castro-Suarez, J.R.; Hernández-Rivera, S.P.; “Detection of Nitroaromatic and 
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Peroxide Explosives in Air Using Infrared Spectroscopy: QCL and FTIR”, 2013, Advances in Optical 
Technologies, 2013: 52670. doi.org/10.1155/2013/532670

3. Padilla-Jiménez, A.C., Ortiz-Rivera, W., Ríos-Velázquez, C. Vázquez-Ayala, I. and Hernández-Rivera, 
S.P., “Detection and discrimination of microorganisms on various substrates with QCL spectroscopy”, 
2014, J. Opt. Eng., 53(6), 061611-1 – 061611-10. 

B. Theses or dissertations produced from this project

1. Galán-Freyle, Nataly Y., “Standoff Laser-Induced Thermal Emission of Explosives”, December 20, 
2013, Master of Science, Chemistry, University of Puerto Rico – Mayagüez.

2. Ortega-Zúñiga, Carlos A., “Dependence of Active Mode Remote FT-IR Sensing on Angle of Incidence, 
Substrate Type and Analyte Surface Concentration, Galán-Freyle, Nataly Y., “Standoff Laser-Induced 
Thermal Emission of Explosives”, December 20, 2013, Master of Science, Chemistry, University of 
Puerto Rico – Mayagüez.

3. Espinosa-Fuentes, Eduardo A., “Synthesis, Mechanism and Characterization of Peroxide Homemade 
Explosives”, August 15, 2013, Ph.D., Applied Chemistry, University of Puerto Rico – Mayagüez.

C. New courses developed and student enrollment

1. Continued education courses:
a. Hernández-Rivera, S.P., “Remote Detection of hazardous Chemicals”, Annual Symposium of 

Puerto Rico Chemists Association: PR Chem 2013, July 31-August 4, Gran Meliá Golf Resort, Rio 
Grande, PR, 2013. 105 persons attended.

b. Hernández-Rivera, S.P., “Remote Detection of hazardous Chemicals”, Annual Symposium of Puer-
to Rico Chemists Association: PR Chem 2014 Spring Mini Convention, March 15, 2014, Villa Par-
guera Resort, Lajas, PR, 72 persons attended.
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R3-D: Magnetic Resonance Based Detection of 

Illicit Materials

Abstract— Imagine, you have to quickly fi gure out just what liquid is inside a bottle. The container 
might be opaque, or even metal. You can’t open it, and you can’t trust what is on the label. That 
scenario is faced in airports, at border crossings and by fi rst responders to hazardous- material or 
bomb scares. Moreover, the need to accurately identify liquids is common in quality control of ev-
erything from medicine to cosmetics to foods. 

By combining nuclear magnetic resonance (NMR) and X-ray imaging, scientists can meet the chal-
lenge of liquid identifi cation more reliably than with either technique alone.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution                               Email

Michelle Espy PI Los Alamos National Laboratory espy@lanl.gov

Students

Name Degree Pursued Institution Intended Year of Graduation

Michael Collins MS Northeastern University 5/2014

II. RESEARCH ACTIVITY

A. Project description 

Magnetic resonance imaging (MRI) is the premier noninvasive diagnostic for imaging soft tissue, in which 
changes in density are subtle. It works because, unlike density differences, chemical differences within the 
tissue are signi icant enough to strongly in luence the NMR signal that is the basis of MRI. When applied to 
obtain high-resolution images of anatomy, MRI requires large magnetic ields and expensive equipment. But 
it is possible to perform MRI with much weaker ields, if high resolution is not needed. From early on in NMR 
history, groups have demonstrated the technique in ields as low as that of Earth. For liquid screening, we at 
Los Alamos National Laboratory “pre-polarize” the sample with a ield of about 50 mT, 1000 times Earth’s 
magnetic ield. We can then read out the precession of the magnetization with a ield comparable to that of 
Earth. The low-frequency signal associated with such a weak read-out ield can penetrate through metal. The 
weak ields are safe for the security checkpoint setting, as metal is not moved or heated, and as a bonus, the 
expense of ield generation is greatly reduced. 
If you’ve seen X-ray images in a doctor’s of ice, you know that X-rays behave differently as they pass through 
various materials. Denser or thicker materials like bones stand out in X-ray images because they absorb a 
relatively large fraction of the X-ray intensity that strikes them. Obtaining a complete understanding of X-ray 
attenuation is a very complex undertaking, but some key general concepts are simply stated. First, attenua-
tion depends on the energy of the X-ray beam; higher-energy beams generally attenuate less. Second, attenu-
ation is linearly dependent on the density of the material; twice as many molecules of a material stop twice 
as many X-rays. Third, attenuation is nonlinearly dependent on the atomic number of the material; at typical 
X-ray energies, materials with higher atomic number stop more X-rays.
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For a given material of speci ied thickness, analysis of an X-ray image will yield attenuation for the energy of 
the X-ray beam. If the identity of the material is unknown, one could try to ind out what it is by comparing 
it against a library of attenuation values from known materials. Since specimen and library values depend 
on X-ray energy, running the comparison at two or more different energies will reduce the uncertainty in the 
characterization of the unknown material
An NMR signal is typically generated by hydrogen atoms because it is those atoms that readily respond to 
magnetic ields—that is, the more hydrogen atoms, the stronger the NMR signal. In security applications, for 
example, many benign liquids are water based, and exhibit a characteristic NMR signal.
On the other hand, many explosive liquids are packed with additional elements, so the density of hydrogen 
atoms goes down signi icantly. For those liquids, the NMR response is less than for water. Other types of ex-
plosive liquids have excess hydrogen atoms and provide an NMR response greater than for water.
The NMR signal is also affected by the volume of liquid in a bottle – twice the volume generates twice the sig-
nal. X-ray analysis can determine the volume of liquid, therefore, bringing together X-ray and NMR techniques 
enables the volume effect to be removed in determining the hydrogen content of a liquid.  
Indeed, the benign and threat regions of the space established by NMR and X-ray inspection of a liquid are 
well separated; as a result, in airport-security applications both false alarms and missed detections of dan-
gerous materials should be less than they would be if NMR or X-ray were used individually. In addition to ad-
dressing security issues, which is a particularly dif icult application, the combined NMR and X-ray technology 
can answer such questions as: 1) Has food or medicine spoiled? 2) Does a liquid meet quality control stan-
dards? 3) Has a foreign chemical been added to water? 4) Is this expensive bottle of wine really as advertised? 
In all those cases, the nondestructive imaging combination shows the promise to be more reliable and less 
costly than destructive statistical sampling techniques currently in use. 
Figure 1 is excerpted from “What’s in that Bottle?” to appear as a Physics Today Quick Study article.

Figure 1: a) an off -the-shelf bottle of lime juice generates an X-ray image, such as in b) from which we can extract the 

volume and attenuation coeffi  cient of the liquid, the white areas are those with the greatest attenuation; the orange 

areas are less. C) We combined X-ray data with nuclear magnetic resonance to get a signature of the juice (yellow 

point) in a three-dimensional space. The results can be compared against a library of safe (blue) and dangerous (red) 

materials. 
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B. State-of-the-art and technical approach

X-ray imaging, such as you may have seen in dental of ices or an airport, is ubiquitous in the public domain. So 
is NMR, but not at the low ields necessary for practical liquid scanning. With support and guidance from the 
US Department of Homeland Security (DHS), we at Los Alamos have taken low- ield NMR out of the labora-
tory and demonstrated that it can work in a public setting. 

C. Major contributions

Two NMR instruments (not combined with X-ray imagers) were tested at the Albuquerque airport in New 
Mexico. The irst was an imaging machine that examined trays of bottled liquids (1). The second was a much 
more compact instrument for scanning individual bottles (2). Those exercises showed that low- ield NMR 
machines could operate in the electronically cluttered public-transportation environment. Now, we’ve re-
turned to the lab and are working to integrate safe X-ray machines and NMR instruments. A video record of 
the results of our prototyping can be found at http://www.youtube.com/watch?v=nizjDxt3F5Q.
Although NMR and X-ray imaging have been demonstrated individually in both public and industrial environ-
ments, the combined technology has not. Work still needs to be done to test materials, assess the in luence 
of bottle shape and container material over the widest class of packaging and igure out how to merge the 
techniques for rapid and cost-effective screening of multiple bottles.
Time will tell whether combined NMR and X-ray screeners will appear in an airport near you, but already we 
have seen that the physics of two completely different imaging modalities can come together to provide new 
information for solving dif icult problems.

III. RELEVANCE AND TRANSITION

Through the ALERT center, discussions are now taking place between Los Alamos National Laboratory, 
Northeastern University and AS&E to determine the future potential for a commercial integrated NMR and 
X-ray device. 

IV. LEVERAGING OF RESOURCES

External funding from DHS will be pursued.  ALERT Career Development Grant student, Michael Collins, 
worked on this project for his required 10-week summer internship. 

V. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

 Pending-

1. Espy Michelle, Hunter James, Schultz Larry . “What’s in that Bottle?” To appear in Physics Today

B. Other

1. http://www.youtube.com/watch?v=nizjDxt3F5Q
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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 Forensic Search & Retrieval in Video 
Archives

Venkatesh Saligrama Mohamed Rohban
Mohamed El-Gharib

R4-A.3 Re-Identifi cation and Long-Term Anomaly 
Detection 

Rich Radke

R4-B.1 Toward Advanced Baggage Screening: 
Reconstruction and Automatic Target Rec-
ognition (ATR)

Charles Bouman
Ken Sauer

Dong Hye Ye
Sondre Skatter
Matthew Merz-
bacher

R4-B.2 Multi-energy, Limited View Computed 
Tomography (CT)

Eric Miller Brian Tracey
Seth van Liew

R4-B.3 Advanced Automated Target Recognition 
in Security Imaging

Venkatesh Saligrama Ziming Zhang

R4-B.4 Integrated Reconstruction/Recognition W. Clem Karl
David Castañón

R4-C.1 Advanced Multispectral CT Algorithms W. Clem Karl David Castañón
R4-C.2 X-Ray Diff raction Imaging David Castañón W. Clem Karl
R4-C.3 Advanced Cargo Screening W. Clem Karl David Castañón
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R4-A.1: Dynamics-Based Video Analytics

Abstract— Video-based methods have enormous potential for providing advance warning of ter-
rorist activities and threats in large public spaces. Realizing this potential hinges on the ability to 
track and disambiguate multiple moving objects (e.g., as in crowd activity modeling and analysis) in 
crowded environments and across multiple cameras, as well as the ability to detect causal interac-
tions among the targets. As part of this research effort, we have proposed several algorithms using 
dynamics-based invariants for multi-target tracking, causal interactions detection, and target re-
identifi cation (re-ID) from dissimilar viewpoints that advance the state-of-the-art.

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

Students

Name Degree 

Pursued 

Institution Intended Year of Graduation

Fei Xiong PhD NEU 5/2014

Oliver Lehmann PhD NEU 12/2014

Mengran Gou PhD NEU 5/2016

Caglayan Dicle PhD NEU 12/2015

Yongfang Cheng PhD NEU 12/2015

Yin Wang PhD NEU 6/2015

Tom Hebble MS NEU 8/2014

John Romano MS NEU 5/2014

Alexa Henriques BS NEU 5/2017

Rachel Shaff er BS NEU 5/2017

Burak Yilmaz PhD NEU 6/2015

Peter Clark BS NEU 5/2016

II. PROJECT OVERVIEW AND SIGNIFICANCE

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 ALERT, it will synergistically link with several concurrent efforts at North-
eastern University (NEU) and with partner institutions, both in academia and industrial R&D.
Video-based methods have enormous potential for providing advance warning of terrorist activities and 
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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 (e.g., 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 fea-
tures of benign vs. dangerous behaviors, makes automatic threat detection extremely challenging. Indeed, 
state-of-the-art turnkey software, such as what is currently in use by complementary projects at NEU, heavily 
relies on human operators, which, in turn, severely limits the scope of its use.
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 fundamental 
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 ad-
aptation 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 observed ac-
tivities. 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 detection, and 
the need to avoid a high false-alarm ratio, which heightens vulnerability by straining resources.

III. RESEARCH ACTIVITY

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

A.1   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 
detection [43–47] is key to segmenting and indexing video sequences for easy browsing of digital video data-
bases. Yet, there are very few attempts in the literature to use prior knowledge to segment videos. An excep-
tion 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 recogni-
tion.  Other approaches are based on time-series using trajectories or a combination of local features and 
trajectories [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, because these approaches 
are not lexible enough to model the motions of generic objects, they are vulnerable to silhouette variations 
and do not generalize 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.

A.1.1 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 by detection. These techniques proceed by detect-
ing the targets frame by frame using a high quality object detector and then associating these detections by 
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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 the appearance of the targets is 
discriminative, targets display simple motion patterns and 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 have similar appearances, do not move with the assumed dynamics or come out in the middle of 
the ield of view, as in the example shown in Figure 1. 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. 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. How-
ever, these approaches must assume a dynamic model a priori and have trouble distinguishing close to each 
other’s targets. Alternatively, Ding et al [88] showed that it is possible to use dynamics to compare tracks and 
disambiguate between 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 con-
structed directly from the available data, potentially frag-
mented and corrupted by noise. Rank minimization is an 
NP hard problem [88] that used a convex relaxation and 
a generic interior point (IP) method to irst complete the 
matrix, such that it has minimum nuclear norm (a surro-
gate for low rank), followed by a singular value decompo-
sition (SVD) and singular value thresholding to minimize 
rank. However, the computational and memory complexity 
of IP methods is O(l6) and O(l4), 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.

A.1.2 Multi-camera tracking 

Multiple cameras are used to cover wide areas and provide different viewpoints of targets. In order to ful-
ly take advantage of the information available from multiple sensors, multi-camera tracking systems must 
maintain 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 “correspon-
dence across views” problem include matching features, such as color and apparent height [89–92], using 3D 
information from camera calibration [90, 93–97] and using the epipolar constraint to search for correspon-
dences [98–100], modeling the relationship between the appearance of a target in different views through a 
linear time invariant system [101] or computing homographies between views [102–107].

A.1.3 Target re-identi ication (re-ID)

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 performance 
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 greatly 
across approaches, making it dif icult to compare their impact on performance.  Using standard metrics, such 
as Euclidean distance, to match images based on this type of feature 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 

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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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.

A.1.4 Semide inite programs 

Semide inite programs seek to minimize a linear function subject to af ine matrix equality and positive semi-
de inite constraints. These problems are convex (albeit non-smooth) and thus tractable. Indeed, recent re-
search efforts have led to numerous algorithms, for instance interior point algorithms, with polynomial com-
plexity.  Excellent surveys are given in [124] and [125].  Of particular interest to this project 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.

A.1.5 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 semide i-
nite 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 dually referred 
to as moments approach [130]. Here, suf icient and asymptotically necessary conditions for a sequence to be 
a moment sequence, some Borel measure are used to convexify the problem [131].

A.1.6 Robust identi ication of piecewise af ine systems 

Robust identi ication of piecewise af ine systems has been the object of recent intense research, leading to 
a number of techniques to ind subsystem dynamics and switching surfaces [132]. A common feature is the 
computational complexity entailed in dealing with noisy measurements, in this case algebraic procedures 
[133] which 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 computa-
tionally complex combinatorial problems. An alternative approach is provided by clustering-based meth-
ods [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 recently, the PIs have developed new sparsi ica-
tion based-techniques for identi ication of af ine switched models that allow for several types of noise (see 
[138–141]).
A.2 Technical approach
Our approach is inspired by the fundamental fact that visual data comes in streams; videos are temporal 
sequences of frames, images are ordered sequences of rows of pixels and contours are chained sequence 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 dimensionality of the space 
and hence, the order of the system. As proved in [142], these systems are universal approximators [143], us-
ing 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 piece-
wise 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:

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 determin-
istic, stochastic, state driven or be the output of a dynamic system. It should be emphasized that neither the 
individual LTI systems, their complexity or their interconnections are known or assumed a priori.

A.2.1 Dynamics-based invariants  

The order of the subsystems, n(σ), and their regressor coef icients, a(σ) =    an(σ)(σ)    . . .    a1(σ)T are in-
variant to af ine transformations and intiatial conditions, as long as the dynamics do not change (σ does not 
change). 

A.2.2 Af ine invariance 

Consider an af ine transformation Π : Rdy  → Rdy1 . Then, substituting in (1) we have,

Hence, the order n(σ)  and the regressor coef icients a(σ)  are af ine invariant since the sequence yk is ex-
plained by the same regressor model as the sequence yk .  Further, these invariants are related to the (block) 
Hankel matrix Hs,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.

A.2.3 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 

Figure 2: Left: Piecewise Affi  ne System. Right: Both sequences can be modeled as the output of the system shown on 

the left, with three-second order LTI subsystems and a switching variable σ with an uniform distribution.

ˆ
ˆ
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seen by

considering the canonical state space representation of (1) with state vector:

where I is the identity matrix. Then,

Thus, regardless of the initial condition, the columns of Hy and Γσ span the same subspace. Hence, the prin-
cipal 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 cor-
respond to overlapping subsequences of the data, shifted by 
one, and that the block anti-diagonals of the matrix are con-
stant as visualized in Figure 3.  This special structure illus-
trates a more general property at the heart of the proposed 
research: dynamic invariants are encapsulated by the struc-
ture 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 underlying dynamics, giv-
en by rank (Hy), 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 = Hy + Hη , 
where Hη  is the Hankel matrix associated with the noise se-
quence. Under ergodicity assumptions, HTHη 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 num-
ber of singular values larger than ση, the standard deviation of the measurement noise.  An estimate of Hy 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 problem [147, 148], decomposing a given data matrix Hy into 
low rank (Hy ), sparse outliers (E1) and noise (E2) terms, which can be ef iciently solved [149]. However, these 
methods cannot accommodate structural constraints such as the Hankel structure illustrated in Figure 3 on 
the previous 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 com-

ˆ

ˆ

ˆ

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.

ˆ

ˆ

ˆ
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plexity of each iteration is O(n6)),  and hence, their use is restricted to small size problems. Because of this, 
we introduced an 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 experi-
ence shows several orders of magnitude decrease in computational time vis-a-vis interior point methods, 
allowing to solve much larger problems.

A.2.4 Recovery of missing data and forecast of future measurements 

Recovering missing data, due to, for example, 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.

A.2.5 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.1 
These results are very promising and already show several orders of magnitude improvement in computa-
tional speed and memory requirements over standard SDP solvers. We believe that further improvements 
can be achieved by resorting to an Alternating Directions type method (ADMM) [151], where the primal and 
dual variables are sequentially updated, which allows for decoupling the original optimization into a collec-
tion 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. However, more research is needed to ascertain the convergence speed, particularly when using 
adaptive penalty weights. It is also worth emphasizing that exploiting the full potential of ADMM– type algo-
rithms to solve the problems relevant to this proposal requires incorporating the ability to handle structured 
semide inite constraints. Preliminary results indicate that these can be handled by “splitting” the constraints 
through the introduction of additional variables and adding penalty terms to the Lagrangian that correspond 
to the new constraints. Remarkably, proceeding in this way, the proximity operators associated with these 
new constraints admit closed form solutions, often based on thresholding. Thus, these extended problems 
still share the computational advantages of the original method.

1 The rationale behind this formulation is that outliers are characterized by the fact that they do not match the local “dynamics”, thus causing a 
substantial increase in the rank (and hence, nuclear norm) of the corresponding Hankel matrix. 

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.
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B. Major Contributions 

B.1 Tracking multiple targets with similar appearance

In [152], we introduced a computationally ef icient algorithm for multi-object tracking by detection that ad- 
dresses four main challenges: appearance similarity among targets, missing data due to targets being out of 
the ield of view or occluded behind other objects, crossing trajectories, and 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 Generalized 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 as-
sume a dynamical model a priori, yet it captures the overall motion dynamics of the targets.
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 on 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(l3) 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 [153] that we modi ied to handle missing data and estimate rank. The 
advantages of IHTLS is 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)n3), where n < l is the 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 comple-
mentary to appearance-based methods; they can improve the performance of appearance-based methods 
when visual discrimination is possible, yet retain target identities when such information is not available.
The proposed algorithms were tested and compared against state-of-the-art approaches [84, 154] 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 5 on 
the next page shows sample frames of the tracked sequences where targets are identi ied by the color of their 
bounding box. Table 1, on the next page, shows the MOTA performance for the proposed similar appearance 
target tracker (SAT), the KSP algorithm [154] 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 occlusions and camera motion as indicated in Table 1 on the next page. Note that we did not apply 

an exhaustive parameter tuning and we performed worse only for the psu-sparse sequence.
Finally, Table 1, on the next page, also shows the number of identity switches in parentheses for each se-
quence.  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 impor-
tant than missing the target on a few frames.
In summary, the experiments showed that multi-target tracking using IHTLS performs faster and more ac-
curately 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 MOTA metric.
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Video Name SAT (ours) KSP MDA

Dribbling ( C) 0.992 (0) 0.877 (2) –

Balls ( C) 0.997 (3) 0.572 (6) –

Crowd (CM) 0.998 (40) 0.870 (1215) –

Slalom (COM) 0.999 (2) 0.870 (1215) –

Seagulls (COM) 0.993 (23) 0.925 (305) –

Acrobats (COM) 0.997 (1) 0.957 (12) –

Juggling (COM) 0.977 (2) 0.422 (15) –

PSU-sparse ( –) 0.9642 1.00

PSU-dense (–) 0.9218 0.87

 

Figure 5: Tracking results for dribbling, balls, crowd, slalom, seagulls, acrobats, juggling sequences.

Table 1: MOTA performance for the proposed method (SAT), KSP [154] and MDA [84].  The values in parentheses are 

number of identity switches (small is better).  The scenario diffi  culty (Object Crossings, Long/Diffi  cult Occlusions and 

Camera Motion) is indicated in parentheses next to the sequence name.
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B.2 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 hu-
man annotated video to build a storyline that includes both recognizing the activities involved and the causal 
relationships between them (see [155] and references therein). While these methods are powerful and work 
well when suitably annotated data is available, annotating video clips is expensive and parsing relevant ac-
tions 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 [156], we considered the problem of detecting causal interactions amongst targets, not necessarily hu-
man, 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 using 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 in-
stants where the interactions between agents change, thus providing event detection capabilities.
Our approach exploits the concept of “Granger Causality” [157], 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 {y1}t should lead 
to a better prediction of future values of {x}t+knt.  In [158], Prabhakar et. al. successfully used a frequency do-
main reformulation of this concept to uncover pairwise interactions in scenarios involving repeating events, 
such as social games.  This technique was later extended in [159] to model causal correlations between hu-
man 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, 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 
6 on the next page using as an example 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:

then it follows that the actions  of A can be explained  by the same model, e.g.

Hence, multiple graphs topologies, some of which include self-loops, can explain the same set of time-series.
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Figure 6: Finding causal interactions as a graph identifi cation problem. Left: sample frame from a doubles tennis 

sequence. Right:  Representation of this sequence as a graph, where each node represents the time series associated 

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.

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, which 
explains the observed data, re lecting the fact that, when alternative models are possible, often the most par-
simonious 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 
arguments) that can be ef iciently solved. The advantages of the proposed methods 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 

labeling 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 be-
tween 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 be solved by a class of iterative algorithms [151, 160], that require at each step only a combination 
of thresholding and least-squares approximations. These algorithms have been shown to substantially 
outperform conventional convex-optimization solvers both in terms of memory and computation time 
requirements.

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 [161] (sequences 6 and 16). Figures 
7 (on this page) and 10 (on the next page) compare the results obtained applying the proposed algorithm 
versus Group Lasso (GL) [162] 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], and arti icially corrupted with 10% outliers. Notably, the proposed algo-
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rithm was able to correctly identify the correlations between the agents from this very limited amount of 
information, 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 8, the missing data was recovered by solving an RPCA problem prior to applying the algorithm. Fi-
nally, Figure 9 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 7: 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.

Figure 8 (top): Time traces of the individual heads in the 

UT sequence 6, artifi cially corrupted with 10% outliers. The 

outliers were removed and the missing data due to targets 

leaving the fi eld of view was estimated solving a modifi ed 

RPCA problem.

Figure 9:  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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B.3 Person re-identi ication using kernel-based metric learning methods

Surveillance systems for large public spaces, i.e. airport terminals, train stations, etc., use networks of camer-
as to maximize their coverage area.  However, due to economical and infrastructural 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 gal-
lery of candidate images. As illustrated in Figure 11a, 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 approaches [163, 164].

Figure 10: Sample frames from the UT sequence 16. Top: Correct correlations identifi ed by the Proposed Method. 

Center and Bottom: Reweighted Group Lasso and Group Lasso (circles indicate self-loops).

Figure 11:   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 [165], we proposed the use, and extensively evaluate the performance, of four alternatives for re- ID clas-
si ication:  regularized Pairwise Constrained Component Analysis (rPCCA), kernel Local Fisher Discriminant 
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, χ2 and RBF- χ2 kernels. In par-
ticular: 
• We explored the effect of 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 accuracy 

when the data space is under-sampled: regularized Pairwise Constrained Component Analysis (rPCCA), 
kernel Local Fisher Discriminant Classi ier (kLFDA), Marginal Fisher Analysis (MFA) [166] 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 ap-
proach, kLDFA, is a closed-form method that uses a kernel trick to handle large dimensional feature vec-
tors while maximizing a Fischer optimization criteria. The third approach is to use the Marginal Fisher 
Analysis method introduced in [166], which, to the 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 com-
bined to exploit their individual strengths. 

• We provided a comprehensive performance evaluation using four sets of features, three kernels (linear, χ2 
and RBF-x2) and four challenging VIPeR [113], CAVIAR [167], 3DPeS [168] and iLIDS [169] re-ID datasets.  
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], SVM-
ML [123] and KISSME [170]. 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 iLIDS dataset [169] 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. The image sizes of this 
dataset vary signi icantly (from 141 × 72 to 39 × 17). Finally, the 3DPeS dataset includes 101 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.

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] scores. This score compares the uncertainty under random 
selection among a gallery of images and the uncertainty after using a ranking method.  Finally, it should be 
noted that higher scores at rank r ≥1 are also desired since the irst few retrieved images can be quickly  visu-
ally inspected by a human.
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 bands.2 In the sequel we will refer to these features as the band features. On the other hand, the 

2 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].
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authors in [122] applied LDFA to a set of feature vectors consisting of 8-bins histograms and 3 moments ex-
tracted 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 differ-
ent. Thus, to evaluate how these regions affect the re- identi ication 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-neigh-
bors of radius 1 and 16-neighbors of radius 2 uniform LBP histograms were also computed for each region. 
Finally, the histograms were normalized with the L1 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 

Table 2: 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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projected feature space as 40 and the regularizing weight β as 0.15 for LFDA. In kLFDA, we used the same d 
and set the regularizing weight to 0.01. For MFA, we used all positives pairs of each person for the 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 
parameters to achieve results as good 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 gives 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 number of positive pairs.  Finally, we tested three kernels with each algorithm and feature   
set: a linear, a χ2 and RBF- χ2 kernel which are denoted with L,  χ2 and Rx2, respectively.
For both, the VIPeR and iLIDS datasets, the test sets were randomly selected using half of the available indi-
viduals. Speci ically, there are p = 316,  p = 60,  p = 36, and p = 95 individuals in each of the test sets for the VI-
PeR, iLIDS, CAVIAR, and 3DPeS datasets, respectively. The results are also summarized in Tables 2 to 5, 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 Rx2 
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 improve-
ment 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 per-
formance of rPCCA over PCCA and LFDA shows that the regularizer term plays a signi icant role in preventing 
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.

Table 3: CMC at r = 1, 5, 10, 20 and PUR scores on iLIDS with p = 60 test individuals (highest scores shown in red).
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It should be noted that using 6, 14, 75 and 341 regions results in similar performance, but using 341 results in 
slightly lower PUR scores. Moreover, the RBF-χ2 kernel does not help improving the matching accuracy 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.
For the 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 out above, the values reported 
elsewhere do not use the same set of features or experimental protocol) [110, 116, 118, 120–123, 171–176] 
in Table 6.
Our algorithm matches the best reported results for the VIPeR and iLIDS datasets, even though the reported 
PRDC [120] ranking was obtained under easier experiment settings.  Note that both SVMML [123] and PRDC 
require an iterative optimization, which is very expensive on both computation and memory. In comparison, 
computing the closed-form solution for the proposed kLFDA and MFA algorithms is much cheaper. When us-
ing 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 experi-
ments on the CAVIAR and 3DPeS datasets, our ranking is more accurate than LFDA algorithm.
Finally, Table 7 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. There-
fore, for each metric learning algorithm, we created an ensemble with 9 ranking algorithms, combining 3 ker-
nels (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 2 to 5 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 the 
single ensemble metric learning algorithm, the performance of ensemble rPCCA improved from 5.13% to 
11.51% across all four datasets whereas the ensemble kLFDA bene ited much less.  The performance of iLIDS 
datasets improved on all experiments whereas the ones of 3DPeS decrease for ensemble kLFDA and MFA. 
Since the iLIDS dataset contains some severe occlusion, there is no global solution for feature grids, ensemble 
different feature sets may be bene it. The highest improvement is all algorithms ensemble on VIPeR dataset, 
the rank1 score increased 14.86% and the PUR score increased 11.81% These results suggest that combining 
different feature grids can improve the performance.
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Table 4: CMC at r = 1, 5, 10, 20 and PUR scores on CAVIAR with p = 36 test individuals (highest scores shown in red).

Table 5: CMC at r = 1, 5, 10, 20 and PUR scores on 3DPeS with p = 95 test individuals (highest scores shown in red).
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Table 6: The best reported CMC scores in the existing literature.

Table 7: CMC scores of ensembles of rPCCA, kLFDA, MFA on all four datasets. The columns with gray background show 

the performance of the best ranking algorithms in this category (highest scores are shown in red). 
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Figure 12 shows a heat map illustrating the projection weight map for each of the datasets when using kLDFA 
with 341 patches and a linear kernel. There, it is seen that the upper body features are the most discriminant 
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 varia-
tions in the 3DPeS dataset are the most severe among all the datasets. As shown in Figure 13, when looking 
from a top view, the legs for 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, walk 
way through a garden, playground and street side way with distinctive backgrounds and that the 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 improve-
ment in performance over the state-of-the-art.

C.  Future plans

For FY 2015, 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-identi ication. In particular, we plan to investigate the role of dynamic 
invariants in improving re-identi ication rates
2. Develop new methods, at the con luence of machine learning and systems identi ication for clustering and 
classifying dynamic data in cases where few labeled examplars are available. We plan to apply the result-
ing theoretical framework to the problem of detecting potentially threatening activities in crowded public 
spaces.
3. Start working on the problems of sensor selection, optimal sensor placement and optimal distributed 
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.

Figure 12: The kLFDA projection weight map for 3DPeS, 

CAVIAR, iLIDS and VIPeR.

Figure 13: View point variation in 3DPeS.
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IV.   EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

A total of 10 students (7 Ph.D. students, 2 MSEE students, and one undergraduate) are involved in this re-
search effort. In addition, results from this project have been incorporated into the undergraduate courses on 
computer vision (EECE 5698) and control theory (EECE 5580).
One of the graduate students involved in this research, Thomas Hebble, is a participant in the ALERT Career 
Development Program. Tom completed his MS degree in Fall 2014 and is now continuing on with the PhD.

V.    RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

The products of this research effort have direct application to security and surveillance of large public spaces 
such as airports and other mass transport system terminals, sport venues, etc.

B. Anticipated end-user technology transfer

Portions of this work have been tested and deployed at the Cleveland Airport and it is anticipated that the 
system will also transfer to other airports.

VI.    LEVERAGING OF RESOURCES

O. Camps and M. Sznaier received a $490K NSF award (2013-2016) to develop tools for video scene under-
standing.

VII.    PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles 

 Pending-
1. Ozay, N., Lagoa, C., and  Sznaier, M., “Robust Identi ication of Switched Linear Systems with Bounded 

Number of Subsystems,” Automatica,  submitted
2. Dabbene, F., Sznaier, M., and  Tempo, R., “Probabilistic Optimal Estimation and Filtering under Uncer-

tainty,” IEEE Trans. Aut. Control, to appear, 2014.
3. Ozay, N., Sznaier, M. and Lagoa, C., “Convex Certi icates for Model (In)validation of Switched ARX 

Systems with Unknown Switches,” IEEE Trans. Aut. Control, to appear, 2014.
4. Sznaier, M., Ayazoglu, M. and Inanc, T., “Fast Constrained Nuclear Norm Minimization with Applica-

tions to Control Oriented Systems Identi ication,” IEEE Trans. Aut. Control, to appear, 2014

B. Peer reviewed conference proceedings

1. Dicle, O. Camps, and M. Sznaier.  The way they move: Tracking multiple targets with similar appear-
ance. In Int. Conference on Computer Vision, pages 2304–2311, Sydney, Australia, December2013. 
IEEE. (oral presentation, acceptance rate 2.52%: 1629 submissions, 41 orals and 413 posters.)

2. M. Ayazoglu, B. Yilmaz, M. Sznaier, and O. Camps. Finding causal interactions in video sequences. In 
Int. Conference on Computer Vision, pages 3575–3582, Sydney, Australia, December 2013. IEEE. 
(poster, acceptance rate 27.9%: 1629 submissions, 41 orals and 413 posters.) 
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3. F.Xiong, Y. Cheng,  O. Camps, M. Sznaier, and  C. Lagoa, “Hankel Based Maximum  Margin Classi iers: 
A Connection Between Machine Learning and Wiener Systems Identi ication,”  Proc. 52 IEEE Conf. 
Dec. Control, Dec. 2013, pp. 6005-6010  (Acceptance rate 48%)

C. Other presentations

1. Seminars
a. Convex Relaxations of Semi-Algebraic Optimization Problems Arising in Systems Identi ication 

and Machine Learning,  SIAM Conf. on Control  and its Applications, Sznaier M. and Camps, O. 
(presented by M. Sznaier).

b. Convex Relaxations of Semi-Algebraic Rank Minimization Problems Arising in Systems Identi-
ication and Machine Learning, Dolomiti Research Week on Approximation, (presented by M. 

Sznaier)
c. The Way They Move: Tracking Multiple Targets with Similar Appearance, IEEE Int. Conf. on Com-

puter Vision, Sydney, Australia, Dec. 2013, Dicle, C., Camps, O.,  and Sznaier, M. (presented by O. 
Camps)

d. Surviving the Upcoming Data Deluge: A Systems and Control Perspective, 2013 RPIC,  (presented 
by M. Sznaier, Plenary)

e. Semi-De inite Relaxations of Polynomial Optimization Problems Arising in  Identi ication and 
Model (In)Validation of Switched Systems, Workshop on Recent Advances in Semi-Algebraic Ge-
ometry: Applications in System Identi ication, Estimation and Filtering. (presented by M. Sznai-
er)

f. Worst Case Optimal Estimators for Switched Linear Systems, 52 IEEE Conf. Dec. Control, Dec. 
2013, Cheng, Y., Wang, Y. and Sznaier, M. (oral, presented by M. Sznaier)

g. An Ef icient Atomic Norm Minimization Approach to Identi ication of Low Order Models, 52 
IEEE Conf. Dec. Control, Dec. 2013, Yilmaz, B., Lagoa, C. and Sznaier, M.  (presented by M. Sznaier)

h. Hankel Based Maximum  Margin Classi iers: A Connection Between Machine Learning and Wie-
ner Systems Identi ication,  52 IEEE Conf. Dec. Control, Dec. 2013, Xiong, F., Cheng,  Y., Camps, O., 
Sznaier, M. and Lagoa, C.  (presented by M. Sznaier) 

i. A Convex Optimization Approach to Worst Case Optimal Sensor Selection,   52 IEEE Conf. Dec. 
Control, Dec. 2013,  Wang, Y., Sznaier,M. and Dabbene, F. (presented by M. Sznaier)

2. Poster sessions
a. Finding Causal Interactions in Video Sequences, IEEE Int. Conf. on Computer Vision, Sydney, Aus-

tralia, Dec. 2013, Ayazoglu,  M., Yilmaz, B., Sznaier, M. and Camps, O.
b. Person Re-Identi ication using Kernel-based Metric Learning Methods, M. Gou, F. Xiong, O. Camps 

and M. Sznaier, 2014 New England Machine Learning Day.
c. A Convex Moments-based Approach to Subspace Clustering with Priors, Y. Wang, Y. Cheng, M. 

Sznaier, and O. Camps, 2014 New England Machine Learning Day.
3. Webinars

a. http://techtalks.tv/talks/the-way-they-move-tracking-multiple-targets-with-similar-appear-
ance/59419/

D. Student theses or dissertations produced from this project

1. Fei Xiong, “Manifold Embedding with Dynamic and/or Classi ication Supervision,” May 2014, Ph.D., 
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Electrical and Computer Engineering, Northeastern University.

E. New Courses Developed and Student Enrollment

1. “Target Tracking” in EECE 5698 Computer Vision (enrollment: 54)
2. “Final Poject: Teaching Robots to See” EECE 5580 Control Theory (enrollment: 43)

F. Software Developed

1. Datasets
a. Collected and ground-truthed data from Cleveland Airport Security Cameras System. Set of vid-

eos for testing multi-target tracking. Available at http://cdicle.bitbucket.org

2. Algorithms
a. Contra- low detection in the exit for airport security. Currently deployed at Cleveland Airport. 

Multi-target tracking software, available at http://cdicle.bitbucket.org

G. Requests for assistance/advice

1. From DHS
a. We have collaborations with TSA at Cleveland Airport  (OH) and Mass Transport Authority at 

Logan Airport (MA) to design, deploy and test video analytics algorithms for airport security. 
As part of this effort we have recorded video sequences at these airports to test contra- low in 
the exit detection and distributed visual tracking. We have deployed algorithms for contra- low 
detection at Cleveland Airport and we are working on a “tag-and-track” system using their cam-
eras.

2. From Federal/State/Local Government
a. We have started collaborations with the Greater Cleveland Regional Transit Authority to re-

identify subjects in their surveillance system.
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R4-A.2: Rapid Forensic Search & Retrieval in Video 

Archives

Abstract— Person re-identifi cation (re-id) is an important problem for monitoring & surveillance 
at airports. This is emerging as a critical problem with the pervasive use of camera networks in 
surveillance systems.  Re-id deals with maintaining identities of individuals traversing different 
cameras. The goal of person re-id is to maintain the identity of an individual in diverse locations 
through different, non-overlapping camera views. During this fi rst year, we have focused on the two-
camera re-id problems. We have developed a novel machine-learning algorithm based on structured 
prediction. Our methodology has led to dramatic improvements in re-id rates. Our performance on 
benchmark datasets signifi cantly outperforms the current state-of-art by 8.76% and 28.24%, on 
VIPER and CUHK benchmark re-id datasets respectively.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Venkatesh Saligrama PI BU srv@bu.edu

Mohamed Rohban Post-doc BU mhrohban@bu.edu

Ziming Zhang Post-doc BU Zzhang14@bu

Mohamed El-Gharib Post-doc BU gharib@bu.edu

Students

Name Degree 

Pursued 

Institution Intended Year of Graduation

Gregory Castanon PhD BU 5/2015

Yuting Chen PhD BU 5/2016

Phil Tran MS BU 5/2014

II. PROJECT OVERVIEW AND SIGNIFICANCE

The proposed project will develop systematic techniques using algorithms for tagging, tracking and handoff 
in a multi-camera scenario. The signi icance of this project to DHS is that we propose methods that will seam-
lessly track individuals as they move through the airport, across sparse multi-camera networks. In general, 
identifying relevant information for tracking across multiple cameras with non-overlapping views is chal-
lenging. This is dif icult given the wide range of variations, ranging from the traditional pose, illumination 
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 will be 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. How-
ever, these features are sensitive either to pose, illumination and scale variations or are sensitive to clutter. 
Moreover, 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.
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III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

A.1   Related work

Existing work on person re-id and appearance modeling can be roughly categorized into distance learning 
and local feature matching. In distance learning, person re-id is formulated into a metric learning problem, to 
learn the optimal similarity measure between a pair of person images. In local feature matching, person re-id 
is based on the matching score of carefully designed local features.
The theme of local features for matching is related to our kernel-based similarity measures. To ensure local-
ity, [5] models the appearances of individuals using features from horizontal strips [11] clusters pixels into 
similar groups and the scores are matched based on correspondences of the clustered groups. Histogram 
features that encode both local and global appearance are proposed in [4]. Saliency matching [38, 39], one 
of the-state-of-the-art methods for re-id, uses patch-level matching to serve as masks in images to localize 
discriminative patches. More generally, low-level features such as color, texture, interest points, co-variance 
matrices and their combinations have also been proposed [1, 3, 8, 11, 14, 24, 26, and 31]. In addition, high-
level structured features that utilize concatenation of low-level features [26] or deformable part models 
(DPMs) [28] have been proposed. Metric learning methods have been proposed for re-id (e.g.  [6, 23, 27, 40]). 
In [17, 30], distance metrics are derived through brightness transfer functions that associate color-levels in 
the two cameras [41] proposes distance metrics that lend importance to features in matched images over 
the wrongly matched pairs without assuming presence of universally distinctive features. Low-dimensional 
embeddings using PCA and local FDA have also been proposed [29]. Supervised methods that select relevant 
features for re-id have been proposed by [14] using Boosting and by [31] using RankSVMs.

A.2   Technical approach

As described earlier, our theme is fundamentally different from the existing state-of-art. We view re-id as an 
instance of bipartite graph matching. We simultaneously match all or a sub-collection of individuals in one 
camera to those in the other. This is natural for many surveillance contexts, such as in airports, where mul-
tiple entities are viewed in a camera at any time. 
We use Structured Prediction to learn matches based on manually labeled matchings of training data. Em-
ploying structured prediction for learning graph matchings is a well-studied topic [33]. We follow this ap-
proach and represent the matching objective as a weighted combination of basis functions and learn the 
relative importance of the different basis functions. In many scenarios, these basis functions encode shared 
or related words or patterns. Re-id demands a different approach on account of the signi icant variation of 
appearance due to changes in pose and illumination. Many visual words are missing and not common even 
among the ground-truth matched images. 
We encode pairwise co-occurrences of visual words in our basis functions. The use of co-occurrence patterns 
is not new but our purpose is different. Our key insight is that aspects of appearance that are transformed 
in predictable ways, due to the static camera view angles, can be statistically inferred through pairwise co-
occurrence of visual words. The structured learning problem is to determine important co-occurrences while 
being robust to noisy co-occurrences. Indeed, as seen in Figure 1 on the next page, 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.
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Pairwise co-occurrences of visual words can be modeled in many ways. However, it has to be semantically 
meaningful, namely, it has to capture changes in similar things; i.e., shirt-with-shirt, skirt-with-skirt, etc. We 
encode images with a suf iciently large codebook to account for different visual patterns. We then map pix-
els into codewords (i.e.  visual words) and embed the resulting spatial distribution  of pixels belonging to a 
codeword into a kernel space through kernel mean embedding  [32] with latent-variable conditional densi-
ties [18] as kernels. In this way, we obtain locality sensitive co-occurrence measures that model semantically 
meaningful appearance changes. Alternatively, we can also interpret our approach (see Fig. 1) as a means to 
transfer the information (e.g.  pose, illumination and appearance) in image pairs to a common latent space 
for meaningful comparison.

A.3   Visual word co-occurrence models

We generally face two issues in visual recognition problems: (1) visual ambiguity [30] (i.e. the appearance 
of instances which belong to the same thing semantically can vary dramatically in different scenarios), and 
(2) spatial displacement [31] of visual patterns. While visual ambiguity can be somewhat handled through 
codebook construction and quantization of images into visual words, our goal of matching humans in re-id 
imposes additional challenges. Human body parts exhibit distinctive local visual patterns and these patterns 
systematically change appearance locally. Our goal is to account for this inherent variability in appearance 
models through co-occurrence matrices that quantify spatial and visual changes in appearance.

A.3.1   Locally sensitive co-occurrence designs

We need co-occurrence models that not only account for the locality of appearance changes but also the ran-
dom spatial and visual ambiguity inherent in vision problems. Therefore, we construct a codebook Z with M 
codewords. Our codebook construction is global and thus only carries information about distinctive visual 
patterns. Nevertheless, for a suf iciently large codebook, distinctive visual patterns are mapped to different 
elements of the codebook, which has the effect of preserving local visual patterns. Speci ically, we map each 
pixel at each 2D location f image I into (at least one) codewords to cluster pixels. To emphasize local 
appearance changes, we look at the spatial distribution of each codeword. Concretely, we let C(I; z) denote 
the set of pixel locations associated with codeword z in image I and associate a spatial probability  
over this observed collection. In this way, visual words are embedded into a family of spatial distributions. 
Intuitively, it should now be clear that we can use the similarity (or distance) of two corresponding spatial 
distributions to quantify the pairwise relationship between two visual words. This makes sense because our 
visual words are spatially locally distributed and small distance between spatial distributions implies spatial 

Figure 1: Illustration of codeword co-occurrence in positive image pairs (i.e. two images from diff erent camera views 

per column belong to a same person) and negative image pairs (i.e. two images from diff erent camera views per column 

belong to diff erent persons). For positive (or negative) pairs, in each row the regions enclosed by red (or cyan) color to 

indicate that the codeword per pixel location in these regions is the same.
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locality. Together, this leads to a model that accounts for local appearance changes.
While we can quantify the similarity between two distributions in a number of ways, the kernel mean embed-
ding method is particularly convenient for our task. The basic idea to map the distribution, p, into a reproduc-
ing kernel Hilbert space (RKHS) is
          . 
For universal kernels, such as RBF kernels, this mapping is injective; i.e., the mapping preserves the informa-
tion about the distribution [7]. In addition, we can exploit the reproducing property to express inner prod-
ucts in terms of expected values.
The co-occurrence matrix (and hence the appearance model) is the inner product of visual words in the 
RKHS space, namely,

where we have used the reproducing property in the last equality.
We develop novel latent spatial kernels for this purpose. Figure 2 illustrates computation of visual basis 
functions with latent appearance model given the codeword images. Here, each codeword is represented 
as a collection of codeword slices. For each codeword slice, the max operation is performed at every pixel 
location to search for the spatially closest codeword in the slice. This procedure forms a distance transform 
image, which is further mapped to a spatial kernel image. It allows each peak at the presence of a codeword 
to be propagated smoothly and uniformly. To calculate the matching score for a codeword co-occurrence, the 
spatial kernel from a probe image and another from a gallery image are multiplied element-wise and then 
summed over all latent locations. This step guarantees that our descriptor is insensitive to the noise data in 
the codeword images. This value is a single entry at the bin, indexing the codeword co-occurrence in our de-
scriptor for matching the probe and gallery images. As a result, we have generated a high dimensional sparse 
appearance descriptor.

Figure 2:  Illustration of our visual word co-occurrence model generation process. Here, the white regions in the 

codeword slices indicate the pixel locations with the same codeword. A and B denote two arbitrary pixel locations in 

the image domain. Σ denotes a sum operation which sums up all the values in the point-wise product matrix into a 

single value Ф(xij)mn in our model.
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A.4   Implementation

We illustrate the schematics of our method in Figure 3. At the training stage, we extract low-level feature 
vectors from randomly sampled patches in training images, and then cluster them into codewords to form 
a codebook, which is used to encode every image into a codeword image. Each pixel in a codeword image 
represents the centroid of a patch that has been mapped to a codeword. Further, a visual word co-occurrence 
model (descriptor) is calculated for every pair of gallery and probe images, and the descriptors from training 
data are utilized to train our classi ier, performing re-id on the test data.

Speci ically, for each image a 672-dim ColorSIFT [2] 1 feature vector is extracted for a 10*10 pixel patch cen-
tered at every possible pixel. Further, we decorrelate each feature using the statistics learned from training 
data.
For codebook construction, we randomly sample 1000 patch features per image in the training set, and clus-
ter these features into a codebook using K-Means. Then we encode each patch feature in images from the 
probe and gallery sets into a codeword whose Euclidean distance to the patch feature is the minimum among 
all the codewords. As a result, each image is mapped into a codeword image whose pixels are represented by 
the indices of the corresponding encoded codewords. We also normalize our appearance descriptors using 
min-max normalization. The min value is for our descriptors is always 0, and the max value is the maximum 
among all the codeword co-occurrence bins over every training descriptor. This max value is saved during 
training and utilized for normalization during testing. For learning classi iers, we employ LIBLINEAR, an ef-
icient linear SVMs solver, with the `2 norm regularizer. The trade-off parameter c in LIB-LINEAR is set using 

cross-validation. Our pipeline approach is described in Figure 3.

A.5   Results & comparison with state-of-the-art

The VIPeR dataset is a benchmark dataset for person re-id. VIPeR is comprised of 632 different pedestrians 
captured in two different camera views, denoted by CAM-A and CAM-B respectively. Many cross-camera im-
age pairs in the dataset have signi icant variations in illumination, pose and viewpoint, and each image is 
normalized to 128_ 48 pixels. In order to compare with other person re-id methods, we followed the experi-
mental set up described in [38]. The dataset is split in half randomly, one partition for training and the other 
for testing. In addition, samples from CAM-A form the probe set, and samples from CAM-B form the gallery 
set. Figure 4 on the next page shows our matching rate comparison with other methods on this dataset. 
When the codebook size is 100, which is pretty small, our performance is close to that of SalMatch [38]. With 
increase of the codebook size, our performance improves signi icantly, and outperforms SalMatch by large 
margins. For instance, at rank-15, our best matching rate is 10.44% higher. Using larger sizes of codebooks, 

Figure 3: The pipeline of our method, where “codebook” and “classifi er” are learned using training data, and each color 

in the codeword image denotes a codeword. 
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the codeword representation of each image has iner resolution because the quantization in the feature space 
is reduced. However, it seems that when the codebook size is beyond 500, our performance is saturated. 
Therefore, in the following experiments, we only test our method using 100/200/500 codewords. Figure 
4 illustrates some codeword co-occurrence examples with relatively high positive/negative weights in the 
learned weighting matrix.

The CUHK Campus dataset is a relatively new person re-id dataset explored by two state-of-the-art approach-
es outlined in [38] and [22]. This dataset consists of 1816 people captured from ive different camera pairs, 
labeled P1 to P5. Each image contains 160_ 60 pixels. Following the experimental settings from [38] and 
[22], we use only images captured from P1 as our dataset. This subset contains 971 people in two camera 
views, with two images per view, per person. One camera view, which we call CAM-1, captures people either 
facing towards or away from the camera. The other view, CAM-2, captures the side view of each person. For 
our experiments, we adopt the settings described in [2] for comparison. We randomly select 485 individuals 
from the dataset and use their 4 images for training, and the rest are used for testing. The gallery and probe 
sets are formed by CAM-1 and CAM-2 respectively. To re-identify a person, we compare the probe image with 
every gallery image, leading to 486 times 2=972 decision scores. Then, per person in the gallery set, we aver-
age the 2 decision scores belonging to this person as the inal score for ranking later. Figure 4 summarizes 
our matching rate comparison with some other methods. Clearly, using only 100 codewords, our method has 
already outperformed others dramatically, and it works better when using larger sizes of codebooks, similar 
to the behavior in Figure 4. At rank-15, our best performance is 22.27% better than that of SalMatch.

B. Major contributions

1. Developed a new conceptual framework for multi-tag and track based on discriminative learning. 
2. Our approach is robust to appearance changes such as pose, calibration and illumination. Our ap-

proach does not require estimation of pose or modeling of illumination artifacts or correcting for 
camera parameters. 

3. Empirical performance of our method on benchmark re-id datasets (VIPeR [12] and CUHK Campus 
[38]) achieves accuracy rates of 38.92% and 56.69%, at rank-1 on the so-called Cumulative Match 
Characteristic curves and beats state-of-the-art results by 8.76% and 28.24% respectively. Cumulative 
Match Characteristic (CMC) curve is a standard metric for re-id performance. The CMC curve displays 
an algorithm›s recognition rate as a function of rank. For instance, a recognition rate at rank-r  on the 

Figure 4: Matching rate comparison between diff erent methods on (a) VIPeR and (b) CUHK Campus datasets. Numbers 

following ours in the legends denote the size of the codebook used in each experiment. Except for our results, the 

other CMC curves are cited from [38].
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CMC curve denotes what proportion of queries were correctly matched to a corresponding gallery 
individual at rank-r  or better.

C. Future plans

During the following year we plan to work on the following extensions:
1. Extend our two-camera setup to handle multiple cameras. We will need to model multi-camera topol-

ogy to account for spatio-temporal dependencies. 
2. Extend our current framework to videos. Our current method matches frames across two cameras. 

However, in practice, cameras record videos and it would be important to exploit temporal features 
provided by videos to improve performance.

3. Computational Ef iciency- While our current method beats the state-of-art, it requires complex fea-
tures in the form of co-occurrence representations. Our goal is to develop new representations that 
are fast to compute but do not sacri ice statistical performance.

IV. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

The proposed project will develop systematic techniques algorithms for tagging, tracking and handoff in a 
multi-camera scenario. The signi icance of this project to DHS is that we propose methods that will seam-
lessly track individuals as they move through the airport, across sparse multi-camera networks.

B. Anticipated end-user technology transfer

We have been and will continue to work with the Cleveland Airport to transition technology.

V. PROJECT DOCUMENTATION AND DELIVERABLES

A. Student theses or dissertations produced from this project

1. Phillip Tran, Spatially Closest Codeword Co-occurrence Descriptors for Person Re-ID, May 2014, MS 
Thesis.
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R4-A.3: Re-Identifi cation and Long-Term 

Anomaly Detection

Abstract— This project addresses the development of automatic tracking, anomaly detection 
and re-identifi cation algorithms in real-world networks of surveillance cameras, in support of 
homeland security applications.  In Year 1, we focused on a problem of critical operational interest 
to surveillance and security in mass transit environments: the re-identifi cation of humans in a wide-
area network of non-overlapping surveillance cameras. 

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Rich Radke PI RPI rjradke@ecse.rpi.edu

Students

Name Degree Pursued Institution  Month/Year of Graduation

Mahdee Jameel MS RPI 8/14

Matthew Reome BS RPI 12/13

Srikrishna Karanam MS RPI 12/14

Ziyan Wu PhD RPI 5/14

Austin Li PhD RPI 8/15

II. PROJECT OVERVIEW AND SIGNIFICANCE

Recognizing the same human as he or she moves through a network of cameras with non-overlapping ields 
of view is an important and challenging problem in security and surveillance applications.  This is often 
called the re-identi ication or “re-id” problem.  For example, in an airport security surveillance system, once 
a target has been identi ied in one camera by a user or program, we want to learn the appearance of the tar-
get and recognize him/her when he/she is observed by the other cameras. We call this type of re-id problem 
“tag-and-track”.
Unfortunately, current re-id algorithms are likely to fail in real-world tag-and-track scenarios for several 
reasons. The standard datasets used to evaluate re-id algorithms are all images taken from cameras whose 
optical axes have a small angle with (or are even parallel to) the ground plane, which is generally not the case 
in real-world surveillance applications. In the latter environments, the angle between the camera optical 
axis and the loor is usually large (~45°), causing serious perspective changes. More importantly, most re-id 
algorithms approach matching across images using the same descriptors, regardless of camera viewpoint or 
human pose, which can induce serious error in the matching of target candidates.
In this project, we propose a novel viewpoint-invariant approach to re-identify target humans in cameras 
that don’t share overlapping ields of view. The approach is designed to be directly applicable to typical re-
al-world surveillance camera networks. It improves the traditional person re-id process with three contri-
butions. First, we introduce a sub-image recti ication method to cope with perspective distortion, which is 
common in surveillance cameras and may cause serious errors in matching. Second, we show that pairs of 
person descriptors from a traditional feature extraction method vary signi icantly with viewpoint. Hence, we 
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propose a viewpoint-invariant descriptor that takes into account the viewpoint of the human using what we 
call a “pose prior learned from training data.”  Finally, complementing the traditional of line speci ication of 
target features, we show how person-speci ic discriminative features can be learned online for adaptive re-
id.  The proposed algorithms can easily be introduced into current metric learning based re-id algorithms. 
We test our algorithms on both standard benchmarking datasets and a challenging new dataset acquired at 
a US airport, demonstrating that the proposed algorithm signi icantly improves the performance of current 
state-of-the-art metric learning based re-id algorithms.
Most of the previous research on re-id is focused on the single-shot scenario.  That is, there is only one im-
age available for both the tagged person and each matching candidate. However, real-world re-id problems 
map much more naturally onto a multi-shot problem. That is, there are multiple images available to describe 
both the target and the matching candidates.  For example, 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.  Similarly, candidates detected in 
other views will generally be tracked continuously. Thus, re-id in practice is actually a multi-shot probe and 
multi-shot gallery problem, which is how we plan to address it.
The automated analysis of images and video of scenes under surveillance is critical for understanding ex-
pected patterns of activity in urban areas.  Knowledge of the expected activities in an area, and how they 
depend on positional, temporal, environmental and cultural factors, enables more accurate planning and 
more appropriate response to changing events.  A second major goal of this project is to learn patterns that 
are time-varying and reveal patterns across a wide range of time scales.  For example, a behavior that is com-
monplace in an environment at 10 AM on a Monday may be highly unusual at 5 PM on a Sunday.  The research 
challenge is to quickly extract such time-varying anomalies based on hundreds of hours of video; most pro-
posed anomaly detection algorithms only operate on single videos a few minutes long.
We assume that the scenes of interest are recorded from networked surveillance cameras that collect long 
sequences of video (e.g., days, months, or years).  We also assume that for some scenarios of interest, it may 
be very dif icult to automatically and accurately classify each moving object in the environment, necessitating 
algorithms that are robust to tracking errors and missed detections.

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

A.1   Candidate detection 

Most state-of-the-art person detection algorithms use a sliding window approach [1]. The basic idea is to 
build a labeled dataset of image windows of a ixed size .   The positive windows contain centered per-
sons and the negative windows do not contain persons. A classi ier is then trained to discriminate between 
these windows. Given a new image, the classi ier is passed through every possible  window of the im-
age, and potential locations of persons are found.  A common issue faced in person detection is the different 
sizes with which persons appear in the same image. To overcome this issue, we search for persons over scale 
in addition to location.
A variety of features can be used for the purposes of training and testing the classi ier. Most state-of-the-art 
person detectors use gradient histograms [2] in some form; other typical features include image gradients 
and color and texture information. Dollar et al. [3] noted that the best performing detectors use a combina-
tion of these features. A comprehensive survey of the current state-of-the-art can be found in [3]. For our 
purposes, we use a combination of normalized gradients, histograms of normalized gradients, and LUV color 
channels. For the purposes of searching over scale, we form a pyramid of features extracted from a down-
sampled set of images. Typically, the feature pyramid is formed using 8 scales per octave. A common com-
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putational bottleneck in most state-of-the-art detectors is this step of computing the feature pyramid, since 
image features must be computed at every scale [4, 5].   However, Dollar et al. [6] observed that it is possible 
to estimate features at a dense set of scales using features computed at a coarsely sampled set of scales with-
out sacri icing detection accuracy. In our implementation, to form a feature pyramid of 20 scales, we compute 
features at about 3 scales, and use them to extrapolate features at the remaining 17 scales. This observation 
enables us to compute the feature pyramid in real time, thus enabling faster detection results.
For the purposes of classi ier training, we use the Cleveland airport dataset annotated by ALERT. For each 
positive and negative image window, we determine the feature pyramid and train a boosted decision tree 
classi ier. Boosting [7] is a popular classi ier in the computer vision community due to its speed and perfor-
mance advantages.

A.2   Re-identi ication 

Traditional biometric methods such as face or gait recognition are dif icult to apply to the re-id problem 
since most surveillance cameras’ resolution is too poor to get a clear image of the target. Instead, most re-
cently proposed re-identi ication algorithms focus on feature representation and metric learning. Features 
used in re-id problems include color and texture histograms [8, 9, 10], quantized local feature histograms 
[11], and spatiotemporal appearance descriptors [12].   Many of these descriptors are high-dimensional and 
contain some unreliable features; hence metric model learning and feature selection are also critical prob-
lems for re-id. Many approaches have been proposed including online relative distance comparison (RDC) 
[13], RankSVM [10], and set-based methods [9]. Conte et al. [14] proposed the Multiview Appearance Model, 
which continuously updates an appearance model of the target for each quantized orientation. The critical 
issue for our problem of interest is that these previous algorithms are not generally viewpoint invariant or 
suitable to low-quality, low-resolution cameras. 
In Year 1, we continued the development of a novel viewpoint-invariant approach to re-identify target hu-
mans in cameras that don’t share overlapping ields of view. The approach is designed to be directly ap-
plicable to typical real-world surveillance camera networks. First, we introduced a sub-image recti ication 
method to cope with perspective distortion. Second, we proposed a viewpoint-invariant descriptor that takes 
into account a pose prior learned from training data. Finally, we showed how discriminative features for a 
particular person can be learned online for adaptive re-identi ication. We tested our algorithms on both stan-
dard benchmarking datasets and a new, very challenging dataset acquired at a US airport, and demonstrate 
that the proposed algorithm yields better re-id performance compared to many previous approaches.  Figure 
1 illustrates the overall approach.

Figure 1:  Overall fl owchart of the proposed algorithm for person re-identifi cation.
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One key step in our new algorithm is the genera-
tion and estimation of a “pose prior” that takes 
into account the viewpoint dependence in the im-
age of a person.  We divide the image of a human 
into horizontal strips or sub-regions.  In each strip, 
histograms of color and texture information are ex-
tracted that form a feature vector.  Let Xa and Xb be 
two descriptors extracted from the images of tar-
gets A and B, and W be a classi ier trained to dis-
tinguish between A and B.  The pose prior is used 
to make the descriptor distance invariant to view-
point changes, as represented by a new distance 
function:  f(Ia , Ib)=WT|P(Ia, θa)-P(Ib, θb)|, in which Ia 
and Ib are the images of targets A and B. θa and θb 
are the estimated viewpoint angles corresponding 
to targets A and B. P(I, θ) is the converted descrip-
tor of I with respect to the pose prior at θ.  Instead of directly extracting descriptors for each strip of the tar-
get, P(I, θ) weights the contribution at each pixel of a strip based on the estimated pose of the target.  Figure 
2 illustrates the idea.
The classi ier model we trained of line is a general model, which is universal for every human. However, 
learning discriminative features for the particular target being tracked may greatly boost the performance 
of the re-identi ication. We also showed how to update the classi ier function to include a person-speci ic 
weight on the descriptor.
Finally, we proposed a robust and ef icient algorithm to address the multi-shot re-id problem, based on ran-
dom forests [20] and random projections [21].  We build an ensemble of random forests, trained by feature 
vectors randomly projected onto different subspaces. By taking into account the outputs from discrimina-
tively selected random forests, a similarity measurement is computed for each testing sample pair.  Since 
the algorithm operates in a very low dimension, it makes the training process extremely fast and saves tre-
mendous storage space compared to current techniques.  More importantly, the random projection enhances 
the classi ier diversity of the random forests, which makes it outperform other dimensionality reduction 
approaches such as Principal Component Analysis (PCA). Based on this framework, we further developed a 
person-speci ic random forest method to exploit the discriminative information from the multi-shot samples. 
Our algorithm demonstrates superior performance compared with state-of-the-art algorithms on multi-shot 
re-id benchmark datasets as well as a new re-id dataset acquired from our airport data.

A.3   Anomaly detection

In addition to re-id, we are interested in analyzing the trajectories of tracked objects over a long period of 
time, in order to distinguish normal behavior from anomalous behavior.  One approach is to generate models 
for different types of trajectories and compare them with observations [22, 23]. Another is to cluster tra-
jectories to detect different motion paths [24, 25, and 26]. A third approach, along the lines of the proposed 
algorithm, is to directly work with the trajectories without clustering [27].
Relatively few researchers have studied video at very long time scales. For example, Yang et al. [28] divided 
a single 1.5 hour video into 10 second clips and analyzed the smaller pieces. Varadarajan et al. [29] studied 
four datasets, each of which was a single continuous video ranging from 50 minutes to 2 hours in length. Nei-
ther case allows for the observation of long-term variations in motion patterns and corresponding multiscale 
analysis. While some days- or months-long datasets do exist (e.g., for traf ic video [25, 30]), analyzing activity 
at multiple time scales is not usually a focus.

Figure 2: Learning the pose prior, which allows the direct 

comparison of features from candidate rectangles taken 

from diff erent camera viewpoints.
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Our initial research builds on the Global Webcam Archive (GWA) developed by Jacobs et al. [31] and the Long-
term Observation of Scenes with Tracks (LOST) dataset developed by Abrams et al. [32]. Each database is 
continually updated with a half an hour of video acquired at the same time every day from each of hundreds 
of webcams over the course of many months, allowing the analysis of activities and anomalies at a wide range 
of scales (e.g., minute, day, week, and month).
We propose a representation that, based on noisy point tracks, can handle typical errors in automatic de-
tection systems.  The key idea is to aggregate partial point tracks into “activity maps” for both a candidate 
video under evaluation and an aggregate set of videos that de ine the temporal context for what should be 
considered “normal”.  These activity maps are quickly built, combined and compared using a fast Euclidean 
distance transform, and result in a lightweight summary of the expected presence, speed and direction of 
objects passing near a given pixel.  Each video is categorized as normal or anomalous using a trained linear 
classi ier.  Videos are detected as anomalous not only due to unexpected presence/type of activity, but also to 
unexpected absence of activity (e.g., a normally busy street is deserted).

B. Major Contributions

In Year 1, we conducted several experiments to evaluate the performance of the proposed re-id algorithms, 
comparing them against state-of-the-art competitors on standard benchmarking datasets, as well as a new 
custom datasets created from the ALERT installations at the Cleveland airport. 
We irst describe an example showing the improvement our algorithmic re inements bring compared to a 
baseline algorithm. In Figure 3, the leftmost column is the image of the target we want to ind, and the rows 
illustrate a baseline algorithm, the result of applying discriminative features, applying the pose prior and ap-
plying both. Originally, the correct person in the gallery is the 10th-best match; with discriminative features, it 
jumps to the 4th-best match. If we look at the woman in the probe image, the discriminative features could be, 
for example, the clear separation between the torso and legs, the dark coat and the pinkish trousers. By ap-
plying person-speci ic features, some people with simple-colored clothing, or a white pattern on their shirt, 
are left behind. If we only add the pose prior, not only does the correct image shift to the 2nd-best match, but 
more side-view images also move to higher rank, because unrelated parts of the images play a less signi icant 
role in the feature vector. For example, the person at position 4 in the irst row, who got to position 2 in the 
second row, doesn’t even appear in the third row. The pose prior can put less weighting on his/her backpack, 
which may be the main reason keeping him/her at top ranks in the irst 2 rows.

Figure 3:  Improvement brought by the proposed algorithms on one example from the VIPeR benchmark dataset.  

The rows from top to bottom illustrate the ordered top matches from a baseline algorithm, the result of applying 

discriminative features, applying the pose prior and applying both.
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We next illustrate one result of our multi-shot re-id 
algorithm on the CAVIAR4REID dataset [17]. This 
dataset is extracted from videos captured in a shop-
ping center. It is suitable for the re-id problem since 
the videos come from two camera views. It contains 
large variance in image resolution, large illumination 
variation within and between cameras, and severe 
occlusion and pose changes. The dataset contains 
72 pedestrians with 1220 images in total.   For each 
testing person, we randomly take J images to form a 
gallery set and J additional random images to form 
a probe set.  Figure 4 illustrates a cumulative match 
characteristic (CMC) curve to report the experimen-
tal performance. The rank n matching rate speci ies 
the percentage of probe images that matched cor-
rectly with one of the top n images in the gallery set.  
We compared our algorithm against the competing 
algorithms PRDC [15], PCCA [16], CPS [17], SDALF 
[18] and LF [19].  Our method demonstrates a com-
pelling advantage; for example, after seeing J=5 in-
stances of a person, the correct match is within the 
top 5 candidates 90% of the time.
We next investigated the implementation of our re-id algorithms in a software architecture designed spe-
ci ically to operate in the ALERT installation at the Cleveland airport.  Figure 5 shows an example of the 
real-time, multi-person tracking algorithm that generates candidate rectangles for the algorithm to compare 
against the target.  Figure 6 shows a screenshot of a prototype interface that allows a user to manually outline 
(“tag”) a target in one camera, and then applies a simple version of our re-id algorithms to automatically track 
the person through the other two cameras.  The potential matches are constantly updated in real time as the 
candidates move through the ields of view of the cameras.

Figure 4: Performance of the proposed multi-shot re-

identifi cation algorithm on the CAVIAR4REID benchmark 

dataset.  The proposed algorithm is called RPRF (red) and is 

compared against 5 competing algorithms.  J is the number 

of images of the target and each candidate.

Figure 6: Prototype tag-and-track interface designed for Cleveland airport.  

The operator tags a person of interest in Camera C.  The best matching 

candidates in cameras B and A are updated in real time with a color and a 

score.  In this example, the man in the blue shirt has been correctly found as 

the most likely candidate in the other two cameras.

Figure 5:  Example results from the real-

time multi-person detection algorithm.
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B.1   Anomaly detection

We validated our results on 60 ground-truthed half-hour long videos from each of 3 datasets, demonstrating 
that the proposed approach can accurately detect anomalies at multiple time scales, as well as automatically 
ind anomalies in an unsupervised manner from newly presented scenes.

Figure 7 illustrates two example results, analyzed with respect to the scene in Figure 7a and corresponding 
aggregate occupancy map from Figure 7b.  Figure 7c contains several unusual tracks generated by people cut-
ting across the lawn, which clearly show up as hot spots in the difference map Figure 7d.  On the other hand, 
the occupancy map in Figure 7e shows no activity along some of the paths, which is unusual, again generating 
hot spots in the difference map Figure 7f.  The latter types of unusual-lack-of-activity cases are dif icult for 
many anomaly detection algorithms to ind, since they rely on classifying existing trajectories as normal or 
anomalous.

C. Future plans

The main goal in Year 2 for the re-id work is the installation and validation of the algorithms in the Cleve-
land airport, operating on both the current parking garage testbed and the new post-security branching 
testbed coming online in Summer 2014.  There are several tasks that must be accomplished.  First, ALERT 
researchers from several tasks and universities must work together to design a robust, modular and dis-
tributed software architecture that allows real-time operation of several tasks (e.g., video input, candidate 
tracking and iltering, feature extraction, re-id, user interface) and easily allow different research groups to 
re ine and replace submodules without disturbing the overall system.  Second, the proposed algorithms for 
fast tracking, candidate recti ication, pose prior, person-discriminative features and multi-shot re-id must be 

Figure 7:  (a) An example scene observed by a surveillance camera over the course of many months.  (b) the 

corresponding activity map for 30 days of scene activity (brighter means a higher likelihood of activity near that pixel.)  

(c) a candidate activity map for a new video of the scene and (d) the corresponding diff erence map, indicating places 

with increased activity.  (e) A second candidate activity map and (f) the corresponding diff erence map, indicating 

places with unusually low activity.
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fully integrated into the deployed system.  (The prototype in Figure 6 only contains limited versions of these 
components.)  Third, the system must be quantitatively validated on-site, and the results of the validation fed 
back to the researchers to improve the underlying algorithms.
We also hope to leverage the video collected in the airport testbeds as input to the anomaly detection algo-
rithms, in order to infer patterns of normalcy and detect unusual behavior at multiple time scales in mass 
transit environments.  We will continue to pursue anomaly detection on the long-term videos from the LOST 
and GWA datasets as a surrogate for such data until it becomes available.

IV. RELEVANCE AND TRANSITION

A. Relevance of your 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 Cleveland is expected to produce a wealth of new data and research problems of direct DHS/TSA interest 
for several years. 

B. Anticipated end-user technology transfer

The research in the video analytics thrust has an existing history of transition into the Cleveland airport 
(CLE), and the re-id research will be transitioned to CLE over the course of Years 2 and 3.  ALERT, in collabo-
ration with another DHS COE, VACCINE, is in advanced discussions with the Greater Cleveland Rapid Transit 
Authority (GCRTA) police to address a problem related to re-id in the context of rail platforms, bus stops and 
concourses.

V. LEVERAGING OF RESOURCES

None to date, although ALERT has retained the services of an IP consultant to assess the feasibility of technol-
ogy transfer for video analytics research and development in the center.

VI. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer Reviewed Journal Articles

1. 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, available online May 2014, to appear July 15, 2014.  http://dx.doi.org/10.1016/j.pa-
trec.2013.11.016

 Pending-
1. Wu, Z., Li, Y., and Radke, R.J..  “Viewpoint Invariant Human Re-Identi ication in Camera Networks 

Using Pose Priors.”  IEEE Transactions on Pattern Analysis and Machine Intelligence.  Revised manu-
script submitted April 2014, in review.

B. Student theses or dissertations produced from this project

1. Ziyan Wu, Ph.D, Computer and Systems Engineering.  Thesis title: Multi-Object Tracking and Asso-
ciation with a Camera Network.  Graduated May 24, 2014.  Now with Siemens Corporate Research, 
Princeton, NJ.
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C. Software Developed

1. Datasets
a. Cleveland re-identi ication 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. Viewpoint invariant human re-identi ication algorithm 
c. Multi-shot human re-identi ication algorithm 
d. Multi-scale anomaly detection algorithm

All algorithms 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.

D. Requests for assistance/advice

1. From DHS
a. The re-identi ication project is a direct result of discussions and requests from the TSA branch 

headquartered at Cleveland airport.
2. From Federal/State/Local Government

a. As mentioned in Section V.B, ALERT, in collaboration with another DHS CoE, VACCINE, is in ad-
vanced discussions with the police at the Greater Cleveland Rapid Transit Authority (GCRTA) 
to address a problem related to re-identi ication in the context of rail platforms, bus stops, and 
concourses.

VII. REFERENCES

[1] Viola, P. and Jones, M.  “Rapid object detection using a boosted cascade of simple features.” CVPR 
2001. 

[2] Dalal, N. and Triggs, B.  “Histograms of oriented gradients for human detection.” CVPR 2005. 
[3] Dollar, P., Wojek, C., Schiele, B., and Perona, P. “Pedestrian detection: An evaluation of the state of 

the art.” IEEE Transactions on Pattern Analysis and Machine Intelligence, 34(4), 743-761, 2012.
[4] Felzenszwalb, P. F., Girshick, R. B., McAllester, D., and Ramanan, D.  “Object detection with 

discriminatively trained part-based models.” IEEE Transactions on Pattern Analysis and Machine 
Intelligence, 32(9), 1627-1645, 2010

[5] Dollar, P., Belongie, S., & Perona, P.  “The Fastest Pedestrian Detector in the West.”  BMVC 2010.
[6] Dollar, P., Appel, R., Belongie, S., and Perona, P.  “Fast feature pyramids for object detection.” 

IEEE Transactions on Pattern Analysis and Machine Intelligence, 2014.
[7] Viola, P., & Jones, M. J.  “Robust real-time face detection”. International Journal of Computer Vi-

sion, 57(2), 137-154, 2004.
[8] D. Gray. Viewpoint invariant pedestrian recognition with an ensemble of localized features. ECCV , 

2008.
[9] W. Zheng, S. Gong, and T. Xiang. Transfer re-identifi cation: From person to set-based verifi cation. 

ALERT 
Phase 2 Year 1 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-A.3

321



CVPR , 2012.
[10] B. Prosser, W.-S. Zheng, S. Gong, and T. Xiang. Person reidentifi cation by support vector ranking. 

BMVC, 2010.
[11] L. F. Teixeira and L. Corte-Real. Video object matching across multiple independent views using lo-

cal descriptors and adaptive learning. Pattern Recognition Letters, 30(2):157–167, Jan. 2009.
[12] N. Gheissari and T. Sebastian. Person reidentifi cation using spatiotemporal appearance. CVPR, 

2006.
[13] W. Zheng, S. Gong, and T. Xiang. Re-identifi cation by relative distance comparison. IEEE PAMI, 

35(3):653–668, June 2012.
[14] D. Conte, P. Foggia, G. Percannella, and M. Vento. A multiview appearance model for people re-

identifi cation. AVSS, 2011.
[15] Zhao, R., Ouyang, W., Wang, X.: Unsupervised salience learning for person reidentifi cation. CVPR 

2013
[16] Kostinger, M., Hirzer, M.,Wohlhart, P., Roth, P.M., Bischof, H.: Large scale metric learning from 

equivalence constraints. CVPR 2012.
[17] Xiong, C., Johnson, D., Xu, R., Corso, J.J.: Random forests for metric learning with implicit pair-

wise position dependence. ACM SIGKDD 2012.
[18] Farenzena, M., Bazzani, L., Perina, A., Murino, V., Cristani, M.: Person reidentifi cation by symme-

try-driven accumulation of local features. CVPR 2010.
[19] Mignon, A., Jurie, F.: PCCA: A new approach for distance learning from sparse pairwise con-

straints. CVPR 2012.
[20] Amit, Y., Geman, D.: Shape quantization and recognition with randomized trees. Neural computa-

tion 9(7), 1545-1588, 1997.
[21] Bingham, E., Mannila, H.: Random projection in dimensionality reduction: applications to image 

and text data. ACM SIGKDD 2001
[22] S. Calderara, R. Cucchiara, and A. Prati. Detection of abnormal behaviors using a mixture of Von 

Mises distributions. In IEEE Conference on Advanced Video and Signal Based Surveillance, 2007.
[23] X. Chen and C Zhang. An interactive semantic video mining and retrieval platform – application in 

transportation surveillance video for incident detection. In International Conference on Data Min-
ing, 2006.

[24] A.M. Cheriyadat and R.J. Radke. Detecting dominant motions in dense crowds. IEEE Journal of 
Special Topics in Signal Processing, 2(4):568–581, August 2008.

[25] B.T. Morris and M.M. Trivedi. Trajectory learning for activity understanding: Unsupervised, multi-
level, and long-term adaptive approach. IEEE Transactions on Pattern Analysis and Machine Intel-
ligence, 33(11):2287–2301, November 2011.

[26] T. Zhang, H. Lu, and S.Z. Li. Learning semantic scene models by object classifi cation and trajectory 
clustering. In IEEE Computer Society Conference on Computer Vision and Pattern Recognition 
(CVPR), 2009.

[27] A. Basharat, A. Gritai, and M. Shah. Learning object motion patterns for anomaly detection and 
improved object detection. In IEEE Computer Society Conference on Computer Vision and Pattern 
Recognition (CVPR), 2008.

[28] Y. Yang, J. Liu, and M. Shah. Video scene understanding using multi-scale analysis. In IEEE Inter-
national Conference on Computer Vision (ICCV), 2009.

[29] J. Varadarajan, R. Emonet, and J. Odobez. Bridging the past, present and future: Modeling scene 
activities from event relationships and global rules. In IEEE Computer Society Conference on Com-

ALERT 
Phase 2 Year 1 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-A.3

322



puter Vision and Pattern Recognition (CVPR), 2012.
[30] G. Zen, J. Krumm, N. Sebe, E. Horvitz, and A. Kapoor. Nobody likes Mondays: Foreground detec-

tion and behavioral patterns analysis in complex urban scenes. In ACM/IEEE International Work-
shop on Analysis and Retrieval of Tracked Events and Motion in Imagery Streams, 2013.

[31] N. Jacobs, W. Burgin, N. Fridrich, A. Abrams, K. Miskell, B. H. Braswell, A. D. Richardson, and R. 
Pless. The global network of outdoor webcams: Properties and applications. In ACM International 
Conference on Advances in Geographic Information Systems (SIGSPATIAL GIS), 2009.

[32] A. Abrams, J. Tucek, N. Jacobs, and R. Pless. LOST: Longterm observation of scenes (with tracks). 
In IEEE Computer Society Workshop on Applications of Computer Vision (WACV), 2012.

ALERT 
Phase 2 Year 1 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-A.3

323



This page intentionally left blank.

324



R4-B.1: Toward Advanced Baggage Screening: 

Reconstruction and Automatic Target 

Recognition (ATR)

Abstract— In transportation security applications, Computed Tomography (CT) scanners are widely 
used to scan checked baggage for threatening materials.  Traditionally, images are reconstructed 
using direct methods, such as fi ltered back projection (FBP). Model-based iterative reconstruction 
(MBIR) potentially offers many important advantages over traditional methods for the security 
screening of checked baggage. It has the potential to reduce metal artifacts and improve resolution.  
All these improvements have the potential to improve the detection/false alarm tradeoff for CT 
security screening systems. Furthermore, automatic target detection and recognition from the 
scanned images can reduce the cost of human labors, help to extract important information and 
support human judgments. The objective of this research is to investigate the potential of MBIR 
algorithms for the security screening application. In addition, we aim to develop a new Automatic 
Target Recognition (ATR) system which will incorporate advanced segmentation, feature extraction 
and classifi cation techniques in order to improve the current state-of-the-art ATR performance. To 
do this, we improved the existing MBIR algorithms, which are based on a monochromatic model 
for X-ray data, by estimating a polynomial for correction of nonlinear effects simultaneously with 
the image. We also built our new ATR system, which advances segmentation and classifi cation over 
the standard software provided by ALERT. During the last project period, we successfully achieved 
better reconstruction images, which  reduce artifacts caused by nonlinear attenuation behavior, such 
as beam hardening, scatter and other incompletely modeled attributes of the data and improved 
detection/false alarm score in the ATR system.  We will continue to develop new techniques in order 
to further improve performance for challenging cases, such as images with cluttered objects and 
metal streaking artifacts.
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II. PROJECT OVERVIEW AND SIGNIFICANCE

A. Research on reconstruction

X-ray 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 cor-
rupted 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 and require human 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 for the overall system.
The great majority of deployed CT systems utilize image reconstruction methods based on deterministic de-
scriptions 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 continuous- 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 [1,2,3,4], which may transfer to the security arena. We call this class of methods “model-
based image reconstruction” (MBIR) because they rely on relatively precise modeling of pixle/X-ray interac-
tions, 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 
compensate for beam hardening of metal. The technique separates metal from other image content and mod-
els 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 inconsistencies 
due to beam hardening and other metal effects that force artifacts in images in an attempt 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 proportional 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 is 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 “Research and Develop-
ment of Reconstruction Advances in CT-based Object Detection Systems” effort supported by DHS Task Order 
Number HSHQDC-10-J00396. The iterative approaches show advantages in subjective image quality. The re-
sults in the project metrics for segmentation performance are mixed relative to standard, one-pass FBP.

B. Research on automatic target recognition

Automatic target detection and recognition from the scanned images can help to extract important informa-
tion, and support human judgments. However, developing ATR systems is challenging due to metal presence 
and tight packing [5,6,7]. For example, metal introduces strong streaking artifacts with which ATR detects 
divided objects (see Fig. 1a on the next page). In addition, ATR may not be able to separate cluttered objects 
by tight packing (see Fig. 1b on the next page).
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The objective of this research is to investigate and develop a new ATR system that can handle above-men-
tioned challenging cases. To do this, we will incorporate advanced computer vision algorithms upon the base-
line software provided by ALERT. While recent research in computer vision has shown a lot of promising 
results in each ATR component, 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 questions remain 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 evaluate 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 standard ATR. We will continue to develop new techniques, particularly in 
advanced feature extraction, in order to further improve the detection accuracy. With these results, we can 
propose potential directions for improvement of ATR in aviation security society.

III. RESEARCH ACTIVITY

III 1. RESEARCH ON RECONSTRUCTION MODEL

A. State-of-the art and technical approach

A.1 Based Iterative Reconstruction (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 used 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 x ∈ RN map; 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

   (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; (b) ATR merges 

objects due to tight packing.
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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 obtain the global objective function to be opti-
mized as follows

A.2 Model-Based Iterative Reconstruction 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 gets attenuated preferentially comparing to the high-energy portion, 
resulting in a physical effect known as the beam hardening. In practice, beam hardening can contribute to the 
reconstruction 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 with Beam Hardening Correction (MBIR-BHC), which is able 
to simultaneously correct the beam hardening effect, and 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
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and the coefficients Ύk, l will be simultaneously estimated in the optimization process. Incorporating the nov-
el 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 im-
age. 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. 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.
A.3 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 study, we 
extended our previous study in the transition task [8] and explored an adaptive weighting scheme. Math-
ematically, 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 
projection) calculated as

where T is the threshold used to segment the metal object, and the weight for the i-th projection is calculated 
as

This adaptation reduces 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.

A.4 A Modi ied likelihood model for abnormal measurement rejection

Depending on the objects being scanned, the actual measurements may not be always consistent with the 
physical assumption. One cause of the inconsistency is the beam hardening, a problem we address in the ap-
proach 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 
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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. Reconstruction results

B.1 MBIR with metal-adaptive data weighting

We irst consider our simplest approach to ameliorating metal artifacts, described in Section III-1 A.3 & A.4. 
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 ver-
sions. The principal issue arising from inaccurate reconstruction of metal objects in security applications is 
propagating artifacts corrupting other homogeneous materials. The rubber sheet atop the irst row, the wa-
ter 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 single 
materials into distinct segments. The segmentation results overlaying the image using the Stratovan’s Tum-
bler algorithm are shown in Figure 3 on the next page. It can be seen that the segmentations are improved.

Figure 2: Comparison of FBP reconstructions (left column) and MBIR with metal-adaptive data weighting (right column). 

Scans are (top to bottom) numbers Medium_Clutter1_123, Medium_Clutter1_295.
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B.2 Beam hardening correction in MBIR

In Section III-1.A.2 above, we introduce joint estima-
tion of polynomial BHC parameters with imagery. In 
the results below, the correction is based on thresh-
olding of the intial 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 loca-
tions where beam hardening causes inconsistencies.
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 of 
Figure 3, proper segmentation of the stacked rubber 
sheets is likely to be problematic in either column. 

C. Major contribution

Our work related reconstruction included, most importantly, implementation of iterative reconstruction to 
match the Imatron scanner data, plus several variants of the basic MBIR algorithm. The algorithm we devel-
oped demonstrated some of the potential to handle 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.

D. Future plans

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.

III 2. RESEARCH ON AUTOMATIC TARGET RECOGNITION

A. State-of-the art and technical approach

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-

Figure 3: FBP (left) and iterative (right) reconstructions 

of heavily metal-corrupted scans, numbered (top to 

bottom): High_Clutter1 #350, and High_Clutter3 #194.
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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 target de inition. In following, we will give 
detailed descriptions about how we advance the baseline ATR system with computer vision algorithms.

A.1 Image segmentation

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. When CCL sets the foreground, a morpho-
logical opening operation is usually used to prevent cluttering. 
Even though CCL can ind objects in the CT baggage scan, it is not enough to separate high cluttered objects as 
it takes account into only a local neighborhood. Moreover, streaking artifacts make it dif icult to set the cor-
rect foreground, as streaking artifacts change the intensity signi icantly. In order to tackle these challenges, 
we further segment CCL results with our multi-label segmentation with metal artifacts.
Multi-label segmentation are well-studied computer vision techniques that partition the spatially continu-
ous image domain into multiple regions with minimal total perimeter [10-12]. 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 regular-
izes total perimeter (i.e. MRF model). Typical forward model has L2-norm of difference between pixel inten-
sity 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 typical for-
ward model f(Y|X, ϕ) can not deal with metal artifacts and the parameters ϕ = {lr}R          are not adaptively esti-
mated given images.  Therefore, we develop the new multi-label segmentation that takes into account metal 
artifacts and adaptively estimates parameters. Toward this, we compute the metal artifacts based on the as-
sumption that X-raying through the metal introduces random luctuations to projection measurements and 
the variances of projection measurements are proportional to the metal artifacts. Let Z = {zs: s ∈ {1, ..., S} be 
the discrete vector that represents metal artifact at pixel s. With these estimated metal artifacts, we formulate 
the new multi-label segmentation problem.

Figure 4: Overview of baseline ATR: Typically, ATR consists of three components: image segmentation, feature extraction 

and target classifi cation. Baseline ATR fi rst segments objects by CCL. It then measures the CT mass of each segmented 

object and detects targets that are heavier than a certain threshold.
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It is worth mentioning that our new segmentation takes the input of estimated metal artifacts and adaptively 
estimates the parameters during optimization.
Here, we choose the forward model based on negative logarithm of Gaussian distribution.

where δ(.) is the dirac-delta function, (μr, σr) are the mean and standard deviation for the object Ωr, and br 
represents the material-speci ic weight for metal artifacts. (i.e. The level of metal artifacts for air and saline 
water are different).
Figure 5 presents the bene it of our multi-label segmentation with metal artifacts in ATR. In the input image 
5a, there exists strong metal streak artifacts on the tightly packed powders. Compared with the Ground-Truth 
segmentation in 5b, CCL cannot separate merged objects by tight packing and fully identify the powder parts 
due to metal streak artifacts, as described in 5c. Our new multi-label segmentation with metal artifacts helps 
split merged objects tight packing while preventing the partial loss due to metal artifacts.

A.2 Feature extraction

For each segmented object, we need to determine whether it is target or 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 feature. However, mass itself is 
not suf icient to describe the complex properties of targets. Therefore, we construct high-dimensional fea-
tures, which are widely used in literatures:
• Mass
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Figure 5: Eff ect of Multi-label segmentation in ATR: (a) Input image, (b) Ground-Truth Target, (c) CCL result followed by 

morphological opening, (d) CCL result followed by morphological opening and multi-label segmentation.

ALERT 
Phase 2 Year 1 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-B.1

333



• Mean
• Standard deviation
• Histograms
• Higher-order moments: skew, kurtosis, entropy
• Texture: wavelets
When performing analysis of complex data, one of the major problems originates from the number of fea-
tures. Analysis of high-dimensional features generally requires a large amount of memory and computa-
tional time. Furthermore, parts of features can be redundant, which blurs the performance of analysis (curse 
of dimensionality).  So, we apply feature-selection method called minimum-redundancy maximal-relevance 
(mRMR) [13] on high-dimensional features to ind important features.
Figure 6 shows the most important feature selected by the mRMR method among high-dimensional features. 
mRMR selects the location of max histogram, as the most important feature re lecting that material-speci ic 
CT attenuation coef icient is the signature for target recognition.

A.3 Target classi ication

Given extracted and selected features, we feed them into the classi ier that determines whether the seg-
mented object is target or not. Baseline ATR provided by ALERT uses the simple threshold classi ier for one-
dimensional 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. 
Toward this, we use a support-vector machine (SVM) [14] classi ier. SVM is a popular high-dimensional clas-
si ier in computer vision. SVM inds a hyper-plane that separates two groups by training 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 classi 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 determine the type 
of hyper-plane by the non-linear Gaussian kernel that maps the data to a space where linear separation is 
possible:

   (a) Saline water       (b) Rubber

Figure 6: Most important feature selected by mRMR: (a) saline water, (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.
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where u and v are using feature vectors and Ύ is a model parameter. We automatically estimate the model 
parameter by cross-validation on pre-classi ied set.
Table 1 shows Probability of Detection and Probability of False Alarm scores on 188 baggage scans with our 
segmentation and classi ication methods. Compared with baseline ATR provided by ALERT, our segmenta-
tion signi icantly improves probability of detection. This indicates that our segmentation algorithm better 
separates cluttered objects while dealing with metal artifacts. SVM classi ication then signi icantly decreases 
the probability of false alarm while mis-classifying a few targets. This re lects the bene it of the SVM classi ier 
in ATR.

Baseline Our Segmentation Only Our Segmentation 

+ SVM Classifi cation

Probability of Detection 0.70 0.93 0.89

Probability of False Alarm 0.24 0.56 0.16

B. Major contributions

We have developed and implemented a new ATR system for CT baggage scans, and adapted the advanced 
image segmentation, feature extraction, and target classi ication in computer vision to a particular security 
screening CT systems. The major contributions are listed in the following:
• Image Segmentation
 - Metal Artifact Detection
 - Multi-label Segmentation with Metal Artifact
• Feature Extraction
 - High-dimensional features
 - Feature Selection
• Target Classi ication
 - Supervised Support Vector Machine
 - Non-linear Kernel for the Hyper-plane
Evaluation using a realistic set of passenger baggage scans demonstrated signi icant quality improvement in 
terms of probability of detection and probability of false alarms. 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 threat detection in ATR systems.

C. Future plans

In the near term, we will continue to re ine our ATR system to produce higher probability of detection and 
lower probability of false alarm. To do this, we will investigate advanced features and classi iers to decrease 
the probability of false alarm while not ignoring targets. For example, we will try Gabor features that model 
the behavior of cells in the visual cortex and Deep Learning classi ier that models the neuron network in the 
brain. Also, we plan to compare our ATR system with other commercial ATR systems provided by vendors. 
Once this task is complete, we will identify the most challenging cases (corner case) including severe metal 
artifacts or systematic errors in CT number and formulate improved forward and prior models in our seg-

Table 1: Probability of Detection and Probability of False Alarm- Our Segmentation signifi cantly improves the 

probability of detection compared with baseline ATR. Our Classifi cation signifi cantly decreases the probability of false 

alarms while mis-classifying a few targets.
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mentation algorithm in order to enhance segmentation quality. We hope that this will ultimately improve the 
probability of detection.

III 3. RESEARCH ON ELECTRON MICROSCOPY

A. State-of-the art and technical approach

Given the success with CT reconstruction, segmentation and target recognition, we applied developed tech-
niques to Electron Microscopy. Scanning Electron Microscopy – Focused Ion Beam (SEM-FIB) 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 employ MBIR techniques to denoise and regularize our SEM-FIB data (cross-section images) us-
ing neighboring “slices” in preparation for segmentation, which at present is performed on individual slices 
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). 

A.1 De-noising  

We are interested in the bonding properties of the particles, and as such are most concerned with the edge 
of 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 particle 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, per the general-
ized Gaussian Markov random ield (GGMRF) model. The 
algorithm uses iterative coordinate descent (ICD) optimi-
zation to bring the image closer to its MAP estimate over 
the course of a speci ied number of iterations. Figure 7b is 
the image that results when this MBIR algorithm is applied 
to the raw image in Figure 7a. The edge of the particle is 
much sharper, and is much more robust when applying the 
segmentation procedures described in the following section.

A. 2 Segmentation 

The constituent parts of the segmentation procedure are: 
1. 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.
2. Convert the segmented image into a binary image, where the previously alluded-to “edge-segment” repre-
sents one value and all other pixels take the other value.
3. “Fill in” the areas of the particle that do not yet belong to the “edge-segment.”
Figure 8 on the next page has been created using this procedure. This procedure is repeated for all slices in 
a stack after they have been denoised, and are then read into a MATLAB function where they are displayed 

Figure 7. Sample SEM-FIB Image or “Slice”: (a) Raw, 

(b) Denoised.
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together as a volume, per Figure 4: It is worth noting that the inside particle is well separated from outside 
particle.

B. Major contributions

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. Future plans

We are still in the early stages of development of the denoising/segmentation procedure. There are many 
potential improvements to our work. In the short term, we are working toward improving our forward model 
of the stack of slices, as the thickness of the stack when the present image is collected is known to be a param-
eter of the image. This parameter is as-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, since these two constituent parts of our pro-
cedure are by and large disjointed.

IV. RELEVANCE AND TRANSITION

Our transition task was, by its very design, highly relevant to the goals of DHS in improving detection of 
threats in checked baggage while minimizing the cost related 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 de-
tection/false alarm probability curve above its present placement. The reconstruction/segmentation dealing 
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.

V. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

 Pending-
1. D. Ye, P. Jin, C. Bouman, “Model-based Segmentation for CT Images with Metal Artifacts”, in prepara-

tion to IEEE Transactions in Image Processing
2. P. Jin, C. Bouman and K. Sauer, “A Model-Based Image Reconstruction Algorithm with Simultaneous 

Figure 8. Segmentation Result on the SEM-FIB Image or “Slice”: (a) 2D Mask, (b) Stack of 2D Slices.
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Beam Hardening Correction for X-Ray CT”, submitted to IEEE Transactions on Image Processing, 
April 2014.

B. Peer reviewed conference proceedings

1. P. Jin, C. Bouman and K. Sauer, “A Method for Simultaneous Image Reconstruction and Beam Harden-
ing Correction”, IEEE Nuclear Science Symposium and Medical Imaging Conference, Seoul, Korea, 
2013.

C. Software developed

1. Our principal focus has been algorithm development in implementation of ATR for the CT baggage 
scan screening. Transition into application is envisioned with subsequent work on computational 
ef iciency.

VI. REFERENCES
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[3] C. Bouman and K. Sauer, “A Generalized Gaussian Image Model for Edge-Preserving MAP Esti-
mation,” IEEE Trans. on Image Processing, vol. 2, no. 3, pp. 296-310, July 1993.
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R4-B.2: Multi-energy, Limited View Computed 

Tomography (CT)

Abstract— The objective of this project is the development of advanced methods for the processing 
of multi-energy X-ray data collected in limited view geometries.  Such data holds the promise 
of providing much improved capability relative to single and dual energy systems for mapping 
materials throughout a piece of luggage and, hence, more accurately identifying threat items.  
Complicating this task are two issues.  First, current ideas for deployable multi-energy systems are 
all of the limited view variety.  Thus, existing image formation methods based on Fourier techniques 
are no longer applicable.  Second, traditional methods that process data on an energy-by-energy 
basis fail to fully exploit the inter-energy information content that is embedded within these data.   
The approach pursued here is based on the use of sophisticated iterative processing methods for 
forming images that make use of and extend recently developed ideas from multi-linear algebra.  
These techniques consider the full spatial-spectral structure of the data.  Within the context of full 
view, angle decimated data processing of our prior work has demonstrated the clear benefi ts of 
this approach.  This project is focused on extending these ideas to the limited view case.  The initial 
year of this project has been devoted to the development of a computational forward model for a 
limited view system that is based on a prototype system developed by our industrial collaborators at 
American Science and Engineering (AS&E).

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

Seth van Liew Affi  liated Researcher AS&E SVanLiew@as-e.com

Students

Name Degree Pursued Institution  Month/Year of Graduation

Hao Zhang PhD Tufts University 5/2014

II. PROJECT OVERVIEW AND SIGNIFICANCE

Building on our current efforts in dual and multi-energy X-ray CT reconstruction, we are developing a new 
class of reconstruction techniques based on principles of compressive imaging and convex optimization ex-
tended to multi-linear objects arising naturally in the CT problem.  Our efforts will provide the enabling 
algorithmic technology for future multi-energy CT systems that will be required to meet the needs of DHS 
in protecting the United States against state-of-the art explosive devices.  Of speci ic concern are techniques 
that consider the muilti-linear nature of the reconstruction problem.  Issues that will be explored include:
1. The development of tensor nuclear norm regularization methods based on Tucker and/or CAMEDCOMP/
PARAFAC decompositions;
2. The use of patch dictionaries for purposes of recovering multi-energy texture in X-ray CT images;
3. The development of adaptive compressive methods for optimal sampling of projection data; and
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4. The incorporation of nonlinear but convex physical models into the ADMM processing methods used for 
image reconstruction.

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

The focus of our efforts this year has been on the development 
of a computational model for a limited view, multi-energy X-ray 
luggage scanning system based on the prototype CANSCAN sys-
tem developed by our industrial partner AS&E.   As illustrated 
in Figure 1, we consider a system with arrays of NS sources and 
ND detectors arranged parallel to one another between which an 
object moves with constant velocity v.  All  NS × ND raypaths can, 
depending on the location of the object relative to the sources and 
detectors, contribute data for processing.  We denote by S(E) the 
known and common energy spectrum of the sources.  Motivated 
by recent work in [1], we model each of the detectors as being 
capable of resolving X-ray counts at energies Ek for k=1,2...,NE .  Fi-
nally, data are collected at NT evenly spaced time points between 
t1 and t2 , where t1, typically taken as zero, is the time when the front edge of the object irst intersects the 
line between the irst source and detector, and t2 represents the time when then trailing end of the object just 
extends past the line between the last source-detector pair. Under these conditions, the data collected at time 
tj , energy Ek at detector  d due to source s can be modeled as a Poisson random variable with mean
          (1)

where μ(x, y, E) is the X-ray absorption profile of the object as a function 
of the two space dimensions, x and y, and energy, E . The quantity L         is 
defined to be the line connecting detector d to source s if the object intersects 
this line at time j and zero otherwise.  

Our effort this year has been focused on implementing a discrete version of 
this model.   As illustrated in Figure 2, the object is decomposed into a grid 
of Nx × Ny pixels.   At each time tj , the y position of the object is  vtj from which 
we irst determine the set of source detector pairs that are “active” at this 
time.  According to (1), y(k, sj , dj) can be calculated as

         (2) 

 where the symbol “ ” is used to indicate that we are computing a discrete 
approximation, μ(m, n, Ek) is the three-tensor representing the discretized 
absorption pro ile as a function of two spatial and one energy dimensions, 
and A(k, sj , dj , m, n) is the ive tensor mapping absorption into data.  Accord-

ing to the model in (1), A(k, sj , dj , m, n) is equal to the product of S(Ek ) and the length of the line through pixel  
n, m connecting one of the sources and detectors active at time j.  In the case of Figure 2, the object has been 
decomposed into an array of 32 pixels ordered column-wise from the leading to the trailing edge.  For the 
source-detector pair illustrated in Figure 2, only those m, n in A(k, sj , dj , m, n)  associated with pixels 29, 25, 

Figure 1: Conceptual model for the system 

under consideration.

,j js d

Figure 2: Discretization procedure.
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26, 22, 23, 24 and 20 will be nonzero.
To illustrate the capabilities of our model, we consider a speci ic case shown in Figure 4a, where there are 
two sources located at (0,0) cm and (0, 44.5) cm, as well as three detectors at (100, 0) cm, (100, 22.3) cm, 
and (100, 44.5) cm.  The 60 cm by 30 cm object is intended to model a small carry-on piece of luggage and 
is discretized into an array of 600 
X 300 pixels.  The velocity of the 
object is 1 cm/s and the sampling 
rate is 4 Hz.  Within the object, we 
simulate a bottle of water near the 
front boundary, a piece of alumi-
num shown by the red rectangle 
and a C-shaped piece of rubber.  
In Figure 3a, we show the attenu-
ation curve of each object in the 
suitcase; when the energy of X-ray 
increases, the attenuation decreas-
es. The spectrum of the sources is 
shown in Figure 3b.

In Figures 4b and 4c, we plot the signals collected at the three different detectors as a function of time due 
to the different sources.  From the source 1, detector 1 plot in Figure 4b, we clearly can identify the various 
objects within the ield of view including the front and rear boundaries of the bag and, most obviously, the 
aluminum block.  The patterns become far less easy to interpret for the other source-detector pairs.  Indeed, 
it is of interest to note that the symmetry of the sources and detectors with respect to the y axis is not re-
lected in symmetric responses due to the 

arbitrary, asymmetrical distribution of ob-
jects within the phantom. Continuing with 
the analysis of the source 1, detector 1 data 
in Figure 5, we display the time-energy sig-
nal on a logarithmic scale.  At any particular 
energy, the time-dependent signal indicates 
the presence of different objects.  The en-
ergy dependent nature of these patterns, 
however, clearly differs from one object 
in the phantom to the next.  Based on this 

Figure 3: (a) Attenuation curves for objects in the suitcase obtained from XCOM 

database; (b) Source spectrum modeled after 90keV Imatron scanner spectrum 

used in the Task Order 3 “Research and Development of Reconstruction 

Advances in CT-based Object Detection Systems” eff ort supported by DHS Task 

Order Number HSHQDC-10-J00396.

Figure 4:  Simulation results at 30KeV.

Figure 5: Plot of source 1 – detector 1 energy profi le.
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qualitative examination of the data, we feel that the spatial, spectral and temporal diversity provided by this 
type of system will provide a wealth of information regarding the contents of the object under consideration.  
Still, the limited view nature of the problem will complicate image formation, requiring the development of 
sophisticated processing methods to detect and characterize threat items.

B. Major contributions

Year 1:
1. Development of computational forward model for multi-energy, limited view X-ray scanner modeled on 
AS&E developed CANSCAN systems.

C. Future plans

The next year of the program will focus on the use of the forward model in the development of advanced pro-
cessing methods for multi-energy, limited view X-ray data.  Two activities will be undertaken:
First, we will extend the existing methods prototypes in [1] to large scale, 2D reconstruction problems.  Spe-
ci ically, performance of the techniques in [1] was explored for recovery of relative small images, 128 X 128 
pixels.  To be more relevant to the end-user, it is important that we be capable of solving problems of a more 
realistic size.  Under the Task Order 3 “Research and Development of Reconstruction Advances in CT-based 
Object Detection Systems” effort supported by DHS Task Order Number HSHQDC-10-J00396, we scaled up 
related methods to allow for the recovery of objects of the size (in pixels) of the one considered in the above 
analysis.  Over the coming year, we will adapt the algorithmic ideas that worked well there (speci ically al-
ternating direction, method of multiplier (ADMM) optimization techniques) to our existing tensor recovery 
methods.
Second, we will develop more sophisticated tensor nuclear norm regularization strategies.  The methods we 
have considered to date make use of two ways of decomposing a tensor: unfolding and the t-SVD approach 
developed in [1].  The intent of both of these methods is to provide a convex approximation to the rank of a 
tensor.  It is known that the unfolding approach is a rather weak approximation and the t-SVD technique as 
it currently stands is only appropriate for 3D tensors.   Given the need to move from 3D to 4D (three space 
and one energy) reconstruction problems, there is motivation for developing new concepts of tensor nuclear 
norm.  Here, based on the success of the t-SVD decomposition as the basis for regularization, we hypoth-
esize that alternative approaches to tensor decomposition; speci ically the Tucker and PARFAC/CANDECOMP 
methods will be of use for moving to higher dimensional problems.

IV. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

Our efforts will provide the enabling algorithmic technology for future multi-energy CT systems that will be 
required to meet the needs of DHS in protecting the United States against state-of-the-art explosive devices.

B. Anticipated end-user technology transfer

This project is being carried out in close collaboration with Dr. Seth van Liew of AS&E.  Profs. Tracey and 
Miller have been collaborating with AS&E since 2010, developing image enhancement, object identi ication, 
and related processing methods for personnel and vehicular screening using X-ray transmission and back-
scatter data.  The project described in this document is being executed in parallel with the AS&E-led effort 
that included both Tufts and Lawrence Livermore National Laboratory, funded under DHS RFP 13-05.  Both 
projects are concerned with advanced process of limited view multi-energy data.  Whereas the 13-05 project 
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is focusing on less computationally demanding techniques that can be implemented in vendor systems over 
the short-medium term, the work supported by ALERT is considering more sophisticated (and, hence, higher 
performing), tensor-based methods where the complexity of prototype implementation is prohibitive, but 
where additional work would result in ef icient implementations.
In addition to AS&E, Profs. Tracey and Miller are currently discussing with Rapiscan Technologies a project 
that will build on the dual energy processing ideas developed with support from ALERT in Phase 1, as well 
as Task Order 3.

V. LEVERAGING OF RESOURCES

As noted above, we are looking to work with both AS&E, as well as Rapiscan to transition a number of the 
methods and ideas developed with DHS support under the auspices of ALERT into industry.  Additionally, 
we are in discussions with researchers at Boston University and Lawrence Livermore National Laboratory 
regarding a possible submission against the DHS S&T LRBAA in the area of explosives detection.  Finally, 
Profs. Miller and Tracey are very interested in responding to DHS SBIR requests for proposals.  Our doing so, 
however, is hampered by the lack of a small business collaborators.

VI. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

1. B.H. Tracey, E.L. Miller, Y. Wu, P. Natarajan, J.P. Noonan, A constrained optimization approach to com-
bining multiple non-local means denoising estimates, Signal Processing, Available online 28 Decem-
ber 2013, ISSN 0165-1684, http://dx.doi.org/10.1016/j.sigpro.2013.12.021.

2. Semerci, O.; Ning Hao; Kilmer, M.E.; Miller, E.L., “Tensor-Based Formulation and Nuclear Norm Regu-
larization for Multienergy Computed Tomography,” Image Processing, IEEE Transactions on , vol.23, 
no.4, pp.1678,1693, April 2014, doi: 10.1109/TIP.2014.2305840

 Pending-
1. B.H. Tracey, E.L. Miller, “Stabilizing dual-energy X-ray computed tomography reconstructions using 

patch-based regularization,” under review, Inverse Problems. Available on arxiv.org.

B. Other conference proceedings

1. B.H. Tracey and E.L. Miller, “Simultaneous segmentation and reconstruction for dual-energy CT: Ex-
perimental results,” The Third International Conference on  Image Formation  in X-Ray Computed 
Tomography  June 22-25, 2014 Fort Douglas/Olympic Village, Salt Lake City, Utah, USA

C. Software developed

1. We have developed a computational forward model for simulation of data acquired by a multi-en-
ergy X-ray system in which a 2D object moves along a linear trajectory with sources located along 
one side parallel to the direction of motion and detectors on the other side.  The user can arbitrarily 
specify source-detector geometry, velocity of the object, size of the object and discretization (num-
ber and size of pixels).  The user must specify energy dependence of all material of interest.  The 
code is written in Matlab and available upon request.
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VII. REFERENCES
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R4-B.3: Advanced Automated Target Recognition 

in Security Imaging

Abstract—We propose new techniques for detection of unusual or irregularly shaped targets (explo-
sives) in body images, including X-ray, IR, and Millimeter Wave (MW) images. The main goal from 
a DHS standpoint is to develop a robust surveillance system for pervasive and persistent detection 
capabilities.  We have recently developed new graph-theoretic tools for characterizing anomalies in 
image data. These tools are based on an algebraic characterization of shapes that results in compu-
tationally effi cient and statistically effective tests for anomalies.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Venkatesh Saligrama PI BU srv@bu.edu

Ziming Zhang Post-doc BU Zzhang14@bu.edu

Students

Name Degree Pursued Institution Month/Year of Graduation

Jing Qian PhD BU 8/2014

Delaram Motamed-Vaziri PhD BU 5/2014

II. PROJECT OVERVIEW AND SIGNIFICANCE

Improved Automatic Target Recognition (ATR) concepts for Advanced Imaging Technologies (AIT) is of par-
ticular interest to X-ray backscatter vendors, and to new millimeter wave imaging concepts. Enhanced ATR 
for checked luggage is also of signi icant interest.
The main goal of the project is to develop automated target recognition (ATR) algorithms for detection of 
unusual, anomalous areas in different image modalities for explosives detection. This includes advanced im-
aging technologies such as X-ray backscatter and millimeter wave imaging.
The principal challenge stems from the need for techniques that result in low false alarm probability while 
maintaining high detection rates in highly cluttered environments. Our proposed approach is based on dic-
tionary-based invariant modeling of image patches that accounts for variations in scale and position.
We developed graph-based models for characterization of background to account for correlations across im-
age patches. These led us to generalized likelihood ratio tests for estimating connected sets on graphs. We 
have developed a new theory based on an algebraic characterization of connected shapes [8].  This type of 
problem arises in several contexts such as network intrusion, community detection and disease outbreak 
[5,7], which we will leverage for the explosive detection problem.  These problems can be described by ob-
servations associated with nodes or edges of a graph. In these applications, presence of explosives, intrusion, 
and community or disease outbreak is characterized by novel observations on some unknown, connected 
subgraph (see Fig. 1 on the next page). We formulate the problem as an optimization of suitable objectives 
on connected subgraphs, a problem which is generally computationally dif icult. In our preliminary work 
[8], we have developed a method that overcomes the combinatorics of connectivity by embedding connected 
subgraphs into linear matrix inequalities (LMI). Computationally ef icient tests are then realized by optimiz-
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ing convex objective functions subject to these LMI constraints. It turns out that under relaxed technical 
conditions, the resulting statistical tests are nearly minimax optimal for the exponential family of distribu-
tions. Our preliminary results for explosive detection has currently focused on simple pixel-level features 
and relatively simple explosive shapes hidden on the body. Our proposed approach would extend these pre-
liminary results to more general scenarios. We plan to implement these tools for explosive detection through 
detection of anomalies in imaging data by developing new signature patterns, as well as more sophisticated 
detection algorithms that can deal with irregular shapes.

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

The emergence of improvised explosive threats and their use by terrorists has posed many challenges to 
aviation security screening. Explosive Detection Systems (EDS) have been presented with considerable chal-
lenges in developing a broad detection capability for improvised explosives during security screening of 
checked bags and carry-on items. Explosive detection is challenging because: 
1. Anomalies, namely, explosives are normally found in a high-degree of background clutter, which is often 
dif icult to disambiguate; and
2. Visual ambiguity namely the appearance of the same type of explosive can vary signi icantly in different 
instances. 
The focus of this project is to develop new techniques for dealing with these challenges.

A.1 Related work

The literature on signal detection on graphs can be organized into parametric and non-parametric methods, 
which can be further sub-divided into computational and statistical analysis themes. Parametric methods 
originated in the scan statistics literature [5, 6], with more recent work focusing on graphs [8]. Much of this 
literature develops scanning methods that optimize over rectangles, circles or neighborhood balls across 
different regions of the graphs. However, the drawbacks of simple shapes and the need for non-parametric 
methods to improve detection power are well recognized. This has led to new approaches, such as simulated 
annealing, but is lacking in statistical analysis.
Data driven approaches for 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 pro-
vide statistical guarantees [1, 2]. 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 

Figure 1: A schematic representation showing the mapping of AIT images to a graph and subgraph.
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autoregressive models [3, 4]. Anomalies are detected when a target data sequence deviates from the model.
Our approach is in the same spirit as a number of other non-parametric data-driven approaches, such as [22, 
23], with important differences. Existing statistical approaches do not account for local anomalies; i.e., anom-
alies that are localized to small spatial regions. We rigorously de ine a statistical notion for a local anomaly 
structure. This notion of locality lends itself to optimal Bayesian and Neyman-Pearson characterization. While 
this characterization requires knowledge of underlying likelihood models, it nevertheless motivates consid-
eration of speci ic local statistics, such as local K-nearest neighbor distances on the feature data. In this sense, 
our work is closely related to the ranking method of [23], where scores for each data sample is computed by 
ranking global K-nearest neighbor distances. In contrast, we develop several rules (entropy, sum and max 
statistics) that pool together all the local K-nearest neighbor distances, and yet provide statistical guarantees.

A.2 Technical approach

Signals associated with nodes or edges of a graph arise in a number of security related applications in the 
context of anomalies in images, as well as general social/communication networks. Many problems in these 
applications can be framed from the perspective of hypothesis testing between null and alternative hypoth-
eses. Observations under null and alternative hypotheses follow different distributions. The alternative is 
actually composite and identi ied by sub-collections of connected subgraphs.
To motivate the setup, consider an imaging anomaly application. Nodes are pixels and observations associ-
ated with each pixel correspond to image intensity at that pixel. Under the null distribution, observations at 
each pixel are distributed according to the background distribution. Under the anomaly (explosive), there is a 
contiguous sub-collection of pixels (connected sub-graph) where the foreground intensity is from a different 
distribution.  The anomalous shape can vary depending on the type of anomaly. While there exist approaches 
[5, 6, 7, 9, 10, 11] for such problems, they impose a number of assumptions on the underlying distributions 
(exponential family), and limit the shapes of anomalies (explosive is shaped as a rectangle/circle etc.).
Our approach is based on optimizing an objective function subject to subgraph connectivity constraints [8], 
which is related to generalized likelihood ratio tests (GLRT). GLRTs, in this context, maximize likelihood func-
tions over combinatorially many connected subgraphs, which is computationally intractable. On the other 
hand, statistically, GLRTs have been shown to be asymptotically minimax optimal for exponential classes of 
distributions on Lattice graphs & Trees, thus motivating our approach. We deal with combinatorial connec-
tivity constraints by obtaining a novel characterization of connected subgraphs in terms of convex Linear Ma-
trix Inequalities (LMIs). In addition, we show how our LMI constraints naturally incorporate other features 
such as shape and size. We show that the resulting tests are essentially minimax optimal for an exponential 
family of distributions and for graphs satisfying polynomial growth property. Conductance of the subgraph, a 
parameter in our LMI constraint, plays a central role in characterizing detectability.
A.3 Local model
We consider discrete-valued data with each data sample x = (xv), with v ∈ V  corresponding to a collection of 
random variables, which are indexed on a graph G = (V,E).  The data sample x can be thought of as measured 
intensities (or features) at different pixel locations v for an image modality. The set V is endowed with the 
usual graph metric d (v,v′) de ined for any two nodes v and v′.
We assume that baseline data x (image) is drawn from the null hypothesis H0.

We describe the anomalous distribution as a mixture of location-speci ic anomalous likelihood models. Let 
fv(x) and Pv be the likelihood function and prior probability associated with location v respectively.
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To model location-speci ic anomalies, we introduce Mask and Markovian assumptions. These assumptions 
model the presence/absence of anomalies that are associated with speci ic locations on the body. Speci ically, 
we say an anomaly is of local structure if the likelihood functions satisfy Mask and Markovian properties. As 
illustrated in Figure 2, the Markovian property is a statement that likelihood functions are Markov-Random 
Fields. The Mask property means that the anomaly likelihood associated with any location v is identical to the 
background distribution outside a local region where the anomaly exists.

    Markov Structure  Mask Structure

A.4 Local anomaly detection algorithm

An anomaly detector is a decision rule that classi ies images as anomalies or non-anomalies. Our goal is an 
optimal target detector that maximizes detection probability subject to false detection rate constraints. The 
optimal decision rule, when all likelihoods and prior location probabilities are known, can be characterized 
as

where the likelihood ratio function Lv is de ined as Lv = fv(x)/f0(x). The parameter ξ is chosen such that the 
false alarm probability is smaller than α. It turns out (see below) that that the likelihood ratio function Lv sim-
pli ies under our assumptions of local structure, namely, Lv only depends on local statistics of signal/feature 
values around node v.

Figure 2: Illustration of Markov and Mask Properties. Right: mask assumption means that the observations in the 

presence of an anomaly diff er from observations in the absence of an anomaly only in the green region. Left: Markov 

property implies that observations within the gray region are independent of observations in the green region if the 

observations in the yellow region are known.
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Now the main dif iculty is that both the likelihood functions under anomaly and non-anomaly conditions are 
unknown. Instead, we are given data corresponding to anomalies and non-anomalies. This motivates a data 
driven approach.  To this end, we let G(x) be a real-valued statistic of the feature data. We then consider the 
following score function:

Here η is a target image and the objective is to classify it as an “anomaly” or “not an anomaly.”  The utility of 
the score function is that under a nominal (not-an-anomaly) scenario, a particular sample (test image) is uni-
formly distributed in the unit interval. Consequently, low scores are anomalous and a target can be effectively 
detected with control on false alarms. Thus the score function serves as a p-value and we declare test images 
as anomalies if the scores turn out to be smaller than α (the desired false-alarm threshold). There are many 
choices for G(x) such that the resulting score is distributed uniformly on the unit interval. This includes:
• Sum function: G(x) = ΣvLv

• Max function:  G(x) =          Lv

We empirically approximate the score function from training data. Speci ically, we consider:

           (1)

where, Gn is an empirical surrogate for the max function above.  We use max function because it can be shown 
that it is robust to outliers and scale. An empirical surrogate is obtained based on nearest neighbor distances. 
Nearest neighbor distances have proven to be excellent inite sample surrogates for underlying density, and 
can be ef iciently estimated from data. Our algorithm is described below.

A.5 Local Target Detection algorithm (LTD) 

(Input) Nominal Image/Feature Data, (x(1); _ _ _ ; x(n)), test sample, η, false alarm rate, α, and explosive size 
in the image, s:
Step 1: Compute k nearest-neighbor distance Dv(t) for a ixed location v among all training samples for image 
t.  Here t ranges among all training examples and target image η.
Step 2: Compute the maximum distance over all locations v for each sample t, namely, Gn(x(t)) =        Dv(t).
Step 3: Compute the empirical rank as described in Eq. 1. Declare anomaly if rank is below false alarm thresh-
old, α. If size s is unknown, iterate over geometrically increasing window sizes.

A.6 Preliminary results

In the 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

max
v

max
v
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The images had 4 views: front, back, left and right. 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 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 LTD 
algorithm. The LTD algorithm is able to detect anomalies by eliminating many isolated instances that appear 
to be anomalies but are in 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 sev-
eral image patches. On the other hand, groups of several image patches that are all clustered are identi ied to 
be targets.

B. Future plans

The basic issue is that our current approach primarily uses low-level features, such as pixel intensity. This 
has a direct bearing on discriminability between anomaly and non-anomaly scenarios. Another issue is that 
our current version (used to generate the ROC curves in Fig. 3) searches among regular connected shapes 
(rectangles). On the other hand, realistic targets are typically irregularly shaped. Consequently, we plan to 
leverage some of our recent work [8] on connected sub-graph detection in this problem. Our future plan 
would be to learn superior feature representations and arbitrary shapes to allow for signi icantly better dis-
criminability.  We list our speci ic approach here:
• Dictionary based invariant modeling of image patches,
 - Account for variations in scale and position;
• Graph-based models for characterization of background to account for correlations across image patches; 
• Generalized Likelihood Ratio Test approach for estimating irregular connected sets on graphs; and 
• New learning-based graph-theoretic tools for robust detection and classi ication of anomalies in images.

Figure 3: ROC curves for diff erent modalities. The magenta curve corresponds to using the weakest modality (IR) 

among the three modalities while blue corresponds to using all the image modalities including AMMW. The diff erent 

curves correspond to various combinations of imaging modalities. As we see fusing all of the modalities signifi cantly 

improves performance. It turns out that AMMW is an important modality among the three modalities.
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IV. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

• Improved ATR concepts for AIT are of particular interest to X-ray backscatter vendors, and to new mm 
wave imaging concepts

• Enhanced ATR for checked luggage

V. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed conference proceedings

1. J. Qian, V. Saligrama, Y. Chen, Connected Subgraph Detection, AISTATS 2014
2. J. Qian, V. Saligrama, Y. Chen, Anomalous Cluster Detection, ICASSP 2014
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R4-B.4: Integrated Reconstruction/Recognition

Abstract — In CT-based security screening, a challenging problem is to correctly identify and label 
objects in a scene from X-ray projection data. The presence of artifacts in the reconstructed image 
confounds traditional segmentation and labeling methods. In this work, we focus on integrating 
machine learning, physical modeling and Bayesian inference in a framework for direct material 
identifi cation and labeling. Such an approach can mitigate image artifacts, reduce the number of 
corner cases and minimize false alarms.
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II. PROJECT OVERVIEW AND SIGNIFICANCE

In CT-based security screening, a challenging problem is to correctly identify and label objects in a scene 
from X-ray projection data. Conventionally, reconstruction and labelling are performed as two decoupled 
steps. Image artifacts induced from metal and other clutter cause variation 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 learning, physical 
modeling, and Bayesian inference into a uni ied framework for direct material identi ication and labeling. 
This approach can mitigate image artifacts and reduce 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.

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

Traditional approaches perform decoupled steps in obtaining material labels. The irst step performs image 
processing, such as iltering and denoising, in an attempt to reduce noise and image artifacts. This processed 
image is then labeled or segmented in an attempt to ind objects and determine their materials. In the current 
period, we have developed a new direct, dictionary-based method for material labeling from Multi-Energy CT 
(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 materi-
als of interest are used as dictionary elements. The typically decoupled approach and the new proposed joint 
approach are illustrated in Figure 1 on the next page.
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The observed normalized log-sinogram data in MECT sensing follows the non-linear Beer-Lambert law of 
X-ray imaging:

where Is (  )  is the measurement along ray-path for spectral weighting s, ws(E) is the spectral weighting func-
tion 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 functions 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, 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.
To that end, one aspect of this project has developed a uni ied approach for the estimation of the material la-
bel image from MECT measurements. The approach takes into account the system model information and the 
way the materials are observed via the Beer-Lambert law. A dictionary-based model of the materials present 
in the scene is used, with the LACs of materials of interest used as the dictionary elements. Estimated diction-
ary coef icients are 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 

Figure 1:   Object segmentation and labeling: decoupled (typical) versus joint (proposed) paths.
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Figure 2:   Left: the linear attenuation coeffi  cient (LAC) curves of a few example materials. Right: examples of spectral 

weighting functions ws(E) used in X-ray based sensing (normalized to unit sum).
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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 splitting of objects.
Speci ically, we create a dictionary of LACs of the few materials of interest: D = [μ1, μ2 ... μm] where μk is a vec-
tor representing the LAC of material label k as a function of (discretized) energy level. This dictionary is an 
overcomplete basis for representing the material LAC in the scene. Let cx be the LAC 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 com-
bination of dictionary elements specified 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 
find the material labels by solving a unified optimization problem with this dictionary-based model in the 
previous Beer-Lambert X-ray model. The overall formulation is:

The first summation in the formula above is the data fidelity term. It is defined as the squared error between 
the measured sinogram and the dictionary-based model of it based on the physical Beer-Lambert law. The 
second term is a Potts-type MRF prior term. This term penalizes any differences in dictionary coefficient vec-
tors for pixels in a small neighborhood. Different coefficient vectors correspond to different labels and the 
desire is to increase the coherency of the label field. The minimization is performed subject to the constraints 
that only a single entry of any coefficient vector cx  at spatial location x is equal to 1. These constraints reflect 
the belief that there is only one material at each spatial location, and 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 fixed. 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-based direct labeling method exploits the complete physical sensing model, as 
well as knowledge of material X-ray behavior, it requires detailed knowledge of system parameters, such as 
sensing geometry, spectral shapes, material LACs, etc., and can be computationally demanding. As a result, 
another thrust of our research in this project has focused on the development of ef icient data driven ap-
proaches using machine learning and graph-cut methods. In this approach, we start from conventionally 
formed effective attenuation images for each multi-energy experiment and then directly learn the conditional 
appearance model for each material of interest from a set of training data. Given this learned appearance 
model, a discrete label-based optimization is performed. As a result, explicit physical models of the tomo-
graphic system and detailed information on material LACs are not needed.
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. 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 the material at that location. This density captures the potential variability in ma-
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terial appearance and is directly learned using machine learning kernel density estimation techniques from 
training data. In this way, the method directly captures appearance uncertainty and does not require detailed 
physical material knowledge. 
Unfortunately, conventionally created effective attenuation images may contain streaks which cause splitting 
of objects and corruption of attenuation values. The probabilistic appearance model can capture and model 
a portion of this variability, providing some mitigation, but direct incorporation of additional prior informa-
tion 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.
Material labels at each pixel location and object segmentation is obtained jointly as the solution of the follow-
ing 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 in pixel x, 

is the appearance model for material label lx  at pixel x, vj are data weights which down-weight data points in 
the vicinity 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 
to material labels and takes into account an estimate of object boundaries to further 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, discrete 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 optimiza-
tion 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 of very challenging discrete 
problems, and are well suited to our application. We call this overall method “learning-based graph-cut label-
ing.”
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B. Major contributions

In this period, we have demonstrated preliminary results for creating direct labeling of material from dual-
energy CT data on a slice-by-slice basis. We implemented the methods described above and tested them on 
real dual-energy data from the Imatron scans database. 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 slice that had graphite, magnesium and silicon rods, and which were placed in foam 
inside 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 3:   Illustration of the main components of the learning-based graph-cut labeling method. The top left fi gure 

shows the learned material appearance models. The top right fi gure shows an example of the data weighting scheme. 

Data points close to metal are given lower weights. The bottom fi gure shows the boundary-fi eld used in the smoothing 

term.

Figure 4:  Material label images using the dictionary 

labeling method for a slice with graphite, 

magnesium and silicon rods placed in foam inside 

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: initialization. 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 learning-based graph-cut labeling method, train-
ing data was obtained for the following material labels: 
water, doped water, rubber and metal. Figure 5 shows the 
original high-energy input image and the corresponding 
directly labeled output on the right. Despite the pres-
ence of metal (orange) and its associated streak artifacts, 
the objects of interest, in this case rubber sheets objects 
(green) and water (blue), are correctly labeled without 
splitting or breaks. Overall, image quality in improved.

Overall, these methods provide physics-based principled 
approaches for direct material labeling that contrasts current ad hoc, two-step decoupled approaches. The 
potential of such optimal methods are reduced artifacts, lower false alarms and improved material labeling. 

C. Future plans

Future plans include further development of the dictionary-based approach to include more materials and 
application to more complex scenes. For the learning-based graph-cut labeling method, further development 
of metal artifact reduction techniques is planned. In addition, development of more ef icient solution meth-
ods of both formulations will be done. We anticipate that an ADMM or augmented Lagragian approach can 
be used, incorporating both a label ield, as well as an attenuation ield.  These will lead to lexibility in using 
both projection and image ields in the same formulation and provide faster convergence rates. We also plan 
to include more accurate physical modeling of the materials through the inclusion of more material classes 
and possibly more complicated feature spaces. In addition, we plan to extend the methods from 2D to 3D, 
and to examine the bene it of using a fully 3D formulation to allow more integrated spatial information to be 
included.

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

• W. C.  Karl gave an invited seminar at the CIMI workshop “Optimization and Statistics in Image Process-
ing” in Toulouse.

• L. Martin gave a presentation at the ALERT Task Order 3 Symposium.

V. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

This project is of relevance to the DHS enterprise because it is developing a method to mitigate image arti-
facts in CT scanning of baggage. This approach can reduce the number of corner cases and false alarms, which 
in turn can reduce the need for OSARP and manual inspection. 

B. Anticipated end-user technology transfer

Vendors could incorporate the methods being developed in this project into their ATR chains. Several ven-
dors at the symposium for the Task Order 3 “Research and Development 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, R. Klueg) expressed interest in collaborating to see 
how these methods would perform on laboratory material samples. This ongoing collaboration has led to 

Figure 5:  Original 130kVp image (left) and labeled 

image (right). Rubber sheets and water bottle are 

correctly found despite metal streaks.
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TSL sharing some dual-energy data with our laboratory for experimental use.

VI. LEVERAGING OF RESOURCES

DHS BAA 13-05 funding was pursued and we are currently in negotiation for a contract.

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

 Pending-

1. Tuysuzoglu, W. C. Karl, S. Unlu, and D. A. Castanon, ``Graph-cut methods for tomographic inverse 
problems,’’ in preparation for under review, IEEE Trans. on Image Processing, Feb. 2014.

B. Peer reviewed conference proceedings

1. L. Martin, A. Tuysuzoglu, P. Ishwar, W. C. Karl, ``Joint metal artifact reduction and material discrimi-
nation in X-ray CT using a learning-based graph-cut method,’’ in Computational Imaging,  C. A. Bou-
man, K. Sauer, editors, Proc. SPIE,  Vol. 9020, SPIE, San Francisco, CA, February 5-6, 2014.

C. Student theses or dissertations produced from this project

1. L. Eger, ̀ `Exploiting Energy Diversity in Multi-energy CT for Detection of Explosives,’’ Doctoral thesis, 
BU, ECE Department, December 2013. 

2. Tuysuzoglu, ``Robust Inversion and Detection Techniques for Improved Imaging Performance,’’ Doc-
toral thesis, BU, ECE Department, June 2014.

D. Software developed

1. Datasets
a. TO3 and TO4 Data resources.

E. Requests for assistance/advice

1. From DHS
a. Request for collaboration from TSL/S&T C. Love, R. Krauss, R. Klueg.

VIII. REFERENCES

[1] Crawford, C., Martz, H., and Karl, W. C., “Research and development of reconstruction advances 
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[5] De Man, J. Nuyts, P. Dupont, G. Marchal, and P. Suetens, Metal streak artifacts in X-ray computed 
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R4-C.1: Advanced Multispectral CT Algorithms

Abstract — Dual-energy X-ray computed tomography (DECT) is a powerful tool for non-destruc-
tive evaluation for security. In security applications where DECT is used for scanning checked lug-
gage, many different materials may be scanned in various degrees of clutter and metal objects are 
common. Conventionally, fi ltered back-projection (FBP) is used for image formation and there is 
no unifi ed treatment of metal artifacts. In the security context, image noise and metal artifacts can 
be severe and lead to less reliable image estimates and object splitting, lowering the accuracy of 
material identifi cation. In this project, we develop a structure-preserving dual-energy (SPDE) CT 
reconstruction method for security, which provides enhanced estimates of material-dependent basis 
coeffi cient images. The proposed approach aims at mitigating metal artifacts and providing precise 
object localization. The basis coeffi cient images are generated jointly as the solution of a single mod-
el-based optimization problem. An auxiliary variable corresponding to the mutual boundary fi eld 
is estimated as well and applied to the basis coeffi cient images to improve object localization and 
smoothing inside the objects. In addition, metal aware data weighting is included to reduce streaks. 
By using such a unifi ed approach, signifi cant reduction in noise and metal artifacts can be achieved 
in the image formation process. These improved images, in turn, can yield lower false alarm rates 
and improved material and object identifi cation.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Clem Karl PI BU wckarl@bu.edu

David Castañón Professor BU dac@bu.edu

Students

Name Degree Pursued Institution Month/Year of Graduation

Limor Martin PhD BU 6/2014

II. PROJECT OVERVIEW AND SIGNIFICANCE

Explosives represent a continuing threat to aviation security. DECT attempts to use the additional energy-
dependent material information obtained by making multiple energy-selective measurements of attenua-
tion. 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 parameters are the photoelectric and Compton 
coef icients, which are derived from a physics-based X-ray attenuation 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 ap-
plication, image noise and metal artifacts are more severe and can lead to less reliable estimates of the pho-
toelectric and Compton coef icients. In this project we develop a new SPDE for the formation of enhanced 
photoelectric and Compton coef icient images. This framework greatly reduces the noise and artifacts pres-
ent in photoelectric and Compton images compared to conventional DECT results. The improved images can 
lead to more accurate material and object identi ication resulting in greater security and reduced passenger 
inconvenience.
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III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

Several DECT techniques have been suggested since the 1970s [1, 2, 3]. They are mostly targeted at medical 
applications and do not deal with image artifact mitigation. In contrast to this existing work, this project de-
velops a new structure-preserving dual-energy inversion method (SPDE) for the formation of enhanced pho-
toelectric and Compton coef icient images. 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 [4] is incorporated to 
improve object localization. In particular, we estimate a mutual boundary- ield along with the photoelectric 
and Compton images. The boundary ield provides accurate object localization and allows smoothing inside 
the objects.
The observed normalized log-sinogram data in DECT sensing follows the non-linear Beer-Lambert law:

where ws(E) is the spectral weighting used in the measurement, nd μ(x, E)is the 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. A common 
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 
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Figure 1:   Left: the linear attenuation coeffi  cient (LAC) curves of a few example materials. Right: examples of spectral 

weighting functions ws(E) (normalized to unit sum).
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shown in Figure 2. The goal is to separate materials on the basis of their coef icient values.

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 
      and    .
 
The second sub-problem is reconstruction of the basis coef icient images ap(x) and ac(x) from these sino-
grams. This reconstruction step is usually accomplished by applying iltered back projection (FBP) individu-
ally to each sinogram individually.
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 basis coef icient 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 measurement 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 im-
ages. An illustration 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 Compton 

coeffi  cients of a few example materials.
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The general formulation of SPDE in vector form is 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 regulariza-
tion parameters. 
Three effects are explicitly captured in the formulation above. First, the tomographic model T is explicitly 
used. Second, explicit use is made of an object boundary- ield s to mitigate and limit the propagation of ar-
tifacts. Third, the sinogram data are weighted through Wz to reduce the effect of unreliable rays due to the 
presence of low count rays caused by metal. 

B. Major contributions

The new framework generates a uni ied, joint estimate of the coef icient images where object boundary in-
formation from both scans are combined to provide explicit preservation of region values. In particular, the 
more robust Compton image information helps stabilize the more noise sensitive Photoelectric image. In this 
period, we have demonstrated preliminary results in reducing the artifacts in dual-energy photoelectric and 
Compton imagery. In particular, we have reduced metal artifacts and object splitting and improved material 
property uniformity. Figure 4 on the next page shows results obtained from 95kVp and 130kVp data ob-

Figure 3: Top:  Typical DECT reconstruction approach. Bottom: Proposed approach.
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tained from the Imatron C300 CT scanner. 
The top row shows the results of conven-
tional reconstructions of the photoelectric 
and Compton coef icients. The presence of 
metal causes severe streaking in the pho-
toelectric image and shading and inten-
sity 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 reduc-
tion of streaking artifacts is readily appar-
ent, as is the improved uniformity of ho-
mogeneous object regions.
Figure 5 shows scatter or cloud plots of 
the photoelectric mean versus Compton 
mean for different objects. These points 
illustrate the potential for improvement 
in material separability possible with the 
new method. With SPDE the material clus-
ters become tighter relative to the conven-
tional approach. SPDE shows promise for 
more accurate and reliable material classi-
ication results.

C. Future plans

Future plans include continuing development of the method. This includes direct incorporation of projec-
tion data into the formulation, rather than starting with conventionally formed component sinograms. In 
additional, future plans include the extension of the method to multi-energy sensing, as well as fully 3-di-
mensional scanning geometries. We would also like to develop and incorporate learning-based, multi-energy 

Figure 4:  Top: conventional photoelectric and Compton 

reconstruction. Severe streaking and shading due to metal are 

present. Bottom: New SPDE reconstructions. Reduction of streaking 

and improved uniformity of object regions demonstrated.

Figure 5:  Cloud (scatter) plots of photoelectric mean versus Compton mean. Each point corresponds to one object. 

Ellipsoids correspond to 1-sigma line. Left: Results with the conventional DECT method. Right: Results with SPDE. It 

can be seen that the material clusters are tighter in the case of SPDE, which shows potential for more accurate material 

classifi cation.
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material classi iers into the estimation process.

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

L. Martin gave a presentation at the symposium for the Task Order 3 “Research and Development of Re-
construction Advances in CT-based Object Detection Systems” effort supported by DHS Task Order Number 
HSHQDC-10-J00396.

V. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

This project is of relevance to the DHS enterprise because it is developing methods to reduce artifacts in 
multi-energy imagery. In addition, the long range aim is to optimize the extraction of information from multi-
energy CT data. These approaches can reduce false alarms and improve throughput. 

B. Anticipated end-user technology transfer

TSL/S&T personnel (C. Love, R. Krauss, R. Klueg) expressed interest in collaborating to see how these meth-
ods would perform on laboratory material samples. This ongoing collaboration has lead to TSL sharing some 
dual-energy data with our laboratory for experimental use.

VI. LEVERAGING OF RESOURCES

DHS BAA 13-05 funding was pursued and we are currently in negotiation for a contract. Another proposal to 
DHS is being considered, focusing on object based reconstruction methods.

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed conference proceedings

1. L. Martin, W. C. Karl and P. Ishwar, ``Artifact reduction in dual-energy CT reconstruction for security 
applications,’’ Proc. of  The Third International Conference on Image Formation in X-Ray  Computed 
Tomography, special session on security, Salt Lake City,  Utah, June 22-25, 2014

2. S. Do and W. C. Karl, ``Sinogram Sparsi ied Metal Artifact Reduction Technology (SSMART),’’ Proc. of 
The Third International Conference on Image Formation in X-Ray Computed Tomography, special 
session on security, Salt Lake City, Utah, June 22-25, 2014

B. Other presentations

1. L. Martin, W. C. Karl, and P. Ishwar, ” Structure-preserving dual-energy CT reconstruction for secu-
rity” Gordon Conference on Imaging Science, Stonehill College, Easton, MA, June 8-13, 2014.

C. Student theses or dissertations

1. L. Eger, ̀ `Exploiting Energy Diversity in Multi-energy CT for Detection of Explosives,’’ Doctoral thesis, 
BU, ECE Department, December 2013.

2. Tuysuzoglu, ̀ `Robust Inversion and Detection Techniques for  Improved Imaging Performance,’’ Doc-
toral thesis, BU, ECE Department,  June 2014.
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D. Software developed

1. Datasets
a. TO3 and TO4 Data resources.

E. Requests for assistance/advice

1. From DHS
a. Request for collaboration from TSL/S&T C. Love, R. Krauss, R. Klueg.

VIII. REFERENCES
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[2] J. A. Fessler, I. A. Elbakri, P. Sukovic, and N. H. Clinthorne, “Maximum-likelihood dual-energy 
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[3] Z. Ying, R. Naidu, and C. R. Crawford, “Dual energy computed tomography for explosive detec-
tion,” Journal of X-ray Science and Technology, vol. 14, no. 4, pp. 235–256, 2006.
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[5] K.W. Dolan, R.W. Ryon, D.J. Schneberk, H.E. Martz, R.D. Rikard, Explosives detection limitations 
using dual-energy radiography and computed tomography, Proceedings of the First International 
Symposium on Explosives Detection Technology, 1991, pp. 252–260 
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R4-C.2: X-Ray Diff raction Imaging

Abstract —This project investigates the development of automated explosives detection and classifi -
cation in checked luggage by imaging using X-ray diffraction techniques.  X-ray imaging computed 
tomography (CT) is the predominant modality used in luggage inspection systems for explosives 
detection. Conventional or dual-energy X-ray CT reconstructs the X-ray absorption characteristics 
of luggage contents at the different energies; however, material characterization based on absorp-
tion characteristics at these energies is often ambiguous. X-ray Diffraction Imaging (XDI) measures 
coherently scattered X-rays to construct diffraction profi les of materials that can provide additional 
molecular signature information to improve the identifi cation of luggage. In this project, we are de-
veloping novel XDI algorithms for different architectures, which include limited angle tomography 
and the use of coded aperture masks.  We study the potential benefi ts of fusion of dual- energy CT 
information with X-ray diffraction imaging. We illustrate the performance of different approaches 
using Monte Carlo propagation simulations through 3D media.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

David Castañón PI BU dac@bu.edu

Clem Karl Professor BU wckarl@bu.edu

Students

Name Degree Pursued Institution Month/Year of Graduation

Ke Chen PhD BU 5/2014

II. PROJECT OVERVIEW AND SIGNIFICANCE

This project investigates the development of improved automated explosives detection and classi ication 
algorithms through fusion of multiple modalities.  Of particular interest are techniques that can potentially 
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 effec-
tive atomic number, 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 dis-
tribution 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 suitcase 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 al-
gorithmic and architecture approaches that can combine information from multiple frequencies and multiple 
scattering angles at the image formation stage, leading to improved signal to noise ratio, and subsequently 
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improving threat detection and classi ication.
Our algorithms provide the basis for coherent scatter image reconstruction for future luggage inspection sys-
tems that provide information beyond density and effective atomic number.  Our architecture comparisons 
highlight the relative performance of alternative architectures for practical X-ray diffraction imaging systems.

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

In our previous related work [1-4], we have developed a theory for multi-modality tomographic imaging, and 
successfully applied it to medical and environmental imaging modalities. We have also developed alternative 
approaches at fusion of diverse modalities using common structure.  These approaches form the foundation 
for our algorithm development work.
This past year, our focus was on extension of 
our approaches to fusion of X-ray diffraction 
tomography.  In X-ray diffraction [5-7], the 
idea is to exploit coherent scatter of X-rays 
to reconstruct the form factor spatial distri-
bution of the materials being imaged, where 
the form factors are expressed in terms of 
transferred momentum that causes the de-
viation of photons at given wavelengths. 
Much of the recent interest in XDI [5-10] 
for security purposes stems from its ability 
to ingerprint materials based on molecular 
signature information. Originated from X-
ray crystallography, XDI systems probe an 
object under investigation using X-ray beams 
and measure both straight-path transmission intensity as well as coherent scattered intensity at small angles 
from straight paths. The scattered intensity can be used to reconstruct diffraction pro iles for material analy-
sis. Such diffraction pro iles, illustrated in Figure 1, map scattered intensity versus transferred momentum, 
which can be obtained from the scattered angle and the energy of the X-ray source. Location of peaks in the 
diffraction pro ile, known as the Bragg peaks, provides molecular structure information that can be used to 
detect the presence of speci ic materials of interest.
Current XDI scan systems [5,9,10] require the use of line collimators to localize scattering location, as well 
as polychromatic X-ray sources and photon-counting detectors to reconstruct the diffraction pro ile at each 
detector given scattering at a speci ied angle.  As a consequence, these systems have slow scan performance 
and low signal-to-noise ratio (SNR) for estimating the diffraction pro ile, as most of the scattered photons are 
at angles blocked by the collimators. In an effort to gain faster scan time and better SNR, we focused our at-
tention on X-ray Diffraction Tomography (XDT) where the off-straight path detectors are allowed to measure 
photons from different angles. This architecture allows the use of conventional monochromatic X-ray sources 
and detectors, but poses the additional challenge of localizing in space the diffraction pro iles of the materials 
through the use of tomographic reconstruction algorithms.  
Introduced in the late 1980s [11-12], XDT combines X-ray CT and XDI techniques, and thus enables visual-
ization of physical structures in the interior of an object and component material identi ication. Early recon-
struction algorithms for XDT [13-14] were mostly based on algebraic reconstruction technique (ART) with 
high computational cost.  A modi ied three-dimensional (3D) iltered back-projection (FBP) algorithm was 

 Figure 1:  Coherent scatter form factor for TNT.
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developed in [15] that resulted with two orders of magnitude faster reconstruction speed compared to ART, 
although at a loss in reconstructed image quality.
In our work [16,17], we developed novel tomographic inversion techniques that lead to enhanced image 
formation and material identi ication and improve on the reconstruction algorithms provided by ART, by ex-
tension of our previous work on THz diffraction tomography.  We discuss the foundations of X-ray diffraction 
and our 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 (Ray-
leigh, 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 measure momentum transfer:  knowing the X-ray excitation en-
ergy, and observing the scattered photons at different angles will vary q.  Alternatively, knowing the angle of 
observation varying the excitation energy (thus wavelength), will vary q.  The latter approach used by XDI 
[9-10], where the deviation of broad spectrum X-rays are measured at a single ixed de lection angle, as con-
strained 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 illus-
trated 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 straightforward.  How-
ever, 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 ar-
chitectures that show promise for increasing 
signal strength by collecting scattered photons 
from multiple locations at each detector.  This 
implies that localization of scattered photons 
must be done computationally through the solu-
tion of an inverse problem.  The irst architecture 
is an XDT architecture similar to that proposed 
in [12], shown in Figure 3.   In this architecture, 
a given plane in an object is illuminated, and off-
plane detectors collect scattered information from multiple locations in the 
plane. The illumination source rotates around the object, along with the detec-
tors, providing multiple views of the object. In order to isolate the number of 
locations that contribute to scatter in each off-plane detector, vertical collima-
tors are used to restrict the locations that contribute scattered photons to a de-
tector to those locations in a beam aligned with the projection of the detector 
on the illuminated plane.
The second class of architectures we studied were coded aperture architec-
tures, where the object of interest is not required to rotate between the source 
and detectors.  This architecture is similar to that proposed in [19,20] and uses 

 Figure 2:  X-ray Diff raction Imaging System.

Figure 3:  Tomographic X-ray 

Diff raction.
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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 projections, as opposed to a rotating set of 
projections. Second, the system allows mixing of scatter sig-
nals 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 de-
grees in orientation to provide illumination diversity.   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 on the previous page, 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 X-ray diffraction imaging systems, and used them as the basis for de-
veloping tomographic reconstruction algorithms for X-ray diffraction images.  The details of these algorithms 
are documented in our paper [18] and the thesis [1].  A few highlights of this work are summarized below.
One of the phantoms that we used in our analysis is a 3-dimensional block composed of a mixture of crystal-
line 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 dimension 
affects the coherent scatter, with signi icant reduction in signal strength.  This phantom is illustrated in Figure 
5, along with the momentum transfer form factors and the linear attenuation coef icients for each material.

A main result of our analysis is determination of whether fusion with dual-energy CT information is required 
to perform X-ray diffraction tomography.  Dual-energy CT can provide information regarding the wavelength-
dependent linear attenuation coef icient of the object of interest; this information is useful to compensate for 
photon losses along the incoming and scattered paths.  Without this information, one must make approxima-
tions regarding these losses as part of the reconstruction algorithms.   We performed reconstructions using 
both accurate linear attenuation coef icients as well as the approximations developed when one did not have 
this side information, using multienergy excitation from 60 to 72 keV, and using photon counting detectors 
with 4 keV resolution, with the X-ray Diffraction architecture of Figure 3.  The results are summarized in Fig-
ure 6.  The results highlight that, for this architecture, the use of the approximate model provides reconstruc-
tions that are only slightly degraded relative to the reconstructions obtained using the side information.  This 
suggests that the architecture of Figure 3 can form images without fusion from dual-energy CT.

Figure 4: X-ray Diff raction imaging.

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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We performed a similar analysis using the coded aperture architecture of Figure 4 on the previous page, 
with 3 illumination directions.  To simplify the reconstruction, we use monochromatic illumination, and we 
remove measurement noise in our simulated experiments.  The results are shown in Figure 7 on the next 
page.  The results indicate 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.
Additional analysis and performance comparisons can be found in [1, 18].  The main conclusions are that 
X-ray diffraction imaging using tomographic architectures is feasible using reconstruction algorithms that 
exploit compressive sensing principles, and these architectures provide stronger signals than previous X-ray 
imaging architectures, thereby establishing the potential for real-time imaging.  Another important conclu-
sion is that there are signi icant advantages to architectures that fuse X-ray diffraction imaging with conven-
tional CT imaging, and to architectures that use low-resolution photon counting detectors versus total energy 
detectors.

Figure 6: Images of coherent scatter form factors at  0.86, 1.30, 1.66 and 2.14  nm-1 using the tomographic imaging 

architecture 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.

B. Major contributions

• Provided a systematic analysis of alternative X-ray diffraction architectures and established perfor-
mance limitations, as well as requirements for fusion.

• Developed prototype algorithms for tomographic reconstruction of X-ray diffraction images and char-
acterized their relative performance.

• Developed results that establish the feasibility of tomographic X-ray diffraction architectures that have 
greater ef iciency in collecting coherent scatter signals when compared with current commercial mod-
els.

C. Future plans

• Explore new types of reconstruction algorithms using adaptive basis representation.
• Validate results with more complex simulations, including additional materials and classes.
• Explore algorithms with reduced computation requirements or parallel implementation.
• Perform information theoretic analysis of performance for potential classi ication of materials.
• Explore performance for materials of interest including liquids and homemade explosives.

IV. RELEVANCE AND TRANSITION

A. Anticipated end-user technology transfer

Prototype systems are currently under investigation by many companies, including Morpho, Analogic, L-3, 
Reveal and others.
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R4-C.3: Advanced Cargo Screening

Abstract — A challenging problem in security is the screening of cargo. The greater size, density, and 
complexity of cargo makes CT-based sensing especially diffi cult. These problems are compounded 
when sensing geometry is limited. In this project, we aim to develop accurate physics-based models 
of X-ray cargo sensing and corresponding model-based image reconstruction methods for limited 
angle measurements based on compressed sensing for improved image quality.

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

Clem Karl PI BU wckarl@bu.edu

David Castañón Professor BU dac@bu.edu

Students

Name Degree Pursued Institution Month/Year of Graduation

Zach Sun PhD BU 6/2016

II. PROJECT OVERVIEW AND SIGNIFICANCE

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. These methods will incorporate tools from compressed 
sensing and computational 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 icient screening of cargo and baggage, improving throughput, increasing detection, and re-
ducing false alarm.

III. RESEARCH ACTIVITY

A. 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. Helical CT is complex and expensive and 
not practical for larger cargo. While planar radiography yields only limited information. In this project we aim 
to develop the tools necessary to create fully 3-dimensional property maps (i.e. reconstructions) from lim-
ited, 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 more ef icient methods for nuclear resonance luorescence (NRF) based screening 
of cargo. NRF is attractive because it provides direct information about material properties. But conventional 
NRF methods achieve localization through the combined use of source and sensor collimation, which is inef-
icient.

Nuclear resonance luorescence achieves it effect by exciting nuclei through photon absorption. These ex-
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cited states subsequently decay by the emission of (gamma-ray) photons in all direction [1]. Further, the 
energy distribution or spectrum of such emissions provides 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 (see Fig. 1).

This material speci ic signature produced by NRF provides 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 
penetrate thick and dense materials typically found in cargo applications. A cargo inspection system utilizing 
this idea is being developed by Passport Systems [2]. In this system, an electron beam of broad energy distri-
bution 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 isotropically. To achieve spatial 
localization along the illuminated line a set of collimated energy sensitive detectors are used. The intersec-
tion of the illumination line and the collimation opening localizes the measured response to a single spatial 
location. The energy sensitive detectors allow measurement of the material spectrum, which can be used to 
identify the material.

Figure 1: NRF Spectra for water, melamine, and a simulant explosive done by Passport Systems, Inc.

Figure 2: Diagram of a NRF system setup from Passport Systems, Inc.
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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 most of the emitted reso-
nance photons are never measured. The relative photon ef iciency of the approach can be seen to be limited 
to the fraction of the circle observed by the collimated solid aperture angle. The consequence is a signi icantly 
reduced signal to noise (SNR) and the need for longer integration times. This is coupled to the need to scan 
the illuminating beam through the entire volume, thus slowing the scanning operation. 
In this project, we aim to develop models of nuclear resonance luorescence (NRF) suitable for use in tomo-
graphic or coded aperture sensing and reconstruction methods. Our initial effort has focused on replacing the 
current collimation-based localization approach with a coded aperture approach. To this end, the collimators 
are replaced with a coded mask, as illustrated in Figure 3. In this way, more of the emissions from each illu-
minated voxel are captured and measured.

The coded mask, denoted by m, ilters the spatially distributed emission data, x through a linear convolu-
tional process to create the measured signal y: 

y = m * x       (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. 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. In-
stead the equation (1) must now be inverted. This process is shown schematically in Figure 4. Note that the 
emissions at each energy or spectral level are independent and add linearly, therefore the problem decouples 
into independent problems at each energy. In what follows we focus on a single such energy.

Figure 3: Diagram of proposed NRF system with coded mask localization.

Figure 4: Schematic Illustration of Coded-mask Observation and Processing.
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We have begun initial experiments using mask-based coding to model and understand the potential bene its 
of such an approach. To this end we have studied a 1-dimensional pro ile recovery problem. The initial un-
derlying 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 Figure 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 obtained the desired pattern. In Figure 7 on 
the next page we show the original spatial distribution together with the resulting data inversion.

Figure 5: Simulated 1D Phantom.

Figure 6: Observed Data Corresponding to a Three Hole Mask.
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B. Major contributions

In the present project period, we researched the literature and started the process of developing the neces-
sary physical models for NRF sensing. We have established a simulated model for generating data, along with 
some preliminary reconstruction algorithms. We have demonstrated a potentially viable sensing con igura-
tion. 

C. 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. We will 
initially continue with our 1-dimensional simpli ied geometry and optimize the coding mask, studying result-
ing 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. Finally, we will examine the inclusion of integral, tomographic-like 
sensing con iguration, which would allow simultaneous full volume measurements.

IV. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

The development of new methods of fully three dimensional non-helical screening of checked baggage and 
cargo would provide increased security. 

B. Anticipated end-user technology transfer

Dissemination through vendors such as Passport Systems or Astrophysics.

Figure 7: Simulated reconstruction using a simplifi ed coded mask.
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Outputs
July 01, 2013 - June 30, 

2014

191
Faculty 37
Administrative Staff 10
Technical Staff 21
Graduate Students 79
Undergraduate Students 44

47
Co-authored with Students 38

23
24

3
19

2

11

7

9
1
3
1
4

12
3
3

# of Events 6
Total # of Attendees 434

# of Events 7
Total # of Attendees 215

# of Events 2
Total # of Attendees 70

Publications That Result from Center Support

In Peer-Reviewed Technical Journals
In Peer-Reviewed Conference Proceedings

All Publications

Table 1: Center Accomplishments

Personnel
TOTAL

Posters
Strategic Reports

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

Educational Outreach Events for Community College or Undergraduate students 

Inventions Disclosed (submitted to agencies by researchers or 
technology transfer office)
Patent Applications Filed
Knowledge Transfer

ALERT Graduates Working In

Technology Transfer

Government
Academic Institutions

Industry

Bachelor's Degrees Granted

Undecided/Still Looking/Unknown
Other
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