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1.1 ALERT OVERVIEW 

ALERT (Awareness and Localization of Explosives-Related Threats) is a Department of Homeland Securi-
ty-funded Center of Excellence (COE). This report reflects the work performed during the fifth year (July 1, 
2017 - June 30, 2018) of funding under the five-year Phase 2 award made by DHS in September 2013.

Vision

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

Mission

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

Partners

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

Research Program

The ALERT research program is driven by inspiring challenges such as ultra-reliable screening, explosives 
detection at a distance, and actionable trace sampling. These challenges have defined the four core funda-
mental science research thrusts: Characterization & Elimination of Illicit Explosives (R1), Trace and Vapor 
Sensors (R2), Bulk Sensors and Sensor Systems (R3), and Video Analytics & Signature Analysis (R4). Ex-
amples of cutting-edge projects within these thrusts include: Characterization of signatures and properties 
of potential threat materials, cost-effective sensors and sampling methods, stand-off infrared spectroscopy, 
advanced multi-modality concealed threat imaging, and model-based iterative reconstruction for single and 
dual-energy X-ray CT. With the collaboration of its industrial and national laboratory partners, ALERT is in 
the process of transitioning research into fieldable systems such as a video analytics based threat detection 
system for use in airports and other venues. Researchers from the partnership bring strengths in advanced 
sensor design, standoff weak-target detection, signal processing, sensor integration, explosives characteri-
zation, chemistry, and material science. Combined with national lab affiliates 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.
During Year 3 (July 1, 2015 – June 30, 2016), the ALERT COE became the first Center to be reviewed through 
the new process, known as the Biennial Review, established by the DHS Office of University Programs. The 
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purpose of this review was to help the Program Manager evaluate ALERT’s research portfolio at both theme 
and project levels. As a result of the Biennial Review process, certain projects were pruned and several new 
projects were launched as indicated in the Year 4 Annual Report. A second Biennial Review was held on 
March 27-28, 2018. The focus of that review was to assess the Year 6 transition plans for each project and to 
prune those that did not have an effective transition plan. As a result of the most recent review, the following 
projects were pruned: 
• Project R1-A.2: Characterization of Energetic Materials Under Extreme Conditions
• Project R1-D.1: Theoretical Modeling Considerations 
• Project R2-A.1: Improved Swab Design for Contact Sensing
• Project R2-A.2: Stability of Gas Ions of Explosives in Air at Ambient Pressure
• Project R3-B.2: Advanced Imaging and Detection of Security Threats Using Compressive Sensing
• Project R3-D.1: Anomaly Detection in Advanced Imaging Technology Systems Based on Graph Theory
Moreover, each research project that was not pruned will address the outcomes of the Biennial Review pro-
cess as it applied to the specific project.

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 the Science and Engineering Workforce Development Program (SEWDP) for under-
graduate and graduate students aimed at building the homeland security workforce. Workshops and short 
courses have been developed to review new threat detection and mitigation technologies for first responders 
such as the Secret Service, Transportation Safety Administration, police, firefighters, and emergency medical 
technicians. The education program is discussed in more detail in Section 3.

Transition and Engage to Excel (E2E) Projects

The Transition and E2E efforts transfer the science and technologies developed by the ALERT Research Pro-
gram Thrusts to the DHS stakeholders, i.e., the Homeland Security Enterprise. Transition requires engage-
ment of the ALERT researchers and the HSE end-users, to identify research results and users’ needs that lead 
to collaborative research, implementation, and ultimately, transition of the developed technology to the user. 
Transition of the ALERT science and technology solution into the HSE is the first of a two-step process. The 
second step is “commercialization” of the technology. A product built from the ALERT technology must fulfill 
a security need at a competitive price. The two-step process is referred to as “crossing the valley of death.” 
Current and future transition efforts are described in 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, supple-
menting the sixteen held previously. We anticipate 2-3 workshops per year will be held on a variety of topics 
relating to the ALERT mission. For example, on June 20-21, 2018, ALERT will conduct a workshop focused on 
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the challenges faced by Customs and Border Protection (CBP). The workshop will adhere to the ADSA format 
and will most likely result in several follow-on workshops. The strategic studies activities are discussed in 
more detail in Section 5.

Safety Program

While striving for the goal of effective characterization, detection, and response to the explosives-related 
threats facing the country and the world, safety is of paramount importance. Handling of energetic materials 
requires constant vigilance. The ALERT Safety Program components include 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 modified 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 implementa-
tion of the program components and reviews them on an annual basis.

Industrial Liaison Initiatives and Partnerships

ALERT Phase 2 has benefited 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 financial support and opportunities for 
researchers and students to work at their facilities, as well as access to R&D leaders, real system-level appli-
cations, state-of-the-art hardware and software, willing partners for technology transfer, and team members 
for proposals for additional funding and sustainability. Conversely, ALERT provides its collaborators with ac-
cess 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 ad-
vanced development. The COE’s industrial/practitioner and government partnerships are discussed in more 
detail in Section 8.

Infrastructure

The ALERT management team is comprised of faculty and staff from the core partners and augmented by our 
partnership with strategic affiliates, companies, and government agencies. Effectively managing this com-
plex enterprise presents a challenge equal to the basic research challenges. To meet this challenge, ALERT 
is managed by experienced personnel with proven records of accomplishment. In doing so, we understand 
that each entity within the Center must maintain its own unique charter and work environment while also 
striving for coherence. The ALERT Center infrastructure is discussed in more detail in Section 9.

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 firm base from which it can quickly 
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adapt to new research and education priorities related to the daunting mission of DHS to protect our nation 
from terrorist threats. Before turning to the detailed description of the ALERT program, we first present a 
brief description of several Year 5 highlights.

1.2 ALERT PHASE 2 YEAR 5 HIGHLIGHTS 

A. ALERT Student Honors, Awards, and Accomplishments

Katherine Graham, a Northeastern University 
undergraduate student, who works with Profes-
sor Jose Martinez-Lorenzo of Northeastern Uni-
versity on the R3 Research Thrust (Bulk Sensors 
& Sensor Systems), received the Best Poster 
Award for her work on “Compressive Reflector 
Antennas for High-Sensing Capacity Imaging 
Applications” at the DHS Centers of Excellence 
(COE) Summit 2018, held in Arlington, Virginia 
on May 30-31, 2018. The event focused on the 
topic of “University Research and Development 
to Protect the Homeland.” The DHS COE Summit 
provided the Centers of Excellence an opportu-
nity to showcase their innovative solutions to 
homeland security challenges and facilitate col-
laboration across homeland security enterprise 
leadership, component end-users, and industry 
participants. 
Katherine is a participant in the ALERT Science 
and Engineering Workforce Development Pro-
gram through which she receives tuition and 
research stipend support in recognition of com-
pleting certain program requirements. One of the program requirements was met when Katherine completed 
a 6-month co-op assignment with MIT Lincoln Laboratory in the systems engineering group in June of 2018. 
Upon successful completion of her B.S. degree in Mechanical Engineering, Katherine will seek full-time paid 
employment of at least one year, related to the DHS Enterprise, as another requirement of the program. 
Elizabeth Wig, a Northeastern University Electrical Engineering undergraduate student conducting ALERT  
research, received the Society of Women Engineers GE Women’s Network Scholarship. Elizabeth received the 
award, which comes with a $5,000 stipend, in October 2017 at the SWE Annual Conference in Austin, Texas. 
Elizabeth has been working with ALERT R3 Thrust Leader, Professor Carey Rappaport since Summer 2016, 
conducting research on “Computational Models & Algorithms for Millimeter Wave Whole Body Scanning for 
AIT,” in collaboration with Smiths Detection (Project R3-A.2). In addition, Elizabeth was a 2017-2018 recipi-
ent of The Saul and Gitta Kurlat undergradute Engineering Scholarship based on her academic excellence and 
strong dedication to research. Beyond these recent awards, Elizabeth has also published a paper on her work 
with Mahdiar Sadeghi, a Northeastern graduate student, and Professor Rappaport, and is currently working 
on her second paper. 

Figure 1-1: The ALERT Team poses with ALERT student re-
searcher, Katherine Graham, who took home the Best Poster 
Award at the DHS COE Summit 2018 for her work on “Compres-
sive Reflector Antennas for High-Sensing Capacity Imaging 
Applications.”
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Three ALERT student researchers were selected to 
receive the  ALERT Professional Development Award 
in November 2017. The winners were Qi Feng, a 
Ph.D. student working with Professor Stan Sclaroff 
at Boston University; Ashraful Islam, a Ph.D. student 
working with Professor Richard Radke at Rensselaer 
Polytechnic Institute; and Abubakar Siddique, a Ph.D. 
student working with Professor Henry Medeiros at 
Marquette University.
The ALERT Professional Development Award is in-
tended to encourage ALERT students to participate 
in professional development activities throughout 
the year and to facilitate their future participation in 
networking and career development opportunities. 
Each student received a $1,500 award that can be 
used toward attendance at a professional or academic 
conference and/or to visit and collaborate with a lab 
related to their ALERT research project. 

B. ALERT Faculty and Research Staff Honors and Awards

At Purdue University, Professor Bryan Boudouris received the 2018 College of Engineering Faculty Award 
of Excellence for Early Career Research at Purdue University. The award was presented at the 16th Annual 
Engineering Faculty Awards of Excellence Banquet on April 6, 2018. Professor Boudouris co-led the ALERT 
project, “Improved Trap Design for Contact Sensing” (R2-A.1), with Professor Stephen Beaudoin, which end-
ed in July 2018. 

Professor Charles Bouman of Purdue University was nominated for an 
ACM (Association for Computing Machinery) Gordon Bell Prize. Professor 
Bouman co-leads research on the ALERT project, “Toward Advanced Bag-
gage Screening: Reconstruction and Automatic Target Recognition (ATR)” 
(Project R4-B.1), with the overarching goal of finding the best mapping 
method from X-ray data to a decision on the relative safety of individu-
al bags in security settings, such as airport checkpoints. Professor Bou-
man and his research team study the reconstruction problem with the 
end goal of detection, while also designing algorithms for image analysis 
that can best exploit the improved image quality in iterative methods. 
Their aim is to reduce the false alarm rate without sensitivity loss in de-
tection. They hope to eventually reduce security costs to the transporta-
tion industry. The Gordon Bell Prize is awarded each year to recognize 
outstanding achievement in high-performance computing. The purpose 
of the award is to track the progress over time of parallel computing, with 
particular emphasis on rewarding innovation in applying high-perfor-
mance computing to applications in science, engineering, and large-scale 
data analytics. Prizes may be awarded for peak performance or special 
achievements in scalability and time-to-solution on important science 
and engineering problems.

Professor Otto Gregory of the University of Rhode Island was awarded a patent for “Systems and Methods for 
the Detection of Compounds” on September 12, 2017. Triacetone-Triperoxide (TATP) is an explosive com-

Figure 1-2: ALERT student researchers, Qi Feng, Ashraful 
Islam, and Abubakar Siddique (left to right).

Figure 1-3: Charles Bouman,  
co-lead on ALERT project R4-B.1.
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monly used in improvised explosive devices (IEDs) and is very difficult to detect using conventional explo-
sives detection techniques, because most of these techniques were developed for nitrogen-based chemistries, 
not peroxide-based chemistries. In addition, TATP readily sublimes at room temperature, meaning that it can 
only be found in relatively high concentrations in the vapor phase compared to other commonly found explo-
sives used in IEDs. Professor Gregory’s invention provides a gas sensor system for detection of a compound 
that decomposes upon exposure to a metal oxide catalyst, and incorporates the exposure of the compound to 
a microheater, which allows accurate detection to occur at smaller concentrations.  Professor Gregory leads 
research on the ALERT project, “Orthogonal Sensors for Trace Detection” (Project R2-B.1), which is focused 
on delivering a portable explosives trace detection system capable of continuously monitoring a wide variety 
of molecules in the vapor phase.
Northeastern University’s Professor Jose Martinez-Lorenzo was awarded a $546K grant from the Depart-
ment of Energy (DOE) for the research program known as “Fusing Thermoacoustic, Electromagnetic and 
Acoustic/Seismic Wave Fields for Subsurface Characterization and Imaging of Flow Transport.” According to 
the DOE, “The overarching goal of this research program is to gain knowledge on the theory and experimental 
validation of a new unified sensing and imaging methodology for coupling Electromagnetic (EM), Acoustic/
Seismic (AC/S), and novel Thermoacoustic (TA) physical fields, which will be applicable to multi-physics and 
multi-scale material characterization and underground imaging of fluid flow in porous media.” This research 
will help Professor Martinez-Lorenzo build upon his work with ALERT, specifically Project R3-B.1: “Hard-
ware Design for “Stand-Off” & “On-the-Move” Detection of Security Threats.” 

C. ALERT Hosts Seventh Annual Student Pipeline Industry Roundtable Event (ASPIRE) 

The Annual Student Pipeline Industry Roundtable 
Event (ASPIRE) was held on Thursday, April 26, 
2018 at Northeastern University (Boston, MA). 
Each year, ASPIRE, hosted by ALERT (Awareness 
and Localization of Explosives-Related Threats) 
and Gordon-CenSSIS (The Bernard M. Gordon Cen-
ter for Subsurface Sensing and Imaging Systems), 
brings together members of the academic, indus-
trial, and government communities to engage in 
dialogue, and provides networking opportunities 
for ALERT and Gordon-CenSSIS students looking 
for internships, co-op opportunities, and employ-
ment. 
Participants at ASPIRE 2018 included industry 
representatives from Rapiscan Systems, American 
Science and Engineering, Pendar Technologies, 
Smiths Detection, Raytheon, HXI, and Innovation 
Business Partners; government representatives 
from the Department of Homeland Security and U.S. Customs and Border Protection; and ALERT-affiliated 
graduate students from Boston University, Northeastern University, Purdue University, Texas Tech Univer-
sity, University of Puerto Rico Mayagüez, Rensselaer Polytechnic Institute, University of Notre Dame, and 
Marquette University. New to this year’s ASPIRE was the participation of non-ALERT students, including 
graduate students from the Northeastern University Master’s Program in Homeland Security.

Figure 1-4: Gary Markovits, CEO of Innovation Business Part-
ners (left) and ALERT student, Ashraful Islam of Rensselaer 
Polytechnic Institute (right) during the student roundtable 
networking sessions at ASPIRE.
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The event began in the early afternoon with welcoming remarks from Emel Bulat (ALERT Industrial and Gov-
ernment Liaison Officer), Dr. Michael Silevitch (ALERT Director), and Dr. Laura Parker (DHS ALERT Program 
Manager). Afterward, industry and government members gave 5-minute presentations on their organiza-
tions, research needs, and job openings. Another new aspect of this year’s ASPIRE was a series of 15-minute 
group networking roundtables where students gained experience giving their 2-minute “elevator pitch” and 
receiving feedback from their peers and industry/government table hosts. This was followed by 10-minute 
one-on-one sessions between students and industry/government representatives, as well as one-on-one ses-
sions between industry and government representatives.

D. TSA Administrator Visits ALERT

ALERT and Northeastern University welcomed TSA Admin-
istrator, David Pekoske on Friday, May 18th, 2018. The visit 
began with opening remarks from James Bean, Provost and 
Senior Vice President of Academic Affairs, and Nadine Aub-
ry, Dean of the College of Engineering, followed by introduc-
tions and an overview of ALERT’s research presented by Mi-
chael Silevitch, ALERT Director. Afterward, Administrator 
Pekoske toured two ALERT labs: Professor Carey Rappaport’s 
Advanced Imaging Technology Lab and Professor Jose Marti-
nez-Lorenzo’s Multi-wave Sensing, Imaging, Control, and Ac-
tuation (SICA) Lab. In both labs, ALERT researchers and stu-
dents presented demos on ALERT technology being developed 
to make security checkpoints safer. 

E. ALERT in the News: The Wall Street Journal Visits ALERT’s Video Analytics Lab

On February 23, 2018, ALERT conducted a video data collection exercise at the ALERT Video Analytics Lab-
oratory at Northeastern University’s Kostas Research Institute for Homeland Security (KRI) for the Correlat-
ing Luggage and Specific Passengers (CLASP) research project, also known as “Research and Development of 
Systems for Tracking Passengers and Divested Items at the Checkpoint.” Participants simulated passengers 
moving through a mock airport security checkpoint under real-world conditions. The video data collected 
during these exercises is being used to develop an automated system capable of tracking and correlating 
passengers and divested items. The primary objective of CLASP is to assist the Transportation Security Ad-
ministration (TSA) in effectively identifying security incidents like theft of items, or bags left behind at the 
checkpoint. By automating and improving the technologies associated with these objectives, ALERT aims 
to increase rates of detection, while also enhancing the passenger experience. The Wall Street Journal was 
present at the recent video data collection exercise and wrote an article on the event (McCartney, S. “Airport 
Screening Goes to School.” WSJ. 28 February 2018). The CLASP Project is supported by the DHS Science and 
Technology Directorate through the DHS Office of University Programs.

F. ALERT Industrial Advisory Board (IAB) Attendance Reaches Highest Level

ALERT held its annual Industrial Advisory Board (IAB) Meeting at the Kostas Research Institute in Burling-
ton, MA on October 16, 2017. The agenda attracted many of ALERT’s industrial members, representatives 
from ALERT’s DHS Office of University Program (OUP), and other DHS components, such as DHS S&T, Federal 
Emergency Management Agency (FEMA), Customs and Border Protection (CBP), and Occupational Safety 

Figure 1-5: Michael Silevitch, ALERT Director, 
and David Pekoske, TSA Administrator.
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and Health Administration (OSHA). It was ALERT’S highest attended IAB Meeting to date and many new re-
lationships were established, laying the groundwork for potential future collaboration.
The agenda included welcoming remarks from Tim 
Connelly, the Executive Director of the Massachu-
setts Technology Collaborative, presentations from 
two guests and one faculty presenter, a student 
poster session, a testimonial of successful govern-
ment/faculty/industry collaboration within ALERT, 
and a tour of the ALERT Video Analytics Laborato-
ry, followed by a networking reception. Presenters 
included Gary Markovits, CEO, Innovation Business 
Partners, Inc.; Tim Maloney, VP, Business Develop-
ment, Guardian Centers, LLC.; Jeff Schubert, Sr. Staff 
Scientist, AS&E; Dr. Brian Tracey, Research Faculty, 
Tufts University, ECE; and Jose Martinez-Lorenzo, 
Assistant Professor, Mechanical and Industrial En-
gineering Jointly Appointed, Electrical and Comput-
er Engineering, Northeastern University. 
ALERT had the privilege of introducing the Guard-
ian Centers, LLC as not only a guest presenter, but also the newest ALERT Industrial Member. Guardian 
Centers is a dynamic and immersive urban terrain campus that replicates realistic natural and man-made 
disasters. They provide custom services that include complete exercise design and planning, training and 
certification, and full-service logistics support at its state of the art flagship training campus in Perry, Geor-
gia, or at any client location throughout the world. Guardian Centers demonstrates exceptional performance 
and results delivering specialized training courses and practical exercises for special skills certification and 
professional services training.

G. ALERT Hosts the Inaugural Advanced Development for Security Applications for Customs and Border   
 Protection (ADSA-CBP-01) Workshop

The first Advanced Development for Security Ap-
plications for Customs and Border Protection (AD-
SA-CBP-01) Workshop occurred on June 20-21, 2018 at 
Northeastern University in Boston, MA. This workshop, 
an offshoot of the original ALERT ADSA Workshop se-
ries, brought together 120 attendees from government,  
industry, and academia to discuss key problem areas in 
port security, as well as current technology and poten-
tial improvements; brainstorm the future state of car-
go security; and identify future technology concepts.  
Presentations were given in the following areas of ex-
pertise: scanning technologies, concepts of operation, 
deterrence and hardening, and financial and policy 
implications. The next installment of this workshop  
series, ADSA-CBP-02, is planned for March 2019 and it 
is expected to be an annual event.

Figure 1-6: Tim Maloney of the Guardian Centers, LLC, giv-
ing a presentation of their company during the most recent 
Industrial Advisory Board meeting.

Figure 1-7: In Year 5, ALERT launched the Advanced  
Development for Security Applications for  
Customs and Border Protection (ADSA-CBP) workshop 
series. 
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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,” which in turn, inform and 
drive the ALERT programs through an organizing three-level strategy, as shown in Figure 2-1. In the follow-
ing sections, we will describe how the research and transition program was defined and provide an overview 
of the specific 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 flexible 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 described in the Aviation Security Technolo-
gy Research & Development Strategy, issued by DHS in 2011: 
• 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 flexible security solutions.
• TSA G5: Apply science and technology breakthroughs to advance security solutions.
Additionally, there are 10 Capability Gaps which are described in the December 2017 TSA Strategic Technol-
ogy Investment Plan (TSA CG1-CG10). These capability gaps are listed below. With the exceptions of CG 4 and 
9, all capability gaps are incorporated into the ALERT program.  
• TSA CG1: Enhance the ability to resolve alarms.
• TSA CG2: Enhance operators’ ability to screen passenger carry-on and checked baggage.
• TSA CG3: Support risk-based screening throughput goals.
• TSA CG4: Enhance the ability to verify a passenger’s identification and determine vetting status.
• TSA CG5: Minimize physical contact with passengers.
• TSA CG6: Reduce divestiture screening requirements.
• TSA CG7: Enhance the ability to identify and screen a passenger and his/her baggage based on an as-

signed risk level.
• TSA CG8: Enhance the ability to integrate systems to support risk-based screening to support more effi-

cient security screening.
• TSA CG9: Support remote access and data collection from TSE by strengthening the TSE cybersecurity 

infrastructure.
• TSA CG10: Enhance the ability to adjust security posture based on risk.
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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 
specific goals. These are correlated with the TSA recommendations and capability gaps described earlier. The 
challenges and associated goals are:
C1: Characterization & Elimination of Illicit Explosives (TSA G1, 3 and TSA CG 1, 5, 6) 
• 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 TSA CG 2, 3, 8) 
• Create versatile specific sensors to detect emerging homemade explosives.
• Create fieldable sampling processes to enable detection.
• Detect threats in large crowds (e.g. sports events, subways, nightclubs).

Figure 2-1: The ALERT three-level strategy focuses resources on achieving protection from explosive threats.
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• Non-invasively identify trace explosives on, or within cargo containers in transit.
• Develop miniaturized detection sensors suitable for fusion into larger systems.
C3: Ultra-Reliable Screening (TSA G2, 3, 5 and TSA CG  1, 2, 3, 5, 6, 7, 8, 10)
• Integrate multi-mode sensors to enhance threat identification.
• 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 and TSA CG 1, 5, 8, 10)
• 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 and TSA CG 7, 8, 10)
• Actively identify DHS stakeholder emerging needs to ensure research relevance. 
• Define 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-R4): Characterization	and	Elimina-
tion	of	Illicit	Explosives	(R1),	Trace	and	Vapor	Sensors	(R2),	Bulk	Sensors	and	Sensor	Systems	(R3),	
and	Video	Analytics	and Signature	Analysis	(R4). A brief overview of each follows; details are provided in 
Appendix A.

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

Key Personnel: Smith (URI), Kosloff, Zeiri (HUJI), Son (Purdue), Greenberg (Duke), Yoo (WSU): Detection of ex-
plosives 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 detonating? Can we 
prevent terrorist acquisition and/or use of precursor chemicals to make explosives? Are there characteris-
tics of terrorist-used explosives that exhibit observable signatures by current or envisioned sensor 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 materials; 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) determination 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: Gregory (URI), Howard, Hoffman (Notre Dame), Eiceman (NMSU), Rinaldi (NEU): This thrust 
concentrates on understanding the fundamental problems of trace and vapor detection of explosives. The 
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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 neg-
atives), 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 (NEU), Hernandez (UPRM), Saligrama, Castañón (BU): 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), Karl, Saligrama (BU), Bouman (Purdue), Radke (RPI), Miller (Tufts), 
Sauer (Notre Dame): This thrust focuses on multi-camera video anomaly detection in scenarios relevant to 
passenger, divested object tracking, and area monitoring in public spaces; signature analysis work based on 
developing fundamental processing algorithms for trace; and bulk and multi-sensor systems extracting maxi-
mal information from available sensed signals to increase the probability of detection and classification of ex-
plosives while reducing the number of false alarms. The research also includes improved Model-Based Itera-
tive 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 
fusion in AIT and standoff threat detection. 

2.4	 THE	THREE	LEVEL	ALERT	STRATEGY:	TECHNOLOGY	TRANSITION

The	Transition/E2E	Level	(middle	level-blue) of Figure 2-1 is needed to address challenge C5. This con-
tains the testbeds, tools, and facilities needed to validate fundamental research results and enable these re-
search breakthroughs to actively address grand challenges C1-C4 through Engage to Excel (E2E) technology 
transition projects which benefit 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 field. Five testbeds are currently identified 
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 first five 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. 
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Testbed T1: CT Luggage Datasets to Test Algorithms

T1 leverages the ongoing effort of ALERT to develop advanced luggage screening algorithms via calibrated 
X-ray CT datasets. Through Task Order funding, ALERT leveraged the advances made within medical CT and 
contracted with a vendor to obtain representative datasets of packed luggage and reference objects. Approx-
imately 900 objects were used to form 62 luggage datasets, which spanned the spectrum of packing, den-
sity, arrangement, orientation, and size. The data was intended to provide security-like images to academ-
ic researchers, to be used in evaluating, improving, and refining state-of-the-art techniques while fostering 
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 identified and continuously tracked at distances up to 50 meters, as shown 
in Figure 2-3. More details are given in the reports in the R3-B Section of Appendix A.

(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” configuration, and (b) at standoff-ranges using a “van-based” configuration.

Figure 2-2:  Segmented image (left) of doll (center) extracted from CT image dataset of luggage (right).
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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, academ-
ic-oriented facility for development and evaluation 
of millimeter-wave sensors and algorithms for whole 
body imaging. Specific objectives include: 1) enabling 
experimentation with new sensing modalities, via 
sensor configuration and scanning mode optimiza-
tion; and 2) exploring new algorithm concepts, such 
as model based vs. Fourier inversion, high resolution 
fused imaging, and automated anomaly detection.  The 
facility development is led by R3 Thrust Lead, Carey 
Rappaport. It is being advanced with equipment pro-
vided by Rapiscan and Analog Devices. Rapiscan pro-
vided equipment as part of a John Adams Innovation 
Institute grant to use mm-wave sensing to reconstruct 
an object placed between the transmitters’ and receiv-
ers’ wave path. Analog Devices supplied RF communi-
cations modules that have been adapted for radar use 

in our experimental scanners. It has been shown both theoretically and experimentally that by choosing the 
right positions for transmitters and receivers in a multi-static system it is possible to reconstruct a 2D and 
3D images that covers all 360 degrees of the target with minimal dihedral artifacts that plague currently de-
ployed scanning systems. The algorithms and 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 R3-A and 
R3-B sections of Appendix A.

Testbed T4: Video Analytics-Based Anomaly Detection

ALERT’s Video Analytics effort addresses the needs of the 
TSA to increase the speed of screening, improve the pas-
senger experience, and monitor and mitigate threats by 
individuals in an effort to improve airport security. Test-
bed T4 began as an installation in the Cleveland Hopkins 
International Airport (CLE), and in Year 4, transitioned to 
a 1,225 square foot Video Analytics Laboratory at North-
eastern University’s George J. Kostas Research Institute for 
Homeland Security (KRI) in Burlington, MA.
T4’s first installation at CLE was a result of ALERT and the 
TSA Ohio Senior Federal Security Director (FSD) working 
together to assemble  a team of researchers from three uni-
versities (NEU, BU and RPI) and TSA practitioners to devel-
op and transition video analytics-based solutions in order 
to address two security issues at CLE. The first issue, was 
to identify when an airport exit lane is breached (in-the-
exit), and the second, to identify and track individuals moving through a camera system (tag and track). An 
example of the “in-the-exit solution” from this work, identified as the “Video Analytic Surveillance Transition 
Project” (VAST), can be seen in Figure 2-5.
The VAST team completed the proof of principle for the “in-the-exit” problem, which leveraged live video 

Figure 2-4: Professor Carey Rappaport and ALERT stu-
dent researchers answer the questions of TSA Adminis-
trator, David Pekoske, during his visit to the Advanced 
Imaging Technology (AIT) Laboratory at Northeastern 
University in May 2018.

Figure 2-5: Counter-flow detected in the CLE airport 
terminal. This is an example of a frame where an in-
dividual going in an airport exit lane is detected. 
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from a portion of the existing CLE video network without interfering with airport operations and obtained 
99.9% pD and <10 false alarms/week.

As a result of ALERT’s successes at CLE, and other video 
analytic-based work, the center has partnered with the 
DHS “Screening at Speed” Program Manager. This partner-
ship has allowed ALERT to acquire the   funding to con-
struct the latest T4 facility at KRI and to begin working on 
a new video-analytics project titled “Correlating Luggage 
And Specific Passengers (CLASP).” This is part of a more 
general research program, which is titled “Research and 
Development of Systems for Tracking Passengers and 
Divested Items at the Checkpoint.” The CLASP project in-
cludes an expanded team of researchers from five universi-
ties (NEU, BU, RPI, Purdue, and Marquette) and is the first 
to leverage the new T4 lab. The goal of this project is to 
track people, their divested items, and correlate the two 
within a TSA airport security checkpoint with a focus on 
improving screening speed, the passenger experience, and 
security at the checkpoint. The current installation in the 
lab includes a full-scale mock airport security checkpoint 

using TSA approved equipment and design guidelines, and a camera grid of 19 networked 1080p security 
cameras. A program review of the CLASP project was held on May 17, 2018. As a result, funds were allocated 
to enhance the effort in Year 6. 

Testbed T5: Explosives Database and Performance Testing

In 2011, URI set aside several hundred acres for an explosive 
testing range and a standoff detection range. Each range has 
storage for one hundred pounds of explosives and is licensed to 
manufacture and store explosives. While funding of this project 
has not come through the COE, but rather the U.S. Army, these fa-
cilities are outstanding assets to the Center. Vendors come to test 
their explosives detection instrumentation and bomb squads in 
both Massachusetts and Rhode Island and have used the testing 
range to prepare training aids (Fig. 2-7). This is a premier site for 
first responder training, both “hands-on” and in the classroom.
URI has also maintained a database of explosive properties for 
the last eight years. 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 over 1000 registered members are a testament to its 
usefulness to diverse HSE stakeholders from the U.S. 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 specific 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-

Figure 2-6: ALERT’s video analytics project “Cor-
relating Luggage and Specific Passengers (CLASP)” 
provides data to enable “screening at speed,” and to 
improve the passenger experience and security at 
the checkpoint. 

Figure 2-7: Standoff detection test at URI 
Field Range.
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sity-based COE. The BOA and the associated task orders became a means for ALERT to enhance its research 
and transitions programs by: 

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

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

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

To date there have been major task orders awarded under the Basic Ordering Agreement (labeled A-I below), 
specifically:

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 transition and E2E strategy for ALERT. It enabled the develop-
ment of T4 #1 (described in Section 2.4). 

E. Improved Millimeter Wave Radar AIT Characterization of Concealed Low-Contrast Body-Bourne Threats

This program is focused on enhancing millimeter wave personnel screening systems to enable materials dis-
crimination. The results will be incorporated into Testbed T3.

F. Interpretation of Key Mechanisms in Sampling Effectiveness or Creation of Procedures and  
	 Methodology	 to	 Measure	 Sampling	 Efficiency	 and	 Baseline	 (“Sampling	 Efficiency”)	 Improved	 
 Millimeter Wave Radar AIT Characterization of Concealed Low-Contrast Body-Bourne Threats
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The proposed development and transition effort addressed the need for a set of reference materials for dry 
sampling of explosives and an associated procedure for each step of the sampling process. 

G. Improved Millimeter Wave Radar AIT Characterization of Concealed Low-Contrast Body-Bourne Threats

This program is focused on enhancing millimeter wave personnel screening systems to enable materials dis-
crimination. The results will be incorporated into Testbed T3.

H. Research and Development of Systems for Tracking Passengers and Divested Items at the Checkpoint   
 (CLASP Project) 

This program is tasked with developing automated tracking algorithms (ATAs) to track passengers and di-
vested objects at the checkpoint. The ATAs are being designed to detect exceptions such as divested items left 
behind at the checkpoint and the theft of items. The CLASP project’s Testbed T4 facility at the Kostas Research 
Institute (KRI) for Homeland Security at Northeastern University is the first element in this effort.  During the 
past year, the researchers within these groups have been developing automated tracking algorithms (ATA) 
and presented a review of the algorithms developed to experts in the field at a recent program review for 
the CLASP project (May 17, 2018). The applicability of the ATAs to TSA checkpoints and steps for continuing 
their research was also discussed. Presentations from the most recent program review are available online: 
https://myfiles.neu.edu/groups/ALERT/strategic_studies/CLASP
Initial funding was allocated as a supplement to the core grant, not via the Basic Ordering Agreement 
(BOA). Follow-on funding will utilize both the cooperative agreement and the BOA mechanism. 

I. Research and Development of Adaptive ATR for CT-Based Object Detection Systems

This program will focus on adaptive ATR (AATR) algorithms that can be configured in the field to add new 
targets after deployment without having to retrain and retest the ATR. In addition, an AATR will have the 
ability in the field to add or subtract targets, vary minimum target mass and vary minimum sheet thickness, 
and trade off PD for PFA or PFA for PD. During the past year, the researchers within this group have been de-
veloping AATR algorithms and presented these algorithms to experts in the field at a recent program review 
for the AATR project (May 17, 2018). The applicability of the AATR algorithms to certified explosives detec-
tion equipment and the steps needed for continuing research in this area were also discussed. Presentations 
and summaries from the most recent program review are available online: https://myfiles.neu.edu/groups/
ALERT/strategic_studies/TaskOrder07
Increasingly, ALERT is using the BOA enabled task order funding to transition science and technology devel-
oped in ALERT thrust areas to the security enterprise. One new task order proposal is currently in process. 
This program deals with developing a hall way, walk through, improved Millimeter Wave Radar AIT which 
will create 360 degree images at walking speeds. Two other task orders are being developed. One of these will 
be Phase 2 of effective explosive sampling methods. The other will apply deep learning to CT reconstruction 
in order to reduce artifacts. All of these efforts will transfer science and technology specifically to a commer-
cial partner and disseminate the resulting science and technology advances to the entire security enterprise.

2.6		 ENSURING	PROGRAMMATIC	RELEVANCE

The ALERT leadership is acutely aware of the need to demonstrate the relevance of its programs to the HSE 
stakeholders. Mechanisms that currently exist for ensuring relevance include:

• Alignment with DHS S&T programs (i.e. Office of University Programs (OUP) and HSARPA-Explosives 
Division).
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• Collaborations with researchers at National Labs (i.e. LLNL, LANL, SNL, PNNL). 
• Collaborations with critical DHS components (i.e. TSA, TSL, CBP).
• Collaborations with DHS vendors (i.e.  AS&E, Analogic, L3, Morpho, Smiths, Siemens).
• Linkage with a broad national and international R&D community to identify strategic research issues 

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

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

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

2.7		 CONCLUSION

As indicated by its strategic three-level structure, ALERT will maintain a balance of high-risk, high-payoff re-
search combined with transition and E2E projects meeting immediate DHS and customer needs. As the Cen-
ter develops new technologies and testbeds, DHS will be able to incorporate these results into requirements 
for future systems to help safeguard our nation.
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It is widely recognized that our country 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 is guided by the need to provide a meaningful impact on the communities of 
university students, K-14 students and their teachers, first responders, and career professionals who are 
important contributors to DHS and to the success of its critical mission. In addition to developing the next 
generation of fundamental research advances, the ALERT team of educational institutions addresses the 
strong and continuing need for personnel trained in DHS related technologies. This section describes the 
elements of the ALERT Education Program and the results of the Year 5 initiatives.

As shown in Figure 3-1, the ALERT Education Program initiatives continues to focus 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. Community College, Pre-College and MSI Outreach and Involvement.

Section 3: Education Program

Figure 3-1:  The ALERT education program supports students at every stage.
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The ALERT Education Program is co-led by Professor Charles DiMarzio of Northeastern University (NEU) 
and Professor James Smith of the University of Rhode Island (URI). Supporting the ALERT Education 
Program is Kristin Hicks, Director of Operations, and Melanie Smith, Manager of Education Programs and 
Partnership Development at Northeastern University. The main goals of the ALERT Education Program 
include introducing new students to ALERT research at an early stage in their career through outreach to 
K-12 schools, community colleges, and freshmen undergraduates; enhancing the professional development 
opportunities of our undergraduate and graduate students; and providing courses and workshops to the 
DHS workforce to build on their foundational training and expertise. By engaging K-12, Community College, 
Undergraduate, Graduate, and Professional students in our research, we are able to build a broad awareness 
of the ALERT and DHS mission, and prepare a new workforce for careers within the homeland security 
enterprise. 
While the following sections of this report (Sections 3.1 through 3.5) provide a description of the major com-
ponents of the ALERT Education Program, this section summarizes some of the special accomplishments 
realized by our talented student pool.
Ph.D. candidates at URI participate extensively in outreach activities that include laboratory instruction and 
demonstrations for short courses provided to Transportation Security Administration (TSA) and explosives 
course offerings at URI. For example, on January 30th through February 1st, 2018, ALERT researcher, Dr. Jim-
mie Oxley and her URI students traveled to Natick, MA to lead a course and field training titled “Explosives 
Chemistry for Emergency Responders” for twenty-three students from the Massachusetts 1st Civil Support 
Team (WMD) of the National Guard and the Department of Fire Services HazMat. The purpose of this training 
was to familiarize the teams with improvised explosives, to drill them in recognition of a variety of threats, 
and to test their use of personal protective equipment (PPE) and detection instrumentation. According to 
Dr. Oxley, “This was a learning experience for both students and teachers. We, the teachers, learned real-life 
concerns and constraints. They, the students, learned of new potential threats and the appropriate tools in 
their kits for detecting them. Field training, like this, is essential for readiness at crisis time.” In addition to 
leading trainings, graduate students continue to interface with major manufacturers of explosives detection 
instruments to improve and refine their products.  
Additional examples of the achievements and impact of our 
ALERT students include the following: 
• Joe Robinson, a Ph.D. student at Northeastern University, 

received the Award for Excellence in Reviewing at the 
Spring 2018 IEEE Conference on Automatic Face and 
Gesture Recognition; 

• Natan Kalson, a Master’s Student at Ben-Gurion University, 
received the Rieger Foundation-Jewish National Fund 
Fellowship in Environmental Studies in Fall 2017; the 
Kreitman School of Advanced Graduate Studies - Biotech 
& Chemotech PhD Fellowship in Fall 2017; and the Albert 
Katz Desert School Recognition of Excellence Prize in 
Spring 2018;

• Jelena Diakonikolas, a Post Doc at Boston University, 
received the Simons-Berkeley Research Fellowship in 
Spring 2018;

• Anthony Bisulco, a Northeastern University undergraduate, 
received the Sears B. Condit Award in Spring 2018; 

• Dakota Scott, a M.S. student at Purdue University, is 

Figure 3-2: NEU undergraduate, Elizabeth 
Wig (pictured here presenting at the ADSA15 
Workshop), was the recipient of the Society 
of Women Engineers GE Women’s Network 
Scholarship and the Saul and Gitta Kurlat 
Undergraduate Engineering Scholarship in  
Year 5. 
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mentoring an Air Force Cadet this summer; 
• Katherine Graham, a Northeastern University undergraduate student, who works with Professor 

Jose Martinez-Lorenzo of Northeastern University on the R3 Research Thrust (Bulk Sensors & Sensor 
Systems), received the Best Poster Award for her work on “Compressive Reflector Antennas for High-
Sensing Capacity Imaging Applications” at the DHS Centers of Excellence (COE) Summit 2018, held in 
Arlington, Virginia on May 30-31, 2018; 

• Elizabeth Wig, a Northeastern University Electrical Engineering undergraduate, conducting ALERT 
research, received the Society of Women Engineers GE Women’s Network Scholarship in October 2017 at 
the SWE Annual Conference in Austin, Texas. In addition, Elizabeth was a 2017-2018 recipient of The Saul 
and Gitta Kurlat Undergraduate Engineering Scholarship based on her academic excellence and strong 
dedication to research; 

In Fall 2015, our Center created the ALERT Student 
Leadership Council. During Year 5, the council was 
made up of 14 students, both undergraduate and 
graduate, from nine of our ALERT partner institutions: 
NEU, BU, Purdue, URI, Tufts, UPRM, Marquette, 
RPI, and Notre Dame. The council meets twice per 
semester to discuss current education programs and 
professional development opportunities, as well as 
to propose and plan new activities, programs, and 
events. Activities generated from this council include 
the ALERT Professional Development Award, which is 
intended to encourage ALERT students to participate 
in professional development activities throughout 
the year and to facilitate their future participation in 
networking and career development opportunities. 
ALERT selected three students who each won a $1,500 
stipend to be used toward attendance at a professional 
or academic conference and/or to visit and collaborate with a lab related to their ALERT research project. 
This year, applications were accepted August through October 2017. The three ALERT student researchers 
selected to receive the ALERT Professional Development Award in November 2017 were Qi Feng, a Ph.D. 
student working with Prof. Stan Sclaroff at Boston University; Ashraful Islam (Figure 3-3), a Ph.D. student 
working with Prof. Richard Radke at Rensselaer Polytechnic Institute; and Abubakar Siddique, a Ph.D. student 
working with Prof. Henry Medeiros at Marquette University. 
Over the years, many of our ALERT graduate students have gone on to work in the Homeland Security 
Enterprise and other prestigious locations for both internships and full-time positions including: 
• Matthew Tivnan, a Northeastern University B.S. student who graduated in 2017, is working at Photo 

Diagnostic Systems, Inc. as an Imaging Engineer. 
• Abhiskek Sharma, a Northeastern University M.S. student who graduated in 2018, now works for Siemens 

Research. 
• Rebecca Levine, a URI Ph.D. student who received her degree in 2017, and is now at the Federal Bureau 

of Investigations. 
• Srikrishna Karanam, a 2017 Ph.D. graduate from RPI, is now working at Siemens Corporate Research. 
• Nick Cummock, a Purdue M.S. 2017 graduate, is a SMART Fellow at Eglin Air Force Base. 
• Christian Sorensen, a Ph.D. student at Purdue, is interning at Lawrence Livermore National Laboratory 

(LLNL), studying macroscale explosives phenomena.

Figure 3-3: Ashraful Islam, one of the winners of the 
ALERT Professional Development Awards.
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• Cem Aksoylar, a 2017 Boston University Ph.D. graduate, 
is now a Research Scientist at Microsoft Research. 

• Tolga Bolukbasi, a Ph.D. graduate from B.U., is now an 
Applied Scientist at Google Brain. 

• Genevieve Vigil, a Ph.D. graduate at Notre Dame, is 
now a Post-Doctoral Fellow at NASA Marshall Space 
Flight Center. 

• Tahsin Ahmed, a Ph.D. graduate at Notre Dame, is now 
working as an engineer at Intel.

• Luis A. Pérez-Almodovar, a M.S. student at the 
University of Puerto Rico at Mayagüez (UPRM), 
participated in an internship at the Naval Research 
Lab, ONR, in Washington, D.C. during Summer 2018. 

• Gabriela I. Padilla-Rivera, a M.S. student at UPRM, 
participated in an internship at the Army Corps of 
Engineers during Summer 2018. 

3.1 GRADUATE PROGRAMS

A. Graduate Programs Overview

Each of the universities involved in ALERT have doctoral-level and masters-level graduate programs which 
train the students who will be the professors and research leaders of tomorrow.  Within the ALERT program, 
these students complete theses on topics related to Homeland Security problems. Research areas require 
background coursework and seminars, as well as mentoring from faculty, researchers, and industry person-
nel. In Year 5, ALERT Universities supported 60 PhD and 18 MS students with thesis topics, such as:
• “Small scale characterization of Homemade explosives with Microwave interferometry”
• “Metabolism and Gas Phase Reactions of Peroxide Explosives using Atmospheric Pressure Ionization 

Mass Spectrometry”
• “A New Method for Determining Hamaker Constants of Solids Based on the Dynamic Approach Behavior 

of an Atomic Force Microscope”
• “Empirical Moment Matrix and Its Applications in Computer Vision”
• “Classification of Dynamics on Riemannian Manifold”
ALERT graduate students are encouraged to become involved in many Center related events to build upon 
their research work and enhance their knowledge of Homeland Security topics. For example, ALERT graduate 
students are invited to attend the ADSA workshops, which in Year 5 were held in October 2017 and May 2018, 
as well as the newly introduced ADSA-CBP-01 (Customs and Border Protection) workshop, which was held 
in June 2018. These workshops allowed students to participate in cross-disciplinary discussion of homeland 
security topics with representatives from academia, government, and industry. ALERT also coordinates a 
professional development event, ASPIRE (Annual Student Pipeline Industry Roundtable Event), specifically 
aimed at connecting students with ALERT partner industries. ASPIRE gives students the opportunity to meet 
with industry and government members looking to recruit for internships and full-time positions. ASPIRE’s 
unique format covers a broad range of topics, and provides students and industry members with meaningful 
and effective networking opportunities. In Spring 2018, ASPIRE featured presentations from ALERT industry 
and government members, group roundtable discussions between students and industry/government rep-

Figure 3-4: Anuj Srivastava from HXI, interviews one 
of the student participants at the 2018 ASPIRE. 
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resentatives, and finally one-on-one interviews and meetings (Figure 3-4). ASPIRE maintained its mission 
to provide a dialogue among members of academic, industry, and government communities, and network-
ing opportunities for ALERT students. Participants at ASPIRE 2018 included industry representatives from 
American Science and Engineering/Rapiscan Systems, Pendar Technologies, Smiths Detection, Raytheon, 
HXI, and Innovation Business Partners; government representatives from the Department of Homeland Secu-
rity and U.S. Customs and Border Protection; and ALERT-affiliated graduate students from Boston University, 
Northeastern University, Purdue University, Texas Tech University, University of Puerto Rico Mayagüez, Rens-
selaer Polytechnic Institute, University of Notre Dame, and Marquette University. New to this year’s ASPIRE 
was the participation of non-ALERT students, including graduate students from the Northeastern University 
Master’s Program in Homeland Security.

B. Engineering Leadership in DHS Technologies 

Since the fall of 2007, NEU has offered a graduate program in engineering leadership, which allows academ-
ically talented graduate students to pursue a Graduate Certificate in Engineering Leadership, as well as an 
M.S. degree in the engineering discipline of their choice. The Gordon Institute of Engineering Leadership 
(GIEL) Program was established as a result of a generous gift from the Bernard M. Gordon Foundation. The 
program began its eleventh year in September 2017 with a class of “Gordon Fellows” mainly from industry 
and government who are educated and mentored by faculty and senior industry leaders. A key element of 
this program is the year-long “Challenge Project” that each Gordon Fellow undertakes with the goal of de-
veloping and deploying a system or commercializing an innovative product.  Under the tutelage of Gordon 
Program mentors, the Fellows learn how to achieve technological impact firsthand. 

The GIEL 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 the development of concepts into deployable systems. In the program’s twelve 
years of existence, Gordon Fellows  have  been  sponsored  by  more than 70 industrial  firms  and government 
organizations and four ALERT related government organizations:  Army Night Vision Electronics and Sensors 
Directorate, Hanscom Air Force Base, U.S. Air Force, and U.S. Coast Guard. The Challenge Projects of these par-
ticipants have focused on areas that are of strategic importance to the sponsoring organization, such as the 
demonstration of the effectiveness of infrared standoff explosives detection. The eleventh year class includes 
candidates sponsored by ALERT member, Raytheon. 

Figure 3-5: The 2017-2018 Class of the Gordon Institute of Engineering Leadership Program.
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C. ALERT DHS Science and Engineering Workforce Development Program (previously known as the  
 Career Development Grant)

In September 2011, ALERT Deputy Director, Professor Carey Rappaport received a DHS HS-STEM Career 
Development Grant (CDG), which provided funding for four fellowships to full-time graduate students 
pursuing M.S. or Ph.D. degrees in Electrical and Computer Engineering. Under the terms of this program, 
selected students receive full tuition and a stipend of $2,300 per month for up to three years. Multi-year 
continuation is granted based upon satisfactory progress. Award recipients engage in research work, class 
work, and career 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 2012, the first 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 specifically focused 
on radar technologies for tunnel detection. It was performed at NEU and at a summer internship at Lawrence 
Livermore National Laboratory (LLNL). After Alex completed the program requirements, and received his M.S. 
degree in Electrical and Computer Engineering as well as a Graduate Certificate in Engineering Leadership 
through the Gordon Engineering Leadership Program, he accepted a position at the MIT Lincoln Laboratory 
Federally Funded Research and Development Center in Lexington, MA, and he completed his one year of 
service in April 2015.
In September 2012, ALERT selected three additional ALERT DHS HS-STEM CDG Fellows to begin their M.S. 
studies. Ted Bednarcik began working with Professor Carey Rappaport on a continuation of the work that 
Alex Showalter-Bucher began during his 10-week summer research experience at LLNL and he spent his 
10-week summer research experience there as well. Ted also completed the GIEL Program in the summer 
of 2013 and completed his M.S. degree in Electrical and Computer Engineering Leadership in January 2015.  
Ted began his one year of service at the Portsmouth Naval Shipyard on June 1, 2015 and completed it as of 
May 31, 2016. Michael Collins began working with Professor 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 M.S. degree 
in Electrical and Computer Engineering in Summer 2014. Michael completed his one year of service as a 
Visiting Researcher with the NATO Science and Technology Organization’s Centre for Maritime Research and 
Experimentation in October of 2015. Finally, ALERT CDG Fellow, Thomas Hebble, continued to work with 
Professor Octavia Camps on video analytics-based detection and tracking of suspicious behavior in airports.  
Tom intended to move from the M.S. degree to the Ph.D. degree, but did not end up continuing with the 
program.  
In Fall 2014, Joseph Robinson began the program working with Professor Yun (Raymond) Fu at Northeastern 
University.  Joe is seeking a Ph.D. in Computer Engineering and as of July 30, 2017, he completed the second 
of two 10-week internships to fulfill that requirement of the program. Joe worked at Systems & Technology 
Research (STR) in Woburn, MA, working on defense related projects, many of which are in line with ALERT’s 
mission.  
In Summer 2015, with support from the DHS Office of University Programs, ALERT updated and expanded 
the ALERT CDG Program—changing the name of the program for all future participants to be known as the 
ALERT Science and Engineering Workforce Development Program (SEWDP).  A major change to the program 
was that undergraduates and students from other ALERT Partner Universities could now apply. Our first 
undergraduate participant, Matthew Tivnan, a Northeastern University student pursuing the B.S. in Electrical 
Engineering and Physics began participation in Fall 2015, working with Professor Carey Rappaport. As an 
undergraduate, Matt was allowed to complete one 6-month co-op experience in place of the two 10-week 
internships. In January 2016, Matt worked at Photo Diagnostic Systems, Inc. in Boxboro, MA and was 
exposed to the design, development, manufacture, installation, and service of Positron Emission Tomography 
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(PET) and hybrid PET/CT imaging systems and accessories. In May 2017, 
Matt completed his degree and participation in the ALERT SEWDP and is 
employed full-time at Photo Diagnostic Systems. If he works through May 
2018, he will satisfy his final program requirement of one year of service in 
the DHS Enterprise.
In Fall 2016, Christian Sorensen began pursuing a Ph.D. in Mechanical 
Engineering at Purdue University as an ALERT SEWDP participant under the 
direction of ALERT Thrust R1 Researcher, Professor Steven Son. Christian 
completed his second year with the program in Spring 2018 and did the 
first of his two 10-week internship in Summer 2018 working on macroscale 
explosives phenomena at Lawrence Livermore National Labs.
In Fall 2017, Katherine Graham (Figure 3-6), an undergraduate at Northeastern 
University pursuing the B.S. in Mechanical Engineering, began participation in 
the ALERT SEWDP working with Professor Jose Martinez on hardware design 
for “Stand-off” & “On-the-Move” detection of security threats. Katherine 
completed her 6-month co-op experience at MIT Lincoln Laboratories 
and is continuing her participation in the ALERT SEWDP in Fall 2018. 
Finally, ALERT was authorized to use SEWDP funds to support ALERT 
students who were being supported via ALERT core funding through 
their participation on research projects that were cut because of the 
ALERT DHS 2015/2016 Biennial Review. A student from Notre Dame 
and a student from Texas Tech received funding in Year 5.

D. New and Updated Graduate Courses

At Northeastern University, Professor Matteo Rinaldi taught an advanced graduate course based on his proj-
ect results on Nano and Micro Fabrication. 
At the University of Notre Dame, Professor Hoffman developed and taught a new course for upper-level grad-
uate students on quantum optics and nanophotonics. The course, EE87039 Quantum Optics and Nanopho-
tonics, focused on current research in these fields, including potential applications that are relevant to the 
Homeland Security Enterprise. The course was first offered in Fall 2017 and will be offered again in Fall 2018. 
The first offering of the course had 14 enrolled graduate students and 8 students auditing or sitting in on 
the lectures for a total of 22 students. Professor Hoffman also invited speakers performing research in these 
areas to give seminars in the Solid State Seminar Series at Notre Dame.

Figure 3-6: Katherine Graham is 
a Northeastern University under-
graduate and a current ALERT 
SEWDP participant. 

ALERT  
Phase 2 Year 5 Annual Report Section 3: Education Program

25



3.2 UNDERGRADUATE PROGRAMS

A. Research Experiences for Undergraduates (REU) Program

In the summer of 2018, the ALERT Research Experiences 
for Undergraduates (REU) program provided seven 
opportunities for undergraduate students to engage in 
exciting ALERT projects related to identifying, sensing, and 
managing explosives-related threats (Figure 3-7). These 
opportunities took place at NEU and UPRM. Also, in the 
summer of 2017, ALERT hosted six REU participants, which 
were hosted at the same institutions. At the end of the 
program, each student presented a poster and presentation 
of their work and their lab.  
During the Summer 2018 program, Anthony Englert from 
UMass Amherst, and Samuel Kebadu from George Mason 
University, participated in research working with Professor 
Carey Rappaport and graduate advisor, Mohammad Nemati 
on Advanced Imaging Technology (AIT) at Northeastern 
University. Additionally, Alexis Costales from Washington 
University in St. Louis, Diego Rojas from Northeastern University, and Joe Von Holten from Northeastern, 
participated in research with Professor Jose Martinez-Lorenzo and graduate advisors Ali Molaei and Juan 
Heredia-Juesas in the SICA lab at Northeastern University (Figure 3-8). Finally, Samuel Garcia-Leon and 
Roberto Rivera-De Jesus from the University of Puerto Rico at Mayagüez participated in research with 
Prof. Prof. Samuel Hernandez at UPRM; and Talha Rehman from Berea College worked with Professor Joel 
Greenberg at Duke University.  

During the Summer 2017 program, Jacob Londa, Nikhil 
Phatak, and Daniel Castle, undergraduates in Computer 
Engineering at Northeastern University, worked with 
Professor Carey Rappaport on AIT; Esther Harkness, from 
Brigham Young University, worked with Professor Scott 
Howard at Notre Dame; and Bianca Lopez-Pagan and 
Isaac Ramirez-Marrero worked with Professor Samuel 
Hernandez at UPRM  on Standoff Detection of Explosives 
using Infrared Spectroscopy Chemical Sensing. Bianca 
worked to combine the Thin Layer Chromatography 
(TLC) technique with QCL spectroscopy to analyze 
different types of explosives. After achieving the desired 
separation, identification, and quantification, she and 
her team will try to analyze these TLCs with QCL based 
Surface Enhanced Infrared Absorption (SEIRA) technique 
and with SERS and Normal Raman Spectroscopy.

Figure 3-7: 2018 ALERT REUs in Professor Rappa-
port’s AIT Lab at Northeastern University.

Figure 3-8: ALERT REU Students in Professor  
Jose Martine-Lorenzo’s SICA Lab at Northeastern 
University.
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B. ALERT and Gordon-CenSSIS Scholars NEU

Many of the undergraduate students 
involved in ALERT were introduced to 
research through their participation in the 
ALERT Scholars Program, which is aimed 
at freshmen. Students apply to the program 
in the first 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 required to participate in 
ALERT research, volunteer for Boston-area 
K-12 outreach programs related to ALERT 
and other STEM research initiatives, and give 

a final Research Presentation at the end of the program. In recognition of participation during the 2017-2018 
academic year, the ALERT Scholars who completed the program received a $1000 book voucher.
Fifteen freshmen participated in the ALERT Scholars program during the 2017-2018 academic year (Figure 
3-9). Two of the Scholars, Diego Rojas and Joe Van Holten, later participated as ALERT REUs with Professor 
Jose Martinez-Lorenzo in Summer 2018. 
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 5, 52 undergraduate students were 
involved in ALERT, working on projects including, radar suicide bomber detection, creation of explosive 
simulants, segmentation of luggage images, whole body imaging and characterization, synthesis, detection, 
and identification of energetic materials.

C. High-Tech Tools and Toys Laboratory

One of the signature educational programs of  ALERT, the “High-
Tech Tools  and Toys” (HTT&T)  laboratory, was created to engage  
freshmen  in  hands-on  learning  activities  using  state-of-the-art 
technology products to explore the detection of hidden explosives 
through two fundamental techniques: spectroscopy and imaging. 
These were introduced to students through a freshmen course at 
NEU, where they would 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.  
Professor Stephen McKnight, who created and instructed the 
HTT&T section of the NEU freshmen course, also created HTT&T 
modules for ALERT university partner courses, community 

college courses, and summer workshops at NEU aimed at engaging community college and K-12 educators in 
emerging homeland security technologies (Figure 3-10).  
As of  Year 3, ALERT had brought the HTT&T course section and workshops that were held at Northeastern 
University to a close, as their creator and instructor, Professor McKnight, retired from his positions as an NEU 

Figure 3-9: 2017-2018 ALERT and Gordon-CenSSIS Scholars at 
Northeastern University.

Figure 3-10: Prof. Steve McKnight with NEU 
undergraduates in the HTT&T lab.
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professor of ECE and the Education Director for ALERT in Spring 2016. The HTT&T modules will continue to 
be a part of the community colleges they have served. For more information on ALERT’s work with community 
colleges, please refer to Section 3.5.

3.3 MSI COLLABORATIONS

One of the main goals of the ALERT Education Program 
is to encourage the involvement of a diverse group of 
students and faculty to participate in and enhance our 
research mission, which includes engaging minorities 
who are traditionally under-represented in the STEM 
fields.    
ALERT has hosted multiple teams as part of the DHS 
Minority Serving Institution (MSI) Summer Research 
Team program, which seeks to engage faculty, 
undergraduates, and graduate students in research 
that provides opportunities to better understand the 
mission and research needs of DHS. During Summer 
2018, ALERT researcher, Professor Steve Beaudoin 
of Purdue University, hosted Professor Nicolas 
Holubowitch and his undergraduate, Grey Medina, 
from Texas A&M University – Corpus Christi to study 
the use of molecular imprinting to create traps that 
could work on both organic and inorganic threats.

ALERT also hosted a team from MSI North Carolina Central University through the DHS Scientific Leadership 
Award to research novel explosives detection sensors. Professor Abdennaceur Karoui of NCCU and his 
students were hosted at URI with Professor Otto Gregory during Summer 2018 to evaluate their quantum 
dot-based sensor for the detection of explosives at trace levels and compare their sensor performance to the 
sensor performance at URI. 
In 2017 and 2018, Professor Samuel Hernandez (University of Puerto Rico at Mayaguez) hosted a faculty-
student research team from the University of Puerto Rico at Arecibo (UPRA) as part of the U.S. Department 
of Homeland Security (DHS) Summer Research Team Program for Minority Serving Institutions. In Professor 
Hernandez’s lab, Professor Ricardo Infante and two Summer Research Undergraduate Students, Omar 
Lourido-Canales and Annette Medina-Valentín, researched methods to detect explosives in multiple fabric 
types in conjunction with Professor Hernandez’s research “Standoff Detection of Explosives: Infrared (IR) 
Spectroscopy Chemical Sensing” (ALERT Project R3-C).

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

There is an increasing need for advanced study on special topics related to Homeland Security technologies 
for graduate students, DHS personnel, and other professionals.  To address this need, we have developed a 
series of strategic study workshops and short courses, including the bi-annual ADSA (Advanced Development 
for Security Applications) workshops and a new workshop series, ADSA-CBP (Advanced Development for 
Security Applications for Customs and Border Protection). The purpose of these workshops is to present 
cutting-edge research with a focus on identifying current “gaps” and providing tutorials on explosives-
related areas such as CT screening, whole body imaging, video analytics, and stand-off detection. The 
strategic study workshops are discussed in greater detail in Section 5.  

Figure 3-11: Prof. Ricardo Infante (center) with DHS 
Summer Research team participating students, Annette 
Medina (center) and Omar Laurido (right). 
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First Responder and Professional Training courses continue to be 
offered through URI (Figure 3-12) to representative from various 
agencies, such as the Army, Air Force, and Navy facilities, as well as 
for the Transportation Security Administration (TSA) and the TSA 
Systems Integration Facility (TSIF). In Year 5, 13 specialty classes 
served over 276 professionals, such as the recurring “Explosives 
Analysis” course that were offered, three of which were geared 
specifically to TSA employees titled, “Fundamentals for TSA.”
Professor Samuel Hernandez of UPRM, participated in training 
programs for the Puerto Rico Chemists Association Continued 
Education Program during Year 5. The courses taught included 
“Spectroscopic Standoff Detection of Chemical Threats,” at 
conventions in both August and November 2017 to over 100 
attendees.  

3.5 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. 
Since the summer of 2012, Michael Pelletier, a faculty member at Northern Essex Community College (NECC), 
began working with Professor McKnight through the Research Experiences for Teachers (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 experiments 
that would be useful to classroom instructors at NECC and other community colleges. Since that summer, Mr. 
Pelletier continued to teach two sections (Essentials in Design) in both the fall and spring semesters. 
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 identification 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.

3.6	 PRE-COLLEGE	PROGRAMS

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

community college faculty in research laboratories at NEU and URI;
• Clay Middle School outreach event through Notre Dame;
• High school students and teachers participated in a summer program at Notre Dame;
• Summer research internships for high school students at Duke University;
• Hosting the Young Scholars (YS) program for gifted high school students at NEU;
• Offering a STEM Field Trip series for urban students throughout the academic year at NEU;

Figure 3-12: Participants at one of URI’s  
ongoing training courses.
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• Participating in Building Bridges Programs at NEU; and
• Hosting middle school students for two weeks each summer to build and support their STEM interests.
ALERT continued its ongoing collaboration with Claire Duggan, Director for Programs and Operations for 
the Center for STEM Education at Northeastern University, to host participants of the Young Scholars pro-
gram for Boston-area high school students. During the summers of 2018 and 2017, Professor Jose Martinez 
hosted two students: Liane Xu and Nabil Kebichi in 2018, who worked on Design and Fabrication of Passive 
Millimeter-Wave Radar Components; and Diego Cachay and Alexander Zhu in 2017, who worked on Standoff 
Detection of Security Threats using Millimeter Wave Radar. 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 final presentation at the end of the program. In 
both summers, about 28 Young Scholars in each cohort participated in several ALERT sponsored seminars 
to introduce students to the research of the center and potential careers in DHS. Professor Martinez and 
Professor Rappaport regularly participate in the Building Bridges Programs, through which high school stu-
dents get the opportunity to visit NEU’s laboratories to have hands-on research experiences engaging them 
in STEM education.  

In Year 5, Professor Hoffman of Notre Dame (Project R2-B4) was invited to 
speak to ~30 5th graders participating in the Department of Defense STAR-
BASE Indiana educational program.  The educational program focuses on 
“hands-on, minds-on” activities in science, technology, engineering, and 
mathematics. Hoffman’s interactive presentation focused on light and nano-
photonics. He taught the students about the differences between visible and 
infrared light and how mid-infrared imaging can be used in the “real world.” 
The demonstrations included imaging hot objects in classroom and imaging 
in a completely dark room. All of the students had the opportunity to take 
images and video using a mid-infrared camera, giving the students hands-on 
experience with infrared imaging. As the advisor of the Notre Dame SPIE Stu-
dent Chapter, Professor Hoffman also helped organize a day-long outreach 
activity to Clay Middle School.  At this event, 8 graduate students (5 from Pro-
fessor Hoffman’s group) visited Clay Middle School to introduce the students 
to basic concepts in optics and photonics. As part of the visit, the students 
were taught about topics in optics relevant to this program, mainly mid-in-
frared spectroscopy and imaging. Each student was given a mid-infrared pic-
ture (or “selfie”) as a souvenir of the event [Figure 3-14].
Professor Joel Greenburg at Duke University hosted two high school students 
from William G. Enloe High School (Enloe Magnet High School), Raleigh, NC 
and Rising Sun High School, North East, MD to do research in his lab during 
Summer 2018. 

Professor Scott Howard and his research team at the University of Notre Dame, hosted two high school stu-
dents and two high school teachers from the Wyandanch, NY school district to participate in an on-campus 
summer program in June 2017. Participants were introduced to research, including optical sensing of chem-
icals, as well as information on college admission and financial aid in an effort to reach out to under-repre-
sented groups and provide a perspective on academic and social life on campus. 

3.7 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 

Figure 3-13: Students at Clay 
Middle School learned about 
mid-infrared spectroscopy and 
had the opportunity to create 
their own mid-IR “selfie.”
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workshops, we are introducing hundreds of students and career professionals to DHS-related material.  
Through our professional development opportunities for Community College and high school faculty, we 
continue to introduce and support many students in STEM to the work of ALERT, and ultimately into the 
workforce of DHS and its stakeholders.
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4.1     INTRODUCTION

The Transition Team works to find research results and technology in the ALERT Thrusts (R1 – R4) that will 
add value to the Homeland Security Enterprise (HSE). When the Transition Team finds a ripe technology and 
a potential market, it builds a team of researchers, users, and government and industrial partners, and writes 
a proposal to fund the transition of the technology to the HSE user and commercialization partner.
During the lifespan of the ALERT Center of Excellence, the Transition Team has delivered advanced algorithms 
related to X-ray Computed Tomography (CT) segmentation, CT reconstruction, Automatic Target Recognition 
(ATR), and Adjustable Automatic Target Recognition (AATR) for use by the X-ray industry. The Center has 
also provided Video Analytics algorithms for counter flow detection, re-identification of persons, as well as 
tracking passengers and their divested items, and correlating the two as they pass through the checkpoint 
for use by TSA and airport security. In addition, the Center has contributed to the development of millime-
ter-wave (mm-wave) Advanced Imaging Technology (AIT), providing dielectric materials understanding for 
false alarm reduction. ALERT is in the process of transitioning significantly faster mm-wave AIT reconstruc-
tion algorithms to commercial partners. It has initiated a transition program for Adaptive Automatic Target 
Recognition (AATR) for the X-ray industry. Ongoing efforts include a Contact Sampling program to establish 
reference materials (for sample, deposit, and swipe) and an American Society for Testing and Materials-like 
procedure for use within the Contact Sampling industry and TSA.  Both will be used to develop a process to 
compare instrument and swipe performance. The AIT group is working to develop a hallway walk-though 
(mm-wave) system with false alarm reduction. An ongoing program, to provide algorithms for airport and 
palletized cargo inspection will be refined and tested in Year 6. The Transition Team has built a multi-modal 
tracking and re-identification laboratory at the Kostas Research Institute (KRI) for Homeland Security at 
Northeastern University and initiated a video passenger, luggage, and correlation data acquisition program. 
In year 6, a real-time workstation will be added to the laboratory and a small airport test site will be chosen 
for transferring the algorithms and workstation into an operational setting in Year 7.

4.2 TRANSITION DRIVEN BY ALERT GRAND CHALLENGES, SECURITY ENTERPRISE NEEDS,  
 AND EMERGING SCIENCE AND TECHNOLOGY WITHIN ALERT

ALERT learns about the DHS security needs by communicating with the DHS components, DHS S&T, national 
laboratories, and industrial partners. There is an ongoing dialogue between our academic, government, and 
industrial partners at events such as the ADSA Workshops, as well as at Annual and Biennial Reviews with 
members of the Federal Coordinating Committee. At these events and others, we learn about the Securi-
ty Enterprise needs (Grand, Medium and Small Challenges). The Transition Team learns about the ALERT 
research and technology development by talking with ALERT PIs, attending weekly meetings, and annual 
reviews. When the needs of the HSE overlap with the fundamental science and technology development, the 
transition team works with the PI, user, and government and industrial partners to transition the science and 
technology. 

A. ADSA Helps ALERT Understand the Needs of the Security Enterprise

Every spring and fall, the Advanced Development for Security Applications (ADSA) workshops are held 
at ALERT, bringing the DHS security community together to discuss relevant topics. During the annu-
al two-day workshop, more than 30 presentations and panel discussions are used to initiate discussions 
between the ~175 participants from security and aviation industry, DHS components, DHS S&T, national  
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laboratories, and academics. Information pertaining to the most recent ADSA workshops, ADSA17, ADSA18, 
and the newest ADSA offshoot dedicated to addressing and solving Customs and Border Protection challeng-
es (ADSA-CBP-01), can be found in “Section 5: Strategic Studies Program” and complete monographs from 
these workshops can be found online: http://www.northeastern.edu/alert/transitioning-technology/adsa/.

B. The Federal Coordinating Committee Helps ALERT Understand the Needs of the Security Enterprise

Once a year, in the winter or spring, ALERT provides an Annual or Biennial Review conducted by the DHS Of-
fice of University Program/Explosives Division Program Manager and the Federal Coordinating Committee. 
The review is a dialogue between ALERT and the DHS. The DHS Program Manager and Federal Coordinating 
Committee, which is made up of representatives from the DHS Components (CBP, ICE, Coast Guard, SS, S&T, 
TSA, TSL) review ALERT presentations of the previous year’s work. As a result of these reviews, some of the 
work is refocused to better serve the needs of the Security Enterprise. The Transition Team participates in 
the review and gets a view of the Strategic Challenges, which guide the Components, and a detailed review of 
ALERT’s science and technology.

C. The Transition Team Finds Science and Technology That is Ready to be Transferred to the Security  
 Enterprise

The Transition Team uses all of the events, reports, and meetings to understand what the Security Enter-
prise needs and what ALERT research can provide. When the Transition Team finds an overlap between the 
research and security needs, it builds a group of researchers, users, and industrial partners to discuss and 
review the opportunity. A positive review of the opportunity initiates the pursuit of resources to transition 
the research from ALERT to users and industry, across the “valley of death.” The members of the Transition 
Team are found in Figure 4-1.

4.3    TRANSITION MOVES RESEARCH AND TECHNOLOGY ACROSS THE VALLEY OF DEATH

Transition and commercialization of research and technology is often referred to as moving research across 
the so-called valley-of-death (VOD) into industry. The VOD is the space where little money or enthusiasm is 

Figure 4-1: The ALERT Program Management and Transition Team.
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provided to unproved innovations. The probability of successfully transitioning the research is low and the 
risks associated with commercializing the technology are high.
The Transition Team has learned how to work through the VOD and has a formula for helping research tran-
sition. Step 1, and perhaps the most important step in the process, is identifying research that will have 
value to the HSE and is ready for transitioning. Step 2 is talking with commercialization partners about the 
research technology, its potential for commercialization, and its value in the marketplace. Step 3 is listening 
to the commercialization partners’ feedback about commercialization and value in the market. If the com-
mercialization partners agree that the technology and markets have potential and they are interested, their 
interest and resources will “pull” the technology toward the company and eventually into the market. Step 
4 is talking with the research group about the importance of their research and its potential in the market-
place. Step 5, and often the most difficult step, is helping the researchers shift their research emphasis toward 
demonstrating utility (market value). If the researchers are interested in demonstrating value and working 
with the commercialization partner, their new effort “pushes” the technology from the laboratory across the 
VOD toward the partner and the market. 
Commercial partners “pulling” and the researchers “pushing” the technology across the VOD reduces the 
risks associated with transitioning and commercializing the research and technology, as can be seen in Figure 
4-2.

A. The Transition Process Requires Resources

The process described above works. It has been demonstrated in the transfer of X-ray CT segmentation al-
gorithms, reconstruction algorithms, and ATR algorithms to the X-ray CT industry. It has also been demon-
strated in the transfer of unique single and dual energy reconstruction algorithms for a MultiView CT Capable 
(MVCTC) palletized cargo tool being developed by Astrophysics; however, the transition process needs to be 
funded so the Transition Team can help the researchers “push” the tool across the VOD and help industry 
“pull” the tool across. Finding a funding partner can be difficult, because the outcome of the research is un-
certain and the market is unproven. Persuading researchers to adapt their research to fit an uncertain market 
need can be difficult, as can helping an industrial partner envision the impact of the research in their relevant 
market;  however, the successes listed in the following section demonstrate that resources can be found, re-

Figure 4-2: ALERT defines transition in the innovation ecosystem as a “pulling” and “pushing” across the VOD.
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searchers will help to adapt their work, and industrial partners can envision the impact of new research in 
the market.

B. There is More Than One Way to Transition

There are many ways to transition science and technology into the HSE. One pathway does not fit all. The 
Transition Team must be imaginative and willing to adapt to changing circumstances to achieve the goal. A 
few examples will illustrate the point: 

1. In-the-Exit (a video analytic program): It took a year to learn how to provide the answer to the user 
(Transportation Security Officer) and it took another year to understand the market and the cus-
tomer. 

2. MVCTC Pallet X-ray CT Screening: The industrial partner, Astrophysics, asked ALERT to provide 
science and technology for their commercial instrument. They are providing the resources for the 
transfer and have the ownership of the IP.

3. Model Based Iterative Reconstruction (MBIR): ALERT researchers started their own company and 
obtained an SBIR to provide resources to transition a security product.

4. AIT (MMW): ALERT researchers and the Transition Team partnered with Smiths Detection to obtain 
a contract (DHS task order), which is providing resources to adapt the science and technology and 
push it across the VOD. 

5. CT Algorithms: Three task orders were proposed and funded in Segmentation, Reconstruction, and 
Automatic Target Recognition (ATR), which provided the resources to push the science across the 
VOD. ALERT and third party researchers, along with DHS domain experts, created new solutions and 
transferred them to the Homeland Security Enterprise.

6. TESSA Standard Reference Materials (SRMs): TESSA Standard Reference Materials and associated 
procedures for contact sampling are completed and ready for use to compare instruments and con-
tact sampling swipes on specific explosive samples. Another set of commercial off-the-shelf (COTS) 
swipes and explosive types will be tested, reviewed, and published this year, and a third set next 
year. By the end of 2019-2020, the SRMs and ASTM like Procedures for calibrating Ion Mobility and 
Ion Mass Spectrometry will be operational. The contact sampling community of practice will have 
the tools needed to compare the performance of instruments, swipes and reference materials.

7. Correlating Luggage and Specific Passengers (CLASP) Project: CLASP video analytic algorithms for 
tracking passengers, their divested items, and correlating the passenger with their divested items as 
they proceed through TSA Security in an airport have captured the interest of DHS, S&T, and TSA. A 
TSA-like security laboratory was built at the Kostas Research Institute (KRI) for Homeland Security 
at Northeastern University and algorithms were developed and tested in 2017-2018. In the coming 
year, ALERT will transition the KRI laboratory into real-time operation, and in the following year, it 
will be transitioned into real-time operation at a small airport TSA Security operation.

C. Flexibility is an Important Part of the Transition Process

The ALERT Transition Team will find a way to work with researchers, government, and industrial partners 
to find the resources to transition the core ALERT funded science and technology through the Valley of Death 
into the Security Enterprise. If one of the previous methods does not work, we will find and create a new one. 
It is important to be creative, flexible, and to find a way. 
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Part of ALERT’s mandate from DHS is to develop a strategy to identify gaps in the knowledge for effective 
IED Detect and Defeat capabilities. The prime vehicle for this is a series of strategic studies workshops on 
relevant DHS topical areas. Since 2008, ALERT has held 2-3 workshops per year, as part of the originally 
titled Algorithm Development for Security Applications (ADSA) series. In 2014, due to the evolving nature 
of these workshops (expanding from an original focus on algorithms), the series was renamed as Advanced 
Development for Security Applications. ALERT Director, Michael Silevitch and Deputy Director, Carey Rappa-
port convene these workshops in concert with Carl Crawford, an expert in security imaging and consultant to 
ALERT. The audience for the ADSA workshops is comprised of government, academic, industry (aviation and 
security), and national lab participants in the Homeland Security Enterprise. 

ALERT Phase 1

In the first five years of ALERT (ALERT Phase 1), these strategic studies resulted in nine workshops, each 
with a full report:
• Terahertz Imaging and Sensing: October 30, 2008.
• ADSA01: April 23-24, 2009. Focused on development of new algorithms for detecting explosives at an 

integrated checkpoint.
• ADSA02: October 7-8, 2009. Dealt with segmenting objects of interest from volumetric CT scans of bag-

gage. 
• ADSA03: April 27-28, 2010. Focused on Advanced Imaging Technology (AIT) for whole body screening. 
• ADSA04: October 5-6, 2010. The purpose of this workshop was to discuss how third parties could par-

ticipate in the development of reconstruction algorithms for explosive detection equipment based on CT 
scanning. 

• ADSA05: May 3-4, 2011. Focused on sensor fusion techniques. 
• ADSA06: November 8-9, 2011. Addressed specific topics related to developing and deploying multi-sen-

sor systems.
• ADSA07: May 15-16, 2012. Focused on advanced reconstruction algorithms for CT-based luggage scan-

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

sives detection systems. 

ALERT Phase 2

In the first four years of ALERT Phase 2, these ongoing efforts have resulted in thirteen workshops, each with 
a full report:
• ADSA09: October 22-23, 2013. Focused on new methods for explosive detection and addressed new 

hardware for aviation security. 
• ADSA10: May 6-7, 2014. Focused on explosives detection in air cargo. Going forward, the title of this 

series of workshops was changed from “Algorithm Development for Security Applications” to “Advanced 
Development for Security Applications.” The change reflects the broad scope of the workshops, which 
evolved to include hardware, such as sensors.

• TESSA01: August 13-14, 2014. This workshop was the second in a series dealing with the development 

Section 5: Strategic Studies Program
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of a research plan for organizing the community’s understanding of contact sampling during trace explo-
sives detection.

• ADSA11: November 4-5, 2014. Focused on explosives detection in air cargo to support the Department of 
Homeland Security’s objective of improving the performance of existing technologies.

• ADSA12: May 12-13, 2015. Focused on screening of personnel and divested items at the checkpoint to 
support the Department of Homeland Security’s objective of improving the performance of existing tech-
nologies and improving the passenger experience at checkpoints.

• TESSA02: August 5-6, 2015. This workshop was the second in a series dealing with the development of a 
research plan for organizing the community’s understanding of contact sampling during trace explosives 
detection, and focused on three enabling components of trace explosives detection.

• ADSA13: October 28-29, 2015. Focused on screening of personnel and divested items at airport security 
checkpoints to support the DHS objective of improving the performance of existing technologies.

• ADSA14: May 10-11, 2016. Focused on the development and deployment of fusible technologies at air-
port security checkpoint to support the DHS objective of improving the performance of existing technol-
ogies.

• ADSA15: November 15-16, 2016. Focused on next generation screening technologies and processes for 
airport security checkpoints to support the DHS objective of improving the performance of existing tech-
nologies. This workshop was a continuation of ADSA12, ADSA13, and ADSA14.

• ADSA16: May 2-3, 2017. Focused on addressing the requirement for different stakeholders in transpor-
tation security to support the DHS objective of improving the performance of existing technologies.

• ADSA17: October 17-18, 2017. Focused on systems engineering of aviation security systems
• ADSA18: May 15-16, 2018: Focused on the collection and use of metadata for improving aviation secu-

rity systems.
• ADSA-CBP-01: June 20-21, 2018. Focused on advanced development for security applications for the 

Customs and Border Protection branch of DHS.
Full reports of Phase 1 and Phase 2 workshops are available online: https://myfiles.neu.edu/groups/ALERT/
strategic_studies/

5.1 WORKSHOPS DURING THE PAST YEAR

The ADSA17 workshop entitled “Systems Engineering of Aviation Security Systems” convened at Northeast-
ern University (NEU) in Boston on October 17-18, 2017. This workshop was the seventeenth in a series 
dealing with advanced development for security applications (ADSA17). Over 140 participants from aca-
demia, industry, and government gathered to discuss topics such as requirement specifications for systems 
and subsystems; the acquisition and use of metadata; assessment, management, and use of risk; and layered 
security. The ADSA17 Workshop featured more than thirty presentations from subject matter experts and 
leaders from industry and government over the course of two days. Presentation topics included emerging 
technologies, such as sensors and algorithms; aviation cargo inspection; stakeholder perspectives; behavior 
detection; and deep learning.
The ADSA18 workshop entitled “Collection and Use of Metadata for Improving Aviation Security Systems,” 
(ADSA18) convened at Northeastern University (NEU) in Boston on May 15-16, 2018. This workshop was 
the seventeenth in a series dealing with advanced development for security applications (ADSA18). Over 
150 participants from academia, industry, and government gathered to discuss topics related to the theme of 
the workshop. ADSA18 Workshop featured more than thirty presentations, including two panel discussions, 
from subject matter experts and leaders from industry and government over the course of two days. Presen-
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tation topics and participant discussion focused on topics such as the collection, use, and dissemination of 
metadata, passenger compliance to supplying and using metadata, and legal and privacy issues related to the 
topic.
The ADSA-CBP-01 workshop entitled “Advanced Development for Security Applications for Customs and 
Border Protection,” (ADSA-CBP-01) convened at Northeastern University (NEU) in Boston on June 20-21, 
2018. This workshop, an offshoot of the original ADSA Workshop series, was the first in a new series dealing 
with advanced development for security applications associated with Customs and Boarder Protection. AD-
SA-CBP-01 brought together 120 attendees from government, industry, and academia to discuss key problem 
areas in port security, as well as current technology and potential improvements; brainstorm the future state 
of cargo security; and identify future technology concepts.

5.2 SUMMARY

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

ALERT  
Phase 2 Year 5 Annual Report Section 5: Strategic Studies Program

39



This page intentionally left blank.

ALERT  
Phase 2 Year 5 Annual Report Section 5: Strategic Studies Program

40



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, a past ALERT researcher. A senior graduate stu-
dent, Preston Brown, injured himself while synthesizing Nickel Hydrazine Perchlorate (NHP). Northeastern 
University was notified 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 cen-
ter-wide safety program as outlined below in Figure 6-1.
The following year, the ALERT Cooperative Agreement (and those of the other DHS COEs) was modified to 
require the establishment of a Center-wide Safety Program. For the past eight years, we have been operating 
with the ALERT Safety Program and have maintained a culture of safety. During the last five years, ALERT has 
broadened the Safety Awareness Education Program to include general laboratory safety. The Safety Protocol 
& Standard Operating Procedures, and Safety Compliance Assurance parts of the program have remained, 
and going forward, will remain focused on explosives safety.
In terms of the safety program, the ALERT team recognized that handling energetic materials, screening 
instruments, etc., requires constant vigilance; any lapses in safety can have severe consequences. The issue 
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: 1) a Safety Review Board, 2) a Safety Awareness Education 
Program, 3) Safety Protocols and Standard Operating Procedures, and 4) a Safety Compliance Assurance Pro-
gram. It is the ALERT Center’s hope that by taking the time to create and review safety elements, practitioners 
will have a heightened awareness of the hazards and take appropriate care. To keep the program vital, ALERT 
works to change the focus and implementation of the safety program’s educational and compliance compo-
nents. The rest of this section describes, in detail, the components shown in Figure 6.1.

Section 6: Safety Program

Figure 6-1: Safety Review Program components.
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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) have a wide variety 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 es-
tablished by the “ALERT Safety Protocols and Standard Operating Procedures.”
The functions of the Safety Review Board are to review and provide input for: 

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

Name Title Organization Phone Number Email

Ronald Willey
(Chair)

Professor of Chemical 
Engineering, 
Editor of Process Safety 
Progress, an AIChE pub-
lication

Northeastern 
University

617-373-3962
781-492-4956

r.willey@neu.edu 

John (Jack) Price Director Environmental 
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@cybermesa.com 

Jimmie Oxley Professor of Chemistry University of 
Rhode Island

401-874-2103 joxley@chm.uri.edu

Table 6-1: Composition of the 2017-2018 Safety Review Board (SRB).

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 field. 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 specifically 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 (SAEP) has been created to supplement the safety edu-
cation at participating institutions. 
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The SRB will have input into the Safety Awareness Education Program. It is intended that the “Explosive 
Safety Protocols and Procedures” course be offered once every year, and that each individual who partici-
pates in the ALERT program attends within one year 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 is designed to promote a culture of safety in ALERT laboratories 
working with energetic materials and ancillary equipment. Over the last five years, ALERT has broadened 
the Safety Awareness Education Program to include general laboratory safety. The majority of ALERT lab-
oratories do not handle explosives and general laboratory safety in those laboratories is important. While 
there has been a shift in the SAEP, the primary focus of working with energetic materials and ancillary equip-
ment remains. The ALERT Safety Review Board is responsible for creating, implementing, and maintaining 
the ALERT Leadership, and the Chairperson of the SAEP will select the instructor who will lead the training 
sessions associated with the SAEP. The Safety Review Board will review the SAEP on an annual basis and as 
necessary for emergent issues.
The SAEP will meet the highest standards of safety achievable for explosives-based research work, and will 
become the reference protocol for the ALERT partnership. Additional Safety Awareness Education efforts by 
the partners are encouraged. The content of the training sessions will be created by the selected instructor 
and edited and approved by the SRB. Any changes or additions to the training sessions will be edited and ap-
proved by the SRB. The training sessions associated with the SAEP will be offered on an annual basis through 
real-time webinars that will also be recorded for future viewing online. Each individual who uses energetic 
materials in their research must attend the training session.

6.4 SAFETY COMPLIANCE ASSURANCE PROGRAM 

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

Safety Philosophy

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

6.6 SAFETY ACTIVITIES

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

ALERT Phase 2 Activities  

In Year 1, ALERT SRB members, Ronald J. Willey, William Koppes, Michael Coburn, and Jack Price visited the 
University of Rhode Island in May 2014. The report is available upon request.
In Year 2, telephone interviews occurred in early August 2014 with UPRM, Texas Tech, and Washington State.  
The SRB also visited the newest ALERT member, Purdue University in late August 2014.
In Year 3, ALERT SRB members, Ronald J. Willey, William Koppes, Michael Coburn, and Jack Price visited Tex-
as Tech University in October 2015. A report of their visit and their findings is available upon request. 
In Year 4, ALERT SRB members, Ronald J. Willey, William Koppes, Michael Colburn, and Jack Price visited The 
University of Puerto Rico, Mayagüez in February 2017.  A report of their visit and their findings are available 
upon request. 
In Year 5, ALERT SRB members, Ronald J. Willey, Jack Price, Mike Coburn, and Jimmie Oxley visited Wash-
ington State University on April 30, 2018. A report of their visit and their findings is available upon request. 

Safety Review Courses 

The ALERT SRB has led nine Safety Review Courses beginning with the first on April 23, 2010, followed by 
courses on October 25, 2010, April 7, 2011, November 2011 and July 31, 2012, and included presentations 
by William Koppes, Ronald J. Willey, and Dr. Geneva Peterson, a post-doctoral research associate working 
with Prof. Hope-Weeks and Prof. Weeks at Texas Tech University. The sixth Safety Review Course and the 
first course of ALERT Phase 2 was held in September 19, 2014 so that all new professors, graduate, and un-
dergraduate students joining the various groups were included. The seventh Safety Review Course taught 
by Ronald J. Willey and Jimmie Oxley was held on April 1, 2016.  The eighth Safety Review Course taught by 
Ronald J. Willey was held on April 21, 2017. The ninth Safety Review Course and Training for the Thrust 1 and 
Thrust 2 researchers was held on April 11, 2018, All of the safety courses were recorded and are available 
upon request. These mandatory short courses were broadcast to the lead professors and students working 
with energetic materials at each ALERT partner institution working with such materials. Our short course 
agendas contain materials common throughout the center and institution-specific items based on the work 
being conducted at the location. 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 specific to each explosive; and
• Historic explosive accidents for “lessons learned.”
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7.1 INTRODUCTION

As a part of conducting explosives detection, mitigation, and response research for DHS, ALERT has 
gathered relevant X-ray CT data, video data, and AIT data, and has developed a method to disseminate the 
data to researchers. In the ALERT Phase 2 Cooperative Agreement, the Information Protection Program 
was created to formalize the ALERT Information Protection Plan. This section of the Year 5 Annual Report 
provides a description of the four components of the ALERT Information Protection Program (IPP): 1) 
Sensitive Information Protection Policy, 2) Sensitive Information Review Process, 3) Data Procurement and 
Dissemination Process, and 4) Information Protection Education and Training Procedure. It also describes the 
Information Protection Program Board, which oversees the implementation of the four program components 
and reviews them on an annual basis.
The ALERT IPP has been in operation for nine years and has procured, maintained, protected, and disseminated 
data for security research. During that time, the ALERT IPP has reviewed all ALERT public disclosures of 
information to assure DHS that no Sensitive Secure Information (SSI) has been generated or disseminated. 

A. IPP Mission 

The Information Protection Program was established to create and enforce policies and procedures that will 
ensure that ALERT research does not involve, use, or generate sensitive or classified information, intentionally 
or accidentally. The IPP also provides guidance on the proper handling, maintenance, and dissemination 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; two SSI experts for reviewing ALERT 
produced materials; 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 activities 
and have knowledge of the history of the Information Protection Program policies and procedures created 

Section 7: Information Protection Program (IPP)

Figure 7-1: Information Protection Plan organization.
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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 procedures. 
If necessary, the Board will convene additional meetings to address emergent issues or situations that require 
resolution prior to the next annual meeting review date.  The co-chairs are responsible for the management 
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

Hicks Kristin Co-Chair Northeastern  
University

Director of Operations, 
ALERT

617-373-5384 k.hicks@neu.edu

Potter David Data Expert Northeastern 
University

Research Project  
Coordinator

617-373-5110 d.potter@neu.edu

Wittman Horst SSI Expert Northeastern 
University

Senior Research  
Development Officer, 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 
Dissemination Process.
The 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. ALERT chooses to use the TSA guidance and training module, because 
Sensitive Secure Information (SSI) is a TSA defined designation. TSA is the authority upon which ALERT has 
built the IPP. These webinars review the specific 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 regularly, and also 
reviewed by those who are unable to attend the annual presentation.

7.4 SENSITIVE INFORMATION REVIEW PROCESS 

As defined in ALERT’s Sensitive Information Protection Policy (SIPP), all material containing information on 
work funded by ALERT must be reviewed for SSI content in advance of any public disclosure or submission 
for publication. This review process was established to ensure that sensitive information is not distributed, 
either intentionally or accidentally. 
ALERT has established a Sensitive Information Research Evaluation and Assessment Process (REAP) for the 
purpose of reviewing ALERT generated material for potential SSI content. Members of a REAP panel are 
approved by the ALERT Center Director as being capable of identifying potential SSI and classified information. 
Materials are reviewed by panel members on a rolling basis. Typically, materials are reviewed once per week. 

Table 7-1: Composition of the 2017-2018 Information Protection Program Review Board.

ALERT  
Phase 2 Year 5 Annual Report Section 7: Information Protection Program (IPP)

48



ALERT Project Investigators (PIs) are asked to submit any materials containing ALERT funded work for REAP 
review at least two (2) weeks prior to any publication submission, distribution, or presentation. Exceptions 
may be accommodated on a case-by-case basis by the Review Panel if the material needs to be distributed 
externally prior to the next scheduled review date. Due to the possibility of materials containing SSI, PIs are 
told not to submit files via email. PIs are asked to upload files for review via ALERT’s secure online (MyFiles) 
repository.  
The REAP panel members review submitted materials for potential SSI. If the material contains no potential 
SSI based on the REAP review, communication is sent to the PI that the material has been approved and is 
cleared for distribution. If the material contains content that has been identified as containing possible SSI 
based on the REAP review, depending on the content, the reviewer either provides suggested edits to the 
author, and the author implements the change(s) or finds another way of removing the SSI. In either case, the 
revision must be submitted for REAP review again. This process is illustrated in Figure 7-2. 

If the REAP reviewer identifies 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 modified document reviewed. If the material is approved as written, communication is sent and the 
material is then approved for distribution. The process continues until the materials submitted for REAP 
review do not contain SSI.
The original material containing SSI and a brief description of the process is archived, as institutional memory. 
The SSI materials is maintained in accord with the TSA approved methods. 

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

ALERT acquires data to support its DHS research efforts. The possibility exists that the data may be SSI. In all 
cases, ALERT data is treated as if it were SSI. The data acquired is documented, stored, and maintained to be 
ready for distribution in accordance with the TSA SSI approved process.
The Data Procurement and Dissemination Process, illustrated in Figure 7-3, is designed to define 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 Sensitive Secure 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 third parties unless properly 

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

accordance with the ALERT 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 
individual 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 files. 
ALERT treats non-SSI data with the same precautions as if it were potential SSI, so the data should be 
downloaded, kept, and transferred only to encrypted devices or systems with password protection.

Figure 7-3: Steps involved in the data procurement and dissemination process.
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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. ALERT has developed and refined a process to procure, store, protect, and disseminate 
data. In summary, this is a vitally important element of the COE’s mission.
ALERT received data from the security research community, including AIT whole body imaging data (X-ray 
and millimeter wave), and video data. These data sets were recognized as being valuable to other parties, 
and, as a result, ALERT created a process to release the data, under NDA, for research purposes. This data is 
available by request on the ALERT website. Many other data sets were the result of Task Orders received by 
ALERT from DHS. Examples include:
• “CT Segmentation of Luggage Data” 
• “Video Data from Cleveland Airport”
• “Imatron CT Image Volumes and Associated Information for Reconstruction”
• “Automatic Target Recognition Dataset”
• “Airport re-ID dataset”
• “Video Data from the Kostas Homeland Security Research Institute”
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8.1 INTRODUCTION

The ALERT COE has a long history of collaborating with key DHS stakeholders within the security  
community. ALERT’s desire to work with our industrial base to develop and transition research that address-
es the capability gaps outlined in the strategic objectives of DHS components has been highly successful 
in fostering long-term university-industry partnerships. This strategy is one of the hallmarks that ensures 
ALERT’s relevance to the DHS community.
The ALERT industrial partners provide support for the COE through membership funds, joint proposals, and 
career opportunities for students at partner facilities. The partners also provide access to R&D leaders, real 
system-level applications, state-of-the-art hardware and software, and real applications data. Each year, for 
the last 10 years, ALERT demonstrates that our industry members are willing partners in technology transfer 
efforts, as team members on proposals for mutual funding, and as potential employers for students. Emel 
Bulat, the ALERT Corporate and Government Liaison, works to find opportunities and provide resources that 
enable collaboration between ALERT academics, industry, and government sponsors. With this mindset, the 
ALERT COE brings value to its industrial partners by assisting in developing solutions for the DHS security 
enterprise.

A. ALERT Industrial Membership

The ALERT Center’s strategy of a multi-tier industrial membership continues to serve our COE, our govern-
ment sponsors, and our broader security community well. This year we added three new industrial mem-
bers: Smiths Detection (as a result of Morpho Detection/Rapiscan acquisition), Innovation Business Part-
ners, and Guardian Centers. We are continuously looking for, and creating, networking opportunities and 
following-up on leads to further grow our industrial membership. The ALERT team is happy to report that 
AS&E and Rapiscan, are both now divisions of OSI, who has also acquired a portion of Morpho Detection. As 
a result of their growth, they have increased their membership level to Corporate. Several existing members 
have extended their memberships in this sixth year of ALERT Phase 2. These members include Pendar Tech-
nologies, Raytheon, HXI, and Kiernan Group Holdings. Unfortunately, Analog Devices decided to terminate 
their membership.
All of ALERT’s Year 5 strategic industrial and government partners are highlighted below.

B. Partners and Government Collaborators

American Science & Engineering, an OSI Systems Company
American Science and Engineering, recently acquired by OSI Systems, specializes in detection technologies 
that can uncover dangerous and elusive threats. AS&E’s X-ray inspection systems are used by governments 
and corporations around the world.

Guardian Centers, LLC

Guardian Centers is a disaster preparedness and tactical training center. Guardian Centers provides custom 
services including complete exercise design and planning, training and certification, and full service logistics 
support at its state-of-the-art flagship training campus in Perry, Georgia, or at any client location throughout 
the world. Guardian Centers demonstrates exceptional performance and results delivering specialized train-
ing courses and practical exercises for special skills certification and professional services training. They 
are a total solutions company dedicated to testing, evaluating and validating skills through training and  
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exercise in dynamic and immersive urban terrain replicating the most realistic natural and manmade  
disasters.

HXI, LLC
HXI, a subsidiary of Renaissance Electronics & Communications, is a leading supplier of millimeter-wave 
products, including LNAs, power amplifiers, mixers, detectors, oscillators, switches, transmitters, receivers, 
and transceivers for radars, communications systems, and sensors.

Innovation Business Partners, Inc.
Innovation Business Partners exists to help people and organizations generate and propagate new knowl-
edge to maximize value and competitive advantage. They believe that exposure to the efforts of others and 
connecting to the world’s thought leaders is crucial to this end, but like any critical capacity; it can be im-
proved and enhanced with the right tools, techniques, policies, environment and culture.

John Adams Innovation Institute
The John Adams Innovation Institute is the economic development division of the Massachusetts Technology 
Collaborative. The Innovation Institute serves as the convergence point in creating productive, collaborative 
partnerships between Massachusetts companies and academic research institutions to compete for business, 
talent, and opportunities in the global marketplace.

Kiernan Group Holdings
Kiernan Group Holdings (KGH) utilizes competitive intelligence, market analysis, tailored case studies, and 
vast executive experience in diverse fields to provide expert insight into emerging challenges. Kiernan Group 
Holdings provides comprehensive access to insular markets with an insightful understanding of existing 
wants and needs for federal, defense, intelligence, and law enforcement communities.

Lawrence Livermore National Laboratory
Lawrence Livermore National Laboratory (LLNL) is a premier research and development institution for sci-
ence and technology applied to national security. They are responsible for ensuring that the nation’s nuclear 
weapons remain safe, secure, and reliable. LLNL also applies its expertise to prevent the spread and use of 
weapons of mass destruction and strengthen homeland security.

Pacific Northwest National Laboratory
PNNL is one of the U.S. Department of Energy’s (DOE’s) ten national laboratories, managed by DOE’s Office of 
Science. PNNL also performs research for other DOE offices as well as government agencies, universities, and 
industry to deliver breakthrough science and technology to meet today’s key national needs.

Pendar Technologies
Pendar Technologies is a privately held product development company focused on bringing to market break-
through portable analysis and monitoring systems that include proprietary data science driven analysis 
modules. With experts in innovative spectroscopy and data science, the company has a pipeline of products 
in development. The company was formed by a merger of Pendar Medical and Eos Photonics in 2015.

Rapiscan Systems
Rapiscan Systems, an OSI Systems Division, provides state-of-the-art security screening products, solutions, 
and services that meet the most demanding threat detection needs of customers worldwide, while improv-
ing operational efficiency. The technical staff at Rapiscan Laboratories, the R&D arm of Rapiscan Systems, 
is focused on leading edge physics, algorithm, and software-based research and development work in the 
detection of explosives, nuclear materials, and other contraband.
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Raytheon Company
Raytheon Company is a technology and innovation leader specializing in defense, security, and civil markets 
throughout the world. With a history of innovation spanning 91 years, Raytheon provides state-of-the-art 
electronics, mission systems integration, and other capabilities in the areas of sensing, effects, and command, 
control, communications and intelligence systems, as well as a broad range of mission support services.

Smiths Detection
Smiths Detection is a global leader in threat detection and screening technologies for aviation, ports and 
borders, urban security and military. Deploying a broad range of solutions based around X ray imaging, com-
puted tomography (CT), Ion Mobility Spectrometry (IMS) and a range of other sensing technologies, we accu-
rately detect and identify hidden weapons, explosives, narcotics, contraband and toxic industrial chemicals. 
Our goal is simple- to provide the security, peace of mind and freedom of movement upon which the world 
depends.

8.2 INDUSTRIAL ADVISORY BOARD AND MEMBERSHIP STRUCTURE

In 2015, as part of the membership benefits for companies, the ALERT COE formalized and restructured its 
Industrial Advisory Board (IAB). The IAB is a body comprised of companies that have contributed member-
ship fees to support ALERT. Industrial members are invited to an annual IAB meeting in the fall, plus Annual 
Student Pipeline Industry Roundtable Event (ASPIRE) in the spring.  As discussed in the Members-only Event 
section below, these meetings continuously evolve to meet the expectations of our paying members. We also 
have a password-protected portal on our website that allows members more in-depth access to students and 
current activities that are not yet in the public domain.
To our knowledge, the ALERT COE is the only DHS Center that has a paying industrial membership strategy 
with an active IAB that interfaces regularly with its faculty, students, and government sponsors. Through 
ASPIRE and the IAB meetings, ALERT hopes to continue to create closer collaboration amongst a broad in-
dustrial base, while finding the “right” match for our students and partner institutions. We expect the results 
to be agile responses to future market opportunities, as well as government BAAs and RFPs, thereby fostering 
effective technology transfer.
To become a member and join the Industrial Advisory Board, a company has to make a membership commit-
ment. The four levels of membership are: 
• Strategic Partner: $100K+
• Corporate Partner: $50K
• Associate Industrial Partner: $25K
• Small Business Partner: $10K (reserved for companies whose yearly sales are less than $25M).
The current ALERT IAB members include:
Corporate partners: ($50K)
• AS&E/Rapiscan
• Raytheon 
Associate industrial partners: ($25K)
• Smiths Detection
Small business partners: ($10K)
• Pendar Technologies
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Small business partners: (In-Kind)
• Kiernan Group Holdings
• HXI, LLC
• Innovation Business Partners, Inc.
• Guardian Centers, LLC
All industrial members enjoy the following benefits:
• Facilitation of joint proposal opportunities.
• Facilitation of the development of sponsored (proprietary) research contracts. 
• Preferential access to students associated with ALERT, including undergraduate and graduate co-op as-

signments, internships, and fellowships (Candidate Central on website).
• Invitations to multiple members-only meetings (ASPIRE and IAB) to facilitate R&D collaborations. 
• Free admission to Advanced Development for Security Applications (ADSA) Workshops.
Based on the level of engagement, the industrial members have a say in how their membership fees are spent.
$10,000 goes towards supporting the ALERT Research and Development Infrastructure (funding the front 
office). For small business industrial members this is reduced to $5,000. After that, members can allocate the 
remainder of their membership fee as follows:

A. Member Allocations

• $15,000 or $20,000 increments in targeted (non-proprietary) research.
• $40,000 in tuition credit for an employee to participate in the Gordon Institute of Engineering Leadership 

(GIEL) Program and an associated Master’s Degree at Northeastern University.
• $20,000 in tuition credit for an employee to participate in the GIEL Program and an associated Graduate 

Certificate in Engineering Leadership at Northeastern University.
• Stipend support for one K-14 (including Community College) teacher to participate in a summer Re-

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

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

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

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

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

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

Having “skin in the game” incentivizes our members to work more closely with ALERT. Our experience shows 
this to be true. In addition to the benefits discussed above, our industrial members have formed close ties 
with our faculty resulting in joint proposal/publications and teaming opportunities. It is our intent to contin-
ue forging closer ties and become a more integral part of our member companies’ R&D process.
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8.3 ALERT INDUSTRIAL MEMBERSHIP BENEFITS

Becoming an ALERT industrial member comes with several important advantages. It gives companies prior-
ity access to ALERT faculty and students for hiring, joint proposal activity, and proprietary research projects. 
Events such as ASPIRE, the Industrial Advisory Board, and Candidate Central are only available to member 
companies and are intended to create a close collaborative University-Industry-Government network.

A. Members-only Events 

In previous years, the ALERT COE was praised by DHS S&T for having the strongest industrial membership 
base with a long history of close collaboration with industrial partners. ALERT is continuing to strengthen 
this legacy in ALERT Phase 2. To that end, we have restructured the Industrial Advisory Board (IAB) and 
added a “Guest Lecturer,” in-depth faculty presentation segments, and a presentation by an industrial part-
ner to the event. We have also invited government sponsors and labs from DHS components to be part of our 
roundtables at our signature Annual Student Pipeline to Industry Roundtable Event (ASPIRE). 

A.1. Industrial Advisory Board Meeting 

ALERT held its annual Industrial Advisory Board (IAB) 
Meeting at the Kostas Research Institute in Burling-
ton, MA on October 16th, 2017. The agenda attracted 
many of ALERT’s industrial members, representa-
tives from ALERT’s DHS Office of University Program 
(OUP) customers and other DHS components, such 
as DHS S&T, Federal Emergency Management Agen-
cy (FEMA), Customs and Border Protection (CBP), 
and Occupational Safety and Health Administration 
(OSHA). It was ALERT’S highest attended IAB Meeting 
to date and many new relationships were established, 
laying the groundwork for potential future collabora-
tion.
The agenda included welcoming remarks from Tim 
Connelly, who, at the time, was the Executive Director of the Massachusetts Technology Collaborative, several 
presentations as detailed below, a tour of the ALERT Video Analytics Laboratory, and a networking reception 
with student posters. Presenters included:
• Guest Presenter: “Thriving in the Innovation Economy through Collaborations of Government, Universi-

ties, and Industry,” Gary Markovits, CEO, Innovation Business Partners, Inc. (IBP). 
• Guest Presenter/New Member Overview: “Guardian Centers Capabilities and Case Studies,” Tim Malo-

ney, VP, Business Development, Guardian Centers, LLC.
• Industry-Academic Team Presenter: “An ALERT Case Study for Successful Collaboration and Transi-

tion,” Jeff Schubert, Sr. Staff Scientist, AS&E, and Dr. Brian Tracey, Research Faculty, Tufts University, ECE.
• Research Presenter: “Imaging at Speed Using a Multicoded Compressive System,” Jose Martinez-Loren-

zo, Assistant Professor, Mechanical and Industrial Engineering Jointly Appointed, Electrical and Comput-
er Engineering, Northeastern University.

Based on prior feedback and well-received changes to the 2017 IAB meeting, the 2018 IAB meeting will con-
tinue to have guest lectures and in-depth technical talks. The 2018 IAB will be held on October 15, the day 
before ADSA19. Rapiscan Systems is the planned industry speaker and we also have a guest speaker, Dr. Craig 
Gruber, Associate Vice President of the Northeastern University Innovation Campus, coming to talk about 

Figure 8-1: New ALERT Industrial Member, Guardian  
Centers, LLC, gives a company overview at the ALERT IAB 
meeting in Fall 2017.
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the intersection of research, innovation, education, and training.  We will again host several students for a 
networking poster session.

A.2. Annual Student Pipeline Industry Roundtable Event (ASPIRE) 

From its inception, ASPIRE’s goal was to have our 
industrial partners introduce their companies, 
their products, and their future needs to one an-
other, to our research faculty, and to our student 
population. On April 26, 2018, ALERT hosted its 
seventh ASPIRE. We continue to host several DHS 
representatives:  Laura Parker and Gia Harrigan 
from the Office of University Programs, DHS S&T, 
and Chris Mocella from Customs and Border Pro-
tection.  Although there was no representative 
from the U.S. Coast Guard due to a transition in 
personnel, a new contact has since been named, 
Steve Hager, and we look forward to developing a 
relationship with him and hosting him at future 
ALERT events.
Based on experience and feedback from past events, changes to this year’s agenda included: 
• Increase outreach to non-ALERT graduate and undergraduate programs to better meet member needs 

and requirements; including, the Northeastern University Professional Studies Programs in Homeland 
Security, Strategic Intelligence and Criminal Justice.

• Reduced industry presentations from 8-minutes to 5-minutes.
• In lieu of student presentations, four 15-minute networking roundtable sessions where several students 

sit with an industry or government representative, share their “elevator pitch,” receive feedback from 
their peers and table host, and conclude with Q&A and/or discussion (see Figure 8-2).   

Preliminary feedback is that these changes were well received by all attendees.
To complement ASPIRE on an on-going basis, the Candidate Central Portal is an integral portion of the ALERT 
website. 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 conjunction with ASPIRE, and the restructured Industrial 
Advisory Board meeting have allowed our partners to find highly trained students to fill several internships 
and full-time positions.  

8.4	 INNOVATION	BUSINESS	PARTNERS	(IBP)	ALERT	PILOT	STUDY

ALERT was introduced to IBP during a National Academies Government-University-Industry Research 
Roundtable (GUIRR) event. We invited IBP to speak at the 2017 IAB meeting and they subsequently became 
an ALERT Industrial In-Kind Member. As their in-kind contribution, they completed a pilot innovation net-
work study for ALERT. The purpose of this study was twofold: 

1. Establish ALERTs existing innovation network baseline 
2. Size the network of potential Thrust 4 collaborators 

To accomplish the first goal, ALERT provided input data: patents/intellectual property, journal publications, 
and test dataset requests. IBP then visualized and characterized the ALERT network, as shown in Figure 

Figure 8-2: CEO of Innovation Business Partners, Gary  
Markovitz, hosts several students for a networking round- 
table at the most recent ASPIRE in April 2018.  

ALERT  
Phase 2 Year 5 Annual Report Section 8: Industrial Liaison Initiatives and Partnerships

58



8-3. The results lead to thoughtful questions and discussions about how to further develop a robust and  
connected network.  
To accomplish the second goal, ALERT Thrust 4 provided a list of 30 relevant keywords which IBP used to de-
fine the Thrust 4 “Innovation Genotype.” IBP then performed an extensive invention search of the U.S. Patent 
& Trademark Office (USPTO) over the last five years for patents that have demonstrated knowledge relevant 
to the stated Thrust 4 keywords. Keywords were either the direct focus of the invention or were invention 
enablers. This resulted in the identification of several thousand U.S. organizations (government, university, 
industry) that represent potential collaborators. 
Next steps will include the ALERT team using some of IBPs suggested techniques to evaluate some of the 
identified potential collaborators and determine if they could help Thrust 4 achieve their objectives in the 
near future and, equally as important, be a partner in pursuing continued work in a post-ALERT climate.  This 
analysis will allow the ALERT team to build “win-win” business cases that will help engage these potential 
partners.
The state of Massachusetts, as well as several other ALERT industrial members, have expressed interest in 
exploring similar network studies with IBP, which would further strengthen ALERTs impact on the extended 
network and the security enterprise.

8.5 COLLABORATION BETWEEN THE ALERT COE AND KOSTAS RESEACH INSTITUTE

The Kostas Research Institute (KRI) for Homeland Security is a secure facility within Northeastern University 
whose objective is to advance the development of societal resilience in light of 21st Century risks. The KRI 
is home to many innovation labs, including the DHS-funded “Correlating Luggage and Specific Passengers” 
(CLASP) Lab under the auspices of the ALERT COE, and the Northeastern University Professional Studies 
Masters Degree Program in Homeland Security. In 2018, ALERT presented at the Homeland Security (HS) 
degree program’s “ProSeminar” featuring speakers from several security organizations: DHS, military, local 
police and fire. We also conducted a tour of the Video Analytics (CLASP) lab and conducted some video gath-
ering activities with the students. This resulted in students, as current and future security enterprise employ-
ees, having an “after action” discussion that was valuable for them to understand the challenges faced at a 

Figure 8-3: ALERT Baseline Network. Thrust 1 (red), Thrust 2 (dark green), Thrust 3 (blue), Thrust 4 (bright green), and 
cross-thrust researchers (black).
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checkpoint. The video collected during this exercise was subsequently used to support the aviation security 
portion of their capstone project. 
ALERT’s increased presence at the KRI has also led to greater awareness and involvement in Institute events 
in the fields of security and resilience. The ALERT team will continue to engage with the KRI in any facet that 
adds value to our common customer, the Department of Homeland Security.

8.6 CONCLUSION

In summary, 2018 was another productive year where the ALERT team continued to evolve its membership 
benefits to foster collaboration between ALERT researchers, industry/practitioners, and government part-
ners. These partnerships are essential to achieve early engagement and effective transition of innovative 
science and technology into the security enterprise. ALERTs Industrial Liaison strategy is to listen to our 
members, researchers, and government sponsors, to identify opportunities to develop and mature technolo-
gy through partnership, and to facilitate the building of teams that will ultimately result in successful technol-
ogy transition. With this strategy, ALERT has built and maintains a strong relationship with security industry 
stakeholders to sustain ALERTs relevance to DHS. 
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The technical challenges outlined in the ALERT program are significant, and overcoming the underlying re-
search barriers requires fundamentally new approaches. Effectively managing and evaluating the outcomes 
of this complex enterprise presents a challenge equal to the basic research challenges themselves. To sup-
port 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 first discuss the ALERT organizational structure, followed by the 
processes for evaluating the ALERT research, transition projects, and outcomes. Both are needed to ensure 
continued relevance of the COE to the DHS mission.

9.1 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 identification and mitigation, and man-
agement of progress tracking and reporting. He holds the Robert D. Black Chair in the College of Engineering 
at Northeastern and brings over 30 years of experience leading and managing large, multi-institution, mul-
titask, high-stakes initiatives. He has an outstanding track record for creating effective university-industry 
teams oriented to address important DHS problems. In addition to his role at ALERT, Professor Silevitch is 
the Director of the Bernard M. Gordon Center for Subsurface Sensing and Imaging Systems (Gordon-Cen-
SSIS), a graduated National Science Foundation Engineering Research Center. The Gordon-CenSSIS focus on 
detecting, locating, and identifying objects hidden beneath surfaces, such as under the ground or inside the 
human body is clearly linked to the mission of ALERT. Dr. Silevitch’s dual leadership positions at ALERT and 
Gordon-CenSSIS enable the two centers to maximize their synergy and sharing of infrastructure.
Dr. Carey Rappaport, Northeastern Distinguished Professor of Electrical and Computer Engineering, serves 
as the ALERT Deputy Director (as well as the R3 Thrust Leader). Professor Rappaport is internationally rec-
ognized for his research contributions in the areas of electromagnetics and antenna theory—key disciplines 
of ALERT. Previously, Dr. Rappaport has led multiple grants, including a $5 million Army demining MURI. 
The ALERT Organization Chart is shown in Figure 9-1 on the next page. There it is seen that in addition to 
NEU, ALERT has three key academic partners, Boston University (BU), Purdue University, and the University 
of Rhode Island (URI). Each of these four institutions is represented within the ALERT management structure 
by a faculty member who directs one of the fundamental science research thrusts: Professor Jimmie Oxley 
(URI), R1 Thrust Lead; Professor Stephen Beaudoin (Purdue), R2 Thrust Lead; Professor Carey Rappaport 
(NEU), R3 Thrust Lead; and Professor David Castañón (BU), R4 Thrust Lead.  All of the thrust leaders have the 
necessary credentials to oversee the progress of their individual programmatic responsibilities. Professors 
Charles DiMarzio (NEU) and James Smith (URI) are the Education Program Co-Leads. In the area of technolo-
gy transition, John Beaty brings 30 years of experience in instrument development and is responsible for the 
development of R&D programs that are responsive to near-term DHS needs. In the domain of industry and 
government liaison, Emel Bulat has had over 25 years of experience in industry with a focus on identifying 
strategic technologies for corporate development. She is responsible for fostering industrial linkages with 
both large and small companies in collaboration with Ms. Kristy Provinzano, who is acting as the ALERT In-
dustry Liaison Associate.

Section 9: Infrastructure and Evaluation
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The administrative team is comprised of Ms. Kristin Hicks, Director of Operations; Ms. Anne Magrath, Direc-
tor of Finance & Research Contracts; Ms. Diane Hubbard, Senior Grants Administrator; Ms. Deanna Beirne, 
Director of Computer Services; Ms. Pooja Ravichandran, Web Applications Developer; Ms. Melanie Smith, 
Manager of Education Programs and Partnership Development; Ms. Sara Baier, Communications and Report-
ing Specialist; and Ms. Tiffany Lam, Administrative Assistant. It is this team that enables ALERT to seamlessly 
organize and implement the multitude of events and deliverables that are inherent in the portfolio of the 
complex ALERT Center.
As part of the Industrial/Government Liaison efforts, ALERT has created an Industrial Advisory Board (IAB). 
This body is comprised of all companies supporting the COE with membership funds that augment the fund-
ing from DHS. The IAB provides strategic guidance to the COE in areas such as new sensor developments, 
educational needs, and system applications. The IAB and industry membership is described in greater detail 
in Section 8. 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: aca-
demia, 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. 

9.2 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 9-2 on the next page illustrates the project evalua-
tion process.

Figure 9-1: The ALERT Organization Chart enables integration of its research, transition, and education elements.
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9.3 METRICS OF SUCCESS

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

 ○ What funding has been received as a consequence of ALERT?

 ○ Which faculty and students have received awards recognizing their efforts?

• Knowledge transfer – In addition to publications:
 ○ Which groups from the HSE are we interacting with?

 ○ How are we interacting with them and positively affecting their environment?

 ○ Is our work being reported in the broader media for public consumption?

• Technology transfer:
 ○ How many invention disclosures and patents do we have?

 ○ Has our work been incorporated into commercial prototypes or products?

• Impact on DHS:
 ○ What recommendations have been made to DHS? Has DHS acted as a result?

 ○ How has ALERT’s near-term knowledge and technology transfer influenced long-term DHS  
investments?

Figure 9-2: The ALERT Project Evaluation Process is aligned with COE goals and mission.
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• Student Impact – In addition to the number of K-12, undergraduate, and graduate students:
 ○ Where do students go after graduation?

 ○ Are they serving the HSE?

• Diversity:
 ○ Is the center representative of the overall U.S. population in regards to participation by women and 

underrepresented minorities?

 ○ Are we engaging minority-serving institutions and their faculty/students?

9.4 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 first level of evaluation. Research 
Thrust Leaders in particular have crafted research programs after carefully reviewing research pertinent to 
the HSE. The Thrust Leader has immediate oversight of his/her research program; requests for reports com-
ing from management or requests for publication coming from PIs will go through the Thrust Leader. This 
allows the Thrust Leader to continually monitor the technical quality of the projects while maintaining active 
communication between the project investigators. There are various opportunities to showcase the Center 
throughout the year. 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 and biennial 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 difficult to use a single metric to eval-
uate all programs. Some research efforts involve short-term projects or fielding of off-the-shelf technology. 
Their success is easy to see and appreciate. Others focus on fundamental research that 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 field (see Section 4 for more on ALERT’s transition efforts) 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, about five 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 limit-
ed, 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 appealing idea should not distort the entire research program. Sometimes a mid-course correction is 
necessary and projects need to be pruned, either for non-performance or low relevance. That decision will 
be made by the Director in consultation with the Thrust Leaders and DHS Program Managers, along with the 
benefit of outside expertise. For example, during Year 3 of the ALERT program, DHS conducted an extensive 
Biennial Review of the COE. A second Biennial Review was held in March 2018. 
As a result of the first Biennial Review process, certain projects were pruned. An element of the Year 4 re-
search program was the launching of several new projects. Those were determined as a result of a wide dis-
semination of a request for white papers. The white papers were subjected to a two-stage review process to 
determine the most relevant new projects initiated in Year 4. The most recent Biennial review was focused 
on the viability of the Year 6 transition plans for each project. As a result, seven projects were pruned (see 
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Section 1). The resources freed up by this action will be used to intensify the transition efforts of the remain-
ing nineteen projects. 
In summary, the ALERT Center of Excellence has developed a strong strategic base, fundamentally supported 
by both a meaningful vision and a mission that 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 10: Conclusion

In the fifth year of Phase 2, the ALERT Center of Excellence has established a strong strategic base, supported 
by both a meaningful vision and a mission that 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 
evidenced by the research and education deliverables and outcomes achieved to date. The research programs 
and testbeds have led to a continued emphasis and development on ways to transition basic research results 
to end users. ALERT educational modules are engaging students at all levels; ALERT has been able to leverage 
successful educational programs at Northeastern University and affiliated 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 
research, education, and technology transition needed to help DHS in its mission to safeguard our nation.
In summary, the ALERT leadership has developed and reinforced a firm 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 technologies 
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 
follow.  These projects are part of “Awareness and Localization of Explosives-Related Threats,” 
a Center of Excellence for Explosives Detection, Mitigation, and Response, and are supported 
by the U.S. Department of Homeland Security under Award Number 2013-ST-061-ED0001.
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THRUST R1 
CHARACTERIZATION & ELIMINATION OF 
ILLICIT EXPLOSIVES 

Project 
Number Project Title Lead Investigator(s) Other Faculty 

Investigator(s) 
R1-A.1 Characterization of Explosives & Precursors Jimmie Oxley

Jim Smith
Gerald Kagan

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

Choong-Shik Yoo Minseob Kim 

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

Jimmie Oxley
Jim Smith

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

Steven F. Son

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

Jimmie Oxley
Jim Smith
Brenton DeBoef

Gerald Kagan

R1-C.3 Characterizing, Modeling and Mitigating 
Texturizing in X-Ray Diffraction  
Tomography

Joel Greenberg
Anuj Kapadia
Scott Wolter

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

Faina Dubnikova
Naomi Rom
Amkam Levy
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R1-A.1: Characterization of Explosives &  
Precursors

I. PARTICIPANTS 

Faculty/Staff

Name Title Institution Email

Jimmie Oxley Co-PI URI joxley@chm.uri.edu

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

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

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Kevin Colizza PhD URI 5/2018

Lindsay McLennan PhD URI 5/2019

Jamie Butalewich B.S. URI 5/2021

II. PROJECT DESCRIPTION

A. Project Overview

All new materials require characterization; in the case of explosives, complete characterization is a matter 
of safety as well as performance. Most homemade explosives (HMEs) are not exactly new, having been re-
ported in the late 1800s. However, their common handling and resulting accidents by those involved in the 
Homeland Security Enterprise (HSE) demands a thorough understanding of their properties. Admittedly, this 
mission is too big to cover without more researchers, funding, and time; we have chosen areas considered 
most urgent or reachable by our present experience and instrument capabilities.  We have examined a num-
ber of homemade explosives, such as triacetone triperoxide (TATP), in detail. Presently, we are examining 
hexamethylene triperoxide diamine (HMTD), erythritol tetranitrate (ETN), and other nitrated sugars, and 
fuel/oxidizer (FOX) mixtures. 
Characterization has included a detailed study of the thermal decomposition of erthyritol tetranitrate (ETN). 
Our work highlighted a hazardous operation that many in the HSE perform. Because ETN melts at 60oC and 
appears unchanged to over 100oC; sometimes melt-casing this material is included in HME training. In the 
U.S. alone, a number of training accidents have occurred. We examined the thermal decomposition of ETN, 
both through experimental and computational methods. In addition to ETN kinetic parameters, decomposi-
tion products were examined to elucidate its decomposition pathway.  As a result of increased terrorist use of 
ETN, we were invited to team with researchers at the Netherlands Forensic Institute to examine the key char-
acteristics which might identify how, where, and possibly who made the HME. Work was recently presented 
at the DHS Centers of Excellence Summit (May 30-31, 2018, Alexandria, VA) and at the 47th International 
Symposium on High Performance Liquid Separations (July 29 - August 2, 2018, Washington D.C.).
Also examined were sugar nitrates containing more than the four nitrate groups found in ETN. We are ex-
amining the synthesis of mannitol and sorbitol hexanitrate under a number of conditions. Under no exper-
imental conditions attempted was either sugar totally nitrated. Furthermore, sitting at room temperature, 
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the amount of hexanitrate in the sample decreased relative to the amount of pentanitrate, suggesting facile 
decomposition. This information needs to be included in the characterization of these materials.
Development of analytical protocols was necessary to allow us to quantify TATP and HMTD at levels as low 
as 25 ppm. This work supported Project R1-C.1, allowing quantification of the signature released (from the 
safe-scent aids) and of the pickup attributable to the enhanced swabs of Project R1-C.1. As part of this work, 
it was discovered that the reason that often low concentrations of TATP and HMTD were not observed was 
the use of acetonitrile (ACN) as a solvent. Further advances in their detection resulted in a lower detection 
limit for TATP of 25 μg/ml and for HMTD of 10 μg/mL. Ten papers resulted from this work, each providing 
methods of improving detection of these HME peroxides.
• Colizza, K., McLennan, L., Yevdokimov, A.V., Smith, J.L., & Oxley, J, “In Vitro Metabolism and Potential Tox-

icity of Triacetone Triperoxide (TATP) in Canines.” Forensic Toxicology. Submitted.
• Oxley, J.C., Smith, J.L., Porter, M., McLennan, L., & Colizza, K. “Issues Affecting Safe Handling of Peroxide 

Explosives.” Proceedings for the 18th New Trends in Research of Energetic Materials, Pardubice, CZ 15-17 
April 2015, pp. 26-33. 

• Colizza, K., McLennan, L., Yevdokimov, A.V., Smith, J.L., & Oxley, J. “Using Gas Phase Reactions of Hexameth-
ylene Triperoxide Diamine (HMTD) to Improve Detection in Mass Spectrometry.” Journal of the American 
Society for Mass Spectrometry, 29(4), 2018, pp. 675-684. DOI: 10.1007/s13361-017-1879-5

• Colizza, K., McLennan, L., Yevdokimov, A.V., Smith, J.L., & Oxley, J. “Reactions of Organic Peroxides with 
Alcohols in Atmospheric Pressure Chemical Ionization—the Pitfalls of Quantifying Triacetone Triper-
oxide (TATP).” Journal of the American Society for Mass Spectrometry, 29(2), pp. 393-404. DOI: 10.1007/
s13361-017-1836-3

• Oxley, J.C., Smith, J.L., Porter, M., Colizza, K., McLennan, L., Zeiri, Y., Kosloff, R., Dubnikova, F. “Synthesis 
and Degradation of Hexamethylene Triperoxide Diamine (HMTD).” Propellant, Explosives, Pyrotechnics, 
41(2), 2016, pp. 334-350. DOI 10.1002/prep.201500151

• Colizza, K., Mahoney, K.E., Yevdokimov, A.V., Smith, J.L., & Oxley, J.C. “Acetonitrile Ion Suppression in Atmo-
spheric Pressure Ionization Mass Spectrometry.” Journal of the American Society for Mass Spectrometry, 
27(1), 2016, pp. 1796-1804.

• Oxley, J.C., Smith, J.L., & Canino, J.N. “Insensitive TATP Training Aid by Microencapsulation.” Journal of 
Energetic Materials, 33(3), 2015, pp. 215-228.

• Colizza, K., Porter, M., Smith, J., & Oxley, J. “Gas Phase Reactions of Alcohols with Hexamethylene triper-
oxide diamine (HMTD) under Atmospheric Pressure Chemical Ionization Conditions.” Rapid Communica-
tions in Mass Spectrometry, 29(1), 2015, pp. 74-80.

• Oxley, J.C., Smith, J.L., Brady, J., & Steinkamp, F.L. “Factors Influencing Destruction of Triacetone Triperox-
ide (TATP).” Propellants, Explosives, Pyrotechnics, 39(2), 2014, pp. 289-298.

• Oxley, J.C., Smith, J.L., Steinkamp, L., & Zhang, G. “Factors Influencing Triacetone Triperoxide (TATP) and 
Diacetone Diperoxide (DADP) Formation: Part 2.” Propellants, Explosives, Pyrotechnics, 38(6), 2013, pp. 
841-851.

B. State of the Art and Technical Approach

A major strength of our project is that in many cases we have introduced the best ways to approach these haz-
ardous materials. The instrumentation used (infrared (IR), Raman, 1H and 13C NMR spectroscopy, and mass 
spectrometry) is commercially available. Thus, we introduced the laboratories serving the HSE to certain safe 
approaches. We  also participated in the review of the DHS HME safety book.
With terrorists using peroxide explosives for initiating bombs, a number of scientists are involved in analysis 
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and detection of these materials; however, there are a number of difficulties in the execution of their efforts. 
The vapor pressure of triacetone triperoxide (TATP) (4.1 to 7.0 Pa) is extremely high for a solid, so storage 
must be in sealed containers [1-3]. This even applies to storage of TATP solutions. When aqueous solutions of 
TATP (100 µM) were held at 37 °C for 60 minutes in an open, polypropylene Eppendorf tube, the TATP con-
centration dropped about 40% every 15 minutes (see Fig. 1). This effect was still quite significant at low TATP 
concentration samples (<10 µM kept in closed 1.5 mL tubes) where periodic opening of the tube to remove 
aliquots resulted in evaporative loss of approximately 3% per sampling [1]. 

We have previously reported attempts to understand and inhibit the formation of TATP from acetone and hy-
drogen peroxide [4-9], as well as introduced methods for gentle destruction and detection [10-13].  Although, 
as soon as acetone and hydrogen peroxide are mixed, it instantly forms 2,2-hydroxy hydroperoxy propane 
(Fig. 2, I), which eventually dimerizes on its route to diacetone diperoxide (Fig. 2, DADP). Under high acid and 
water content, 2,2-hydroxy hydroperoxy propane converts to 2,2-dihydroperoxy propane (Fig. 2, II), which 
eventually makes TATP. We find hydrochloric acid the best catalyst for TATP synthesis. Without acid catalyst 
TATP formation requires weeks. TATP formation is favored over DADP formation at low temperature and 
high water content [5]. Preparation of DADP uncontaminated by TATP is best done in non-aqueous media 
[14,15]. Acid not only aids TATP formation but can be used to initiate its violent or gentle decomposition. We 
have gently digested a pound of pure TATP by first moistening it with aqueous isopropanol and then slowly 
adding hydrochloric acid, ceasing when a rapid temperature rise was observed [6].

Figure 1:  TATP (100 μM) in 10mM potassium phosphate buffer incubated 37°C, 60 min in 1.5 mL Eppendorf snap-cap 
tube [1].
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Similarly, we examined HMTD formation and its compatibility with a number of compounds. We found that 
it rapidly degraded in the presence of moisture; and, in under an hour, at ambient conditions, a fishy odor 
characteristic of its decomposition could be noted [16-18]. With no added acid catalyst, HMTD formed more 
rapidly (under a week) than TATP did without the catalyst; it preferred a multi-protic acid catalyst (e.g. citric 
acid). A series of labeling studies were employed in an attempt to understand its formation. When a 50/50 
mixture of hexamine and 15N-labeled hexamine (C6H12

14N4 and C6H12
15N4) was treated with hydrogen peroxide 

and citric acid, the 1:2:1 distribution of the label C6H12
14N2O6 : C6H12

15N14NO6 : C6H12
15N2O6  indicated that hex-

amine dissociated during the synthesis. Figure 3 shows a tentatively proposed formation mechanism [16].

Figure 2: Proposed mechanism for DADP and TATP formation [5].
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In an attempt to lower the limits of detection for TATP and HMTD using liquid chromatograph-mass spec-
trometric (LC-MS) analysis, we found that choice of mobile phase and ionization source were crucial. In both 
electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI), use of acetonitrile in the 
mobile phase extensively reduced the ionization efficiency of these and other peroxides and ketones (see Fig. 
4) [19]; however, use of acetonitrile as a storage solvent is not a problem since this solvent is chromatograph-
ically separated from the analytes prior to ionization. Acetonitrile actually has lower proton affinity than 
the species it suppresses. Therefore, we proposed that polar interaction between the nitrile and the analyte 
causes the formation of a neutral aggregate.  This would further suggest that the ion suppression effects due 
to acetonitrile (observed in both APCI and ESI) occur prior to the ionization step. The conformation of the an-
alyte can also dramatically affect the acetonitrile suppression effect. For example, cyclic peroxides, where the 
peroxide bond is forced into a polar, cis configuration, were susceptible to the nitrile neutralization, whereas 
large linear peroxides with non-polar, trans conformations escaped this effect [19]. 

While the above discovery may eliminate the use of acetonitrile in the mobile phase, use of an aqueous meth-
anol mobile phase is not without consequences. Using APCI and a mobile phase of ammonium acetate/meth-

Figure 3: Tentative proposed mechanism for HMTD formation [16].

Figure 4: Flow injection analysis in APCI (left) and in ESI (right) [19].
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anol, detection limits for HMTD of 1 ng on-column were achieved for the [M+H]+ (m/z 209.0768) ion. Use of 
any alcohol with HMTD in the APCI source resulted in a chemical reaction that produced the alcohol incorpo-
rated product [HMTD+ROH2-H2O2]+ [m/z 207.0975 (C7H15N2O5

+) when the alcohol is methanol]. This reaction 
does not negatively affect the HMTD signal intensity, and it can be used as confirmation of the presence of 
HMTD along with commonly observed in-source fragments, e.g. 191.0662, 179.0662, 145.0608 and 88.0393, 
depending on source conditions (see Fig. 5) [20].

In the LC-MS analysis of TATP in methanol/aqueous ammonium acetate, a fragment of m/z 89.0597 is fre-
quently observed. This ion has an exact mass of m/z 89.0597, which corresponds to the molecular formula 
C4H9O2

+. Since each TATP ring is composed of three C3H6 units separated by peroxide linkages, a four carbon 
fragment is rather unlikely. When observing the deuterated analog of TATP, [d18TATP + NH4]+, m/z 258.2571, 
the major fragment shifted from m/z 89.0597 to m/z 95.0974 which corresponded to C4H3D6O2

+. Further 
experimentation showed that the source of the non-deuterated methyl groups was the addition of methanol 
solvent to TATP [21], such as we noted for HMTD [20]. Furthermore, fragments indicating the addition of two 
methanol molecules/ions (C4H6D3O2

+) were also observed along with fragments at m/z 91.0390, 75.0441, 
and 74.0368 (see Fig. 6).

Figure 5: Proposed mechanism for formation of (A) protonated molecular ion; and (B) various alcohol adducts [20].
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During the LC-MS analysis of HMTD in methanol/aqueous ammonium acetate, the fragment m/z 224 was fre-
quently observed. When chromatographically separated, two peaks with the same m/z 224 were seen. One 
peak eluted early with a major ion m/z 224.08826 [HMTD+NH2]+ and a minor one m/z 207.0611 [HMTD-
2H+H]+. The second peak was observed where HMTD eluted with all its associated fragments. The former, 
we believe is tetramethylene diamine diperoxy dialdehyde (TMDDD), an oxidation product of HMTD. Prepa-
ration of an authentic TMDDD sample [21] and further experimentation indicated that our HMTD sample 
was contaminated with about 1% TMDDD and TMDDD contained about 1.5% HMTD. Furthermore, tempera-
ture-dependent formation of TMDDD in the gas phase during APCI was significant, but not to such an extent 
that it could be exploited to quantify HMTD. Experiments showed that TMDDD formation increased with 
increasing temperatures, up to the point (350oC) where both HMTD and TMDDD begin to decompose [22].  
Interestingly, TMDDD had significantly better signal in ESI than APCI, but HMTD did not convert to TMDDD to 
any appreciable extent under ESI conditions. Attempts to form TMDDD in the heated electrospray ionization 
(HESI) source failed. HMTD (as with all other cyclic peroxides) has a stronger signal in APCI than ESI.  
Since both HMTD and TMDDD formed ammonium adducts, we attempted to enhance the mass spectral re-
sponse by use of basic, organic amines. A variety of amines at 1 mM concentration were infused with HMTD 
into either an APCI or ESI source. With all the primary or secondary amines, HMTD formed a new reac-
tion product, typified in Figure 7 with isopropyl amine. Collision-induced dissociation (CID) of this product 
formed clearly identified fragments shown in Figure 7. Like alcohols, the gas-phase attack was on the meth-
ylene carbon, but unlike with alcohols, the addition of amines did not improve the detection limits of HMTD. 
Interestingly, products indicating the loss of a methyl group from HMTD and the transfer of a methyl group to 
the amine were frequently observed.  TMDDD formed adducts, rather than products, with these same amines 
[22]. TATP did not react with amines under the same conditions.

Figure 6: TATP methanol gas phase reaction products in LC-MS with APCI (red indicates solvent incorporation).

ALERT  
Phase 2 Year 5 Annual Report

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

Project R1-A.1

79



It is important to recognize that because peroxide explosives may interact with both alcohol and acetoni-
trile solvent systems, signal response may vary if a gradient solvent method is employed for LC-MS analysis. 
Control of temperature and pressure must also be considered.  Optimized TATP detection employed a C18 
column with an ammonium acetate/ methanol mobile phase. For optimal analysis of intact TATP or related 
compounds, a mobile phase containing 10 mM NH4OAc and 210oC was used to favor m/z 240 production, 
while for low level quantification, m/z 89.0597 was targeted using conditions of 300oC and almost no ammo-
nium ion (200 μM NH4OAc). Currently, we detect TATP at 1 ng on column for m/z 240.1442 and 200 pg on 
column for m/z 89.0597. For HMTD, use of a polyfluorinated phenyl (PFP) column (tR HMTD ~ 4.8 min.) over 
the C18 column (tR HMTD ~ 3.5 min) favors the formation of m/z 207.0975 [HMTD+MeOH2-H2O2]+. Optimum 
conditions appeared to be 250oC with sheath and auxiliary gasses set to 15 AU. Using these conditions, HMTD 
has been detected as low as 100 pg on column with a robust analysis of 300 pg on column. Of course, it is 
necessary to optimize conditions for each LC/MS instrument.

C. Major Contributions

• Extensive TATP characterization—safe scent aids, gentle destruction (Years 1-4)
• The limitations of certain oxidizers in terms of terrorist use (Years 1-2)
• Baseline information about HMTD chemical properties and reactivity. (Years 1-4)
• Identifying the hazards of humidity to HMTD (Years 2-3)
• Formation mechanism of HMTD initiated (Years 2-3)
• Gentle destruction methods for HMTD (Years 3-4)
• Safe-scent aids for HMTD (Years 3-4)
• Revealing modes by which peroxide explosive signatures can be masked by solvent (Years 3-4)
• Determining best practices in analyzing peroxide explosives (Year 5)
Over the course of this project, we have received four notable thank you notes from very different sources: 
• CEXC Chemical Exploitation Lab CJTF Paladin/TEX: “Thanks for providing this service.  I am quickly find-

ing out that I am dependent on good libraries to make efficient use of our instrumentation. I have also 
found out that some of the libraries provided on our instruments are often not very useful” (March 20, 
2011).

• Marine Corp Naval Explosive Ordnance Disposal Tech, Stump Neck: “My community uses that data. I am 
always looking for and comparing different data sources. It is greatly appreciated” (June 13, 2016).

• Industry (Babcock Labs): “[…] alerting LC-MS users about this [ACN] effect, is very applicable to emerging 
fields; especially to non-targeted analysis where one might completely miss certain suspects/non-tar-
gets due to the fact that they poorly ionize under acetonitrile conditions […] This one’s a keeper in my  

Figure 7: Structures of products observed from source reaction of HMTD and i-propyl amine: (a) [HMTD+H]+; (b) [iP-
rNH2-HMTD]+; (c) major fragment ion; (d) [HMTD+iPrNH2 -H2O2]+; (e) [HMTD -CH3]+; and (f) [methylated iPrNH].
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collection” (November 2016).
• Bureau of Alcohol Tobacco, Firearms and Explosives (BATFE) following our one-day hands-on course 

titled “Explosive Analysis”: “I wanted to thank you for hosting that wonderfully informative short course!  
Every aspect was exactly what I needed to tie up the loose ends of my new field of study […] This note 
book now serves as a great tool to catch up the other people who hired on with me […] Your graduate staff 
did a great job” (May 2017). 

D. Milestones

• Work with the Netherlands Forensic Institute is close enough to completion that it is being presented at 
three different venues: the previously mentioned DHS Centers of Excellence Summit (May 30-31, 2018, 
Alexandria, VA); the 47th International Symposium on High Performance Liquid Separations (July 29 - 
August 2, 2018, Washington D.C.); and the Forensic International Network for Explosives Investigation 
(FINEX) meeting (Fall 2018). We hope to have completed the project by then.

• Field-testing of fuel-oxidizer mixtures was pursued in Fall 2017, but weather in Spring 2018 has not per-
mitted further advances (see the R1-A.2 Year 5 Project Report for more details).

• Stability of the nitrate sugars is underway. Questions involving their stability are actively pursued.
• An extremely reliable standard for HMTD quantification work has been developed. This is the fully deu-

terated compound. Its principle decomposition product has been identified and independently synthe-
sized. Conditions under which this can be used as a marker for HMTD are being considered. 

E. Future Plans (Year 6)

• Over the years, this project has resulted in well over a dozen papers on HMEs, such as TATP, HMTD, ETN, 
and other nitrated sugars. This will be a lasting achievement for DHS, as well as the database compendi-
um. There are a myriad of HME-related questions yet to be answered, and each year it is expected that 
new threats will require in-depth investigation. This project does basic research essential to those in the 
homeland security enterprise; however, they may not have the time to pursue this information, and/or 
pursuing this information may not be in their job descriptions. The transition for this project is making 
sure our investigations/information is available in an understandable form to the HSE and educating the 
workforce which will be the future of the HSE.  

• The newly initiated project on metabolism and bioaccumulation of the peroxide explosives will be con-
tinued.

• Laboratory scientists need methods for gentle destruction of HMEs.  We intend to investigate this, as well 
as methods for desensitizing peroxide explosives.

• HMTD formation and transformations will be probed, as well as those of methyl ethyl ketone peroxide 
(MEKP).

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Characterization of HMEs is an ongoing research effort within DHS, including vendors and associated re-
searchers, and impacting the entire HSE. In many cases, our methods of analysis lead the way for other mem-
bers of the HSE. Our studies on the extreme sensitivity of HMTD to moisture and acidity may have prevented 
mishandling in a number of laboratories. Many vendors of explosive detection instrumentation have request-
ed access to the explosives database or asked for help in working with various materials characterized in 
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this project. The characterization of these materials is published on our database, which is subscribed to by 
over 1000 individuals, about a quarter of which are from U.S. government agencies. Furthermore, our work is 
cited in the DHS HME Safety Protocols Handbook, and we were invited to participate in the DHS Chemical Se-
curity Analysis Center & Explosives Division 1st Inter-agency Explosives Terrorism Risk Assessment working 
group. We have directly worked with ten vendors of explosive detection instrumentation.

B. Potential for Transition

While we are not building detection devices, we provide essential input to those who do build such devices. 
As noted above, almost a dozen vendors have visited us or sent their instruments to be evaluated by our 
research team. We have worked with numerous companies producing explosive detection instruments. We 
publish results in the open literature and present at the Trace Explosive Detection conference annually. Infor-
mation is also disseminated via short courses, and we post results on the URI Explosives Database, which has 
over 1000 subscribers. A National Institute of Standards & Technology senior scientist commented on our 
database of explosive properties, “It was all we had, in many cases.” This is high praise from the organization 
that maintains the “Chemistry WebBook.” We have also received such compliments from military labs, both 
in CONUS and OCONUS.

C. Data and/or IP Acquisition Strategy

As data from the program becomes available it will be provided to the community through DHS, publications, 
and presentations. We have received requests to license the explosive database; however, to date, vendors 
have not offered sufficient security protocols.

D. Transition Pathway 

Results will primarily be transferred to the user community by publications, presentations, and classes. In 
addition, the results of this work reach over 300 HSE researchers annually through classes they request.

E. Customer Connections

The connections to DHS (central), TSL, and TSA are strong. To date the FBI is the major agency outside of DHS 
which is aware of the details of this project.   

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. We have had 13 classes on seven different topics which were attended by a total of 275 people in 

Year 5—three of those classes were specifically for TSA employees.  
2. Student Internship, Job, and/or Research Opportunities

a. Four graduate students completed their degrees with DHS ALERT support. Two students are 
now employed at Applied Research Associates (ARA) at Tyndall Air Force Base (Florida), work-
ing on TSA screening equipment, one at Signature Science, supporting TSL,  and  one at the FBI.

3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty
a. We hosted researchers from the Netherlands Forensic Institute. They are collaborating with us 
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on a European Union examination of methods of ETN production.
4. Training to Professionals or Others

a. See “New and Existing Courses Developed” (Section IV.H).

B. Peer Reviewed Journal Articles 

1. Bakhtiyarov, S.I; Oxley, J.C., Smith, J.L., & Baldovi, P.M. “A Complex Variable Method to Predict a Range 
of Arbitrary Shape Ballistics.” Journal of Applied Nonlinear Dynamics, 6(4), December 2017, pp. 521-
530. DOI:10.5890/JAND.2017.12.007

2. Oxley, J.C., Smith, J.L., & Brown, A.C. “Eutectics of Erythritol Tetranitrate.” The Journal of Physical 
Chemistry C, 121(30), July 2017, pp. 16137-16144. 

3. Oxley, J.C., Furman, D., Brown, A.C., Dubnikova, F., Smith, J.L., Kosloff, R., & Zeiri, Y. “Thermal Decom-
position of Erythritol Tetranitrate: A Joint Experimental & Computational Study.” The Journal of Phys-
ical Chemistry C, 121(30), July 2017, pp. 16145-16157. DOI:10.1021/acs.jpcc.7b04668

C. Other Publications

1. Oxley, J.C., Smith, J.L., Porter, M, Yekel, M.J., & Canaria, J.A. “Potential Biocides: Iodine-Producing 
Pyrotechnics.” Propellants, Explosives, Pyrotechnics, 42(8), July 2017, pp. 960-973. https://doi.
org/10.1002/prep.201700037

D. Peer Reviewed Conference Proceedings

1. Oxley, J.C. “Analysis of Peroxide Explosives.” 44th annual North American Thermal Analysis Society 
(NATAS) Conference, University of Delaware, August 7-9, 2017.

E. Other Conference Proceedings

1. “The Future of Energetic Materials.” Bar Ilam University, Israel, September 7, 2017.
2.  “Adventures in Analyzing Peroxide Explosives.” ISADE, Oxford, UK, September 17-21, 2017.  
3.  “Why Study Energetic Materials?” Texas Tech University, November 13, 2017.
4.  “Difficulties in Analyzing Peroxide Explosives.” JANNAF, December 5, 2017.

F. Other Presentations 

1. Poster Sessions
a. Student poster for the Centers of Excellence Summit, Arlington, VA, May 2018. 

2. Short Courses
a. See Section IV. H for details. 

3. Briefings 
a. See presentations above.

4. Interviews and/or News Articles 
a. Gormly, K.B. “Sept. 17, 1862 — The Day Pittsburgh Exploded.” Pittsburgh Quarterly, July 2017. 

https://pittsburghquarterly.com/pq-people-opinion/pq-history/item/1487-sept-17-1862-
the-day-pittsburgh-exploded.html (Article about the 1862 Allegheny Arsenal explosion during 
the Civil War). 
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b. Jones, C. “Outrageous Acts of Science.” August 2017 (About explosivity of frozen gasoline).
c. Kemsely, I. ACS C&EN, September 2017. (About explosion of Arkema peroxides after tropical 

storm Harvey knocked out power).
d. Hinnant, L. AP, September 2017. (About London train bombing). 
e. Silver, A. “They’ve only gone and made a chemical-threat-detecting ring.” The Register (London), 

October 2017, https://www.theregister.co.uk/2017/10/11/chemical_threat_detector_ring
f. Freeman, C. Freelance for Daily Telegraph, October 2017. (Research on “master” bomb maker).
g. Mayall, C. Daily Planet, Discovery Canada [television show], November - December 2017 (URI 

created a small-scale model of the  Halifax Explosion (100th anniversary)).
h. Wellner, J. December 2017. (Former actor and researcher for CSI; questions about vapor switch-

es for bombs).
i. Owen, N. The Gazette Newpaper (UK), December 2017. (About storage of 15 tons of AN at Sharp-

ness Docks, Gloucestershire). 
j. Mosher, D. “A terrorist attacked New York City’s subway with a nail bomb — here’s how the de-

vices work and why his didn’t.” Business Insider, December 2017. http://www.businessinsider.
com/nyc-subway-attack-pipe-bomb-failure-explained-2017-12

k. Wood, R. Daily Planet, Discovery Canada, December 2017 (About NYC explosion). 
l. Hughes, T. February 2018 (Author about a 1907 murder by bombing). 
m. William Henningan, “How Bomb Investigators Piece Together the Clues After an Explosion.” 

TIME, March 22, 2018. http://time.com/5209610/austin-bombing-investigation/
n. Dexheimer, E. “For those with ill intent, many bomb items unregulated, easy to find.” Austin 

American-Statesman, March 21, 2018. https://www.mystatesman.com/news/for-those-with-
ill-intent-many-bomb-items-unregulated-easy-find/lzmOr4IRHgdywg9oAWdgUL/

o. Donovan, J.  Freelance writer in Atlanta, March 21, 2018. (About Austin bombing).
5. Other 

a. Dr. Oxley is a standing ACS Expert.

G. Student Theses or Dissertations Produced from This Project

1. Colizza, K. “Metabolism and Gas Phase Reactions of Peroxide Explosives using Atmospheric Pressure 
Ionization Mass Spectrometry.” Chemistry PhD, University of Rhode Island, May 2018.

H. New and Existing Courses Developed and Student Enrollment

Student enrollment is shown. Only one class is a first time offering (Explosive Field Testing); none resulted in 
a certificate.  A full description can be found at http://energetics.chm.uri.edu/node/95
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New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student 
Enrollment

New Certificate Explosive Field Testing Field instrumentation for explosive 
testing 

15

Existing Certificate Fundamentals for TSA Overview of explosive synthesis; de-
tailed review of ETD, X-ray, and Raman 
detection

20

Existing Certificate Fundamentals of  
Explosives Eglin AFB 

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

19

Existing Certificate Fundamentals of  
Explosives Fallbrook 
AFB

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

19

Existing Certificate Dynamic Diagnostics of 
Explosives

Theory of experimental design for 
explosive testing

34

Existing Certificate Explosive Components 
&  Firing Trains

Specific components for explosive test-
ing, special emphasis on firing trains

25

Existing Certificate Fundamentals of  
Explosives EBAD 

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

17

Existing Certificate Fundamentals of  
Explosives URI 

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

37

Existing Certificate Explosive Analysis How to identify explosives in the lab 9

Existing Certificate Explosive Trains &  
Components

Specific components for explosive test-
ing, special emphasis on firing trains

17

Existing Certificate Fundamentals for TSA Overview of explosive synthesis;  
detailed review of ETD, X-ray, and  
Raman detection

22

Existing Certificate HME Characterization & 
Analysis

Laboratory analysis with emphasis on 
mass spectroscopy

20

Existing Certificate Fundamentals for TSA Overview of explosive synthesis;  
detailed review of ETD, X-ray, and Ra-
man detection

22

TOTAL 276

I. Technology Transfer/Patents

1. Oxley, J., Smith, J, & Canino, J.  “Non-Detonable Explosive or Explosive-Simulant Source.”  U.S. 
9,784,723 B1, October 10, 2017.

J. Software Developed

1. Over 1000 members in the University of Rhode Island’s Explosives Database: http://expdb.chm.uri.
edu/
a. About 250 members are with U.S. government agencies.
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K. Requests for Assistance/Advice

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

Group (IExTRAWG). In addition to group meetings, a representative was sent to URI for 2 days in 
August 2017, so that we could finalize the metric for selecting threat materials.  

c. Dr. Oxley was a member of the NAS committee on “Reducing the Threat of Improvised Explosive 
Device Attacks by Restricting Access to Chemical Explosive Precursors”  Report issued in May 
2018 http://dels.nas.edu/Study-In-Progress/Reducing-Threat-Improvised-Explosive/AUTO-7-
66-86-I

d. TSA explosive specialists email in questions weekly and occasionally call.
2. From Federal/State/Local Government

a. The new URI bomb dog and his trainer rely on our lab for advice and explosives.
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R1-A.2:  Characterization of Energetic Materials 
Under Extreme Conditions

I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email

Choong-Shik Yoo PI WSU csyoo@wsu.edu

Minseob Kim Research Scientist WSU m_kim@wsu.edu

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Sakun Duwal PhD WSU 6/2018

Alex Howard PhD WSU 6/2021

Brittany Thiessen PhD WSU 6/2022

Austin Biaggne BS WSU 6/2018

II. PROJECT DESCRIPTION

A. Project Overview

Understanding the dynamic response of solids under extreme conditions of pressure, temperature, and strain 
rate is a fundamental scientific quest and a basic research need in materials science. Specifically, obtaining an 
atomistic description of structural and chemical changes of solids under rapid heating and/or compression 
over a large temporal, spatial, and energy range is challenging but critical to understanding material stability 
or metastable structure, chemical mechanism, transition dynamics, and mechanical deformation of energetic 
materials. In this front, we have developed time-resolved spectroscopic (TRS)/X-ray diffraction (TRX) capa-
bilities for the investigation of dynamic properties of reactive materials—a class of newly emerging noncon-
ventional explosives, using the nation’s brightest hard X-ray source at the Advanced Photon Source (APS). We 
have recently applied these technologies and obtained quantitative information on the chemical and struc-
tural evolution of reactive metals and metal alloys that undergo metal combustions, intermetallic reactions, 
and thermite reactions. However, the progress on metal-dispersed explosives has been limited due to the 
challenges in preparing consistent composite samples and probing faster dynamic process occurring in these 
materials in ms. In Year 5, to overcome these challenges, we have developed a systematic synthesis method of 
high-quality metal-dispersed reactive composite, Al dispersed in Teflon, AN and AP, and a fast time-resolved 
optical pyrometric method to measure the temperature evolution of short-pulse laser-blasted Al-Teflon com-
posites, as described in Section B.1. 
The presence of shear in explosives plays a critical role to control shock initiation and sensitivity of ener-
getic materials. To understand the role of shear in explosive detonation, we have investigated high-pressure 
behaviors of pentaerythritol tetranitrate (PETN) under quasi-hydrostatic and non-hydrostatic conditions. 
PETN, one of the most powerful explosives in use today, is known to exhibit highly anisotropic shock sensitiv-
ity. Indeed, our results show that PETN undergoes shear-induced chemical decomposition in nonhydrostatic 
condition, whereas is chemical inert in hydrostatic conditions, as described in Section B.2. In order to under-
stand the chemical mechanisms associated with the observed decomposition, we are currently investigating 
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PETN in dynamic-diamond anvil cell (d-DAC), which is capable of precise controls of pressure, compression 
rates and shear strains.
Understanding the phase and chemical stabilities of energetic materials at blast-relevant pressure, tempera-
ture conditions has been a central theme to the present project. Continuing this emphasis, we have investi-
gated high-pressure stability of triaceton triperoxide (TATP) —the explosive used in the recent terror attacks 
in Paris (2015) and Brussels (2016)—in collaboration with Project R1-C2 at the University of Rhode Island 
(URI). The URI research group has provided the sample material, while the Washington State University 
(WSU) project has examined the phase and chemical stability of TATP under high pressures using micro-Ra-
man spectroscopy and synchrotron X-ray diffraction. The results have shown that TATP undergoes pres-
sure-induced structural changes, initially to a new crystalline phase at 7 GPa and then to amorphous solid 
above 30 GPa. To gain physical/chemical insights into the observed phase transitions, the additional experi-
ments are planned.
This project provided the opportunity for three graduate and one undergraduate students to gain hands-on 
experience with cutting-edge technologies and technical issues associated with fundamental research on 
energetic materials related to Department of Homeland Security (DHS) and Department of Defense (DoD) 
programs. This project also produced one new PhD (Dr. Sakun Duwal) in May 2018 in Chemistry, WSU, who 
will join the Los Alamos National Laboratory this summer.

B. State of the Art and Technical Approach

B.1.	 Aluminum	Dispersed	Teflon:	Preparation	of	Composites	and	Short	Pulse	Laser	Ignition

The dynamic response of reactive composite such as metal-dispersed explosives is complex and undergoes 
very complex energetic processes ranging from simple decomposition to deflagration and detonation [1].  
The characteristics of these processes strongly depend on the extrinsic properties of reactive composites 
such as the density, microstructure, particle sizes, and defects. Therefore, to obtain a consistent and mean-
ingful result, it is critical to prepare high-quality, well-characterized reactive composites. In this project, we 
are targeting for the synthesis of reproducible metal-dispersed reactive composites including Al-dispersed 
in Teflon, Ammonium Nitrate (AN) and Ammonium Perchlorate (AP). Here, we describe the synthesis of high 
quality Al-Teflon composites in Figure 1. 

We used three different sizes of Al nanoparticles (50, 80 and 120 nm in diameter with a few nm oxide layers, 
made by a short-pulse plasma process) and Teflon nanoparticles (~200 nm in diameter). These particles 

Figure 1: Preparation of Al (120 nm) dispersed in Teflon (200 nm).
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have tendency to clump together, resulting in highly irregular heterogeneous mixtures. Therefore, we mixed 
and sonicated these particles in hexane (Fig. 1b) and, then, evaporated hexane to produce homogeneously 
dispersed powder mixtures (Fig. 1c). Then, the mixtures were cold-sintered to a small pellet (~10 mm in 
diameter and 1 mm thick) of Al-teflon composite (Fig. 1d) using a hydraulic press. The composites were pre-
pared with three Al/Teflon ratios (70/30, 50/50 and 30/70), each with four packing densities (0.3, 0.5, 0.7, 
and 0.9) for systematic investigations. 
Time-dependent data of thermal, chemical, and mechanical properties of high explosives are critical to ob-
tain in-depth insights of shock initiation and detonation [2–4]. The temperature is by far the most important 
thermodynamic variable controlling the physical and chemical changes of shock-compressed high explosives 
in many regards [5].  For example, it is the most sensitive probe for the energy balance of chemical reactions. 
Both the rate and pathway of chemical reactions vary significantly with temperature, typically following an 
exponential dependence. Importantly, high temperature resulting from exothermic chemical reactions is one 
of the main driving forces leading to high explosive detonation. However, it is often a challenge to determine 
temperature, especially the evolution of temperature from detonating explosives in real time, because of 
highly transient and energetic nature of shock initiation and detonation. For this reason, detonation tempera-
tures have typically been calculated in many cases by using various thermochemical models [6-7] of which 
results need to be validated experimentally.  
 

Therefore, we have examined a feasibility of measuring time-re-
solved temperatures of blasting Al-Teflon composites.  Our results 
were quite promising as shown in Figure 2. We used a short-pulse 
laser (Q-switched, 10 ns Nd:Yag laser pulse  at 532 nm) to ignite 
Al-teflon composites, and the temperature were determined by 
fitting the measured thermal emission to a gray-body radiation 
formula [8]. A six-channel optical fiber was used to collect and 
deliver thermal emission from the sample to a spectropyrometer 
system which consists of six sets of photomultiplier tubes (PMTs), 
narrow beam pass filters, and neutral density (ND)  filters.  The 
PMTs were set at six discrete wavelengths centered at 340, 400, 
450, 506, 598, and 700 nm (340 and 400 nm are not shown in Fig. 
2a), each with a full band-pass width of 50 nm. The PM tube out-
puts were optimized to be about 100 mV by using an appropriate 
set of ND filters and were recorded at a gigahertz sampling rate on 
three four-channel digital scope analyzers (DSAs) at various ver-
tical sensitivities. Prior to the actual laser ignition, the entire sys-
tem (including the sample assembly, optical fiber, PMTs, etc.) was 
calibrated against a known black-body radiation source, which 
correlates the DSA vertical outputs to the spectral radiance. These 
calibrated DSA outputs were then fitted to a gray-body radiation 
equation at every one-microsecond time step, providing one mi-
crosecond time-resolved temperature data for about 2 ms—long 
enough for the blast event of interest. In this study, we assume that 
the emissivity is independent of wavelength. The time-resolved 
data shows that the blasting Al-teflon composite undergoes a wide 
range of temperature change, ranging from the peak temperature 

of 2400 K to a steady burning temperature of 1850 K. Importantly, the present optical pyrometric system is 
good for a faster ns time resolution within the optical window of a few ms (limited by the sampling number 
points of the DSA). We will continue the time-resolved temperatures of laser-blasted Al-teflon composites, as 

Figure 2: Time resolved temperature of 
Al-teflon composite: (a) as determined on 
the PMT; and (b) converted to temperatures 
by fitting the (a) to the grey body formula 
in the inset.
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well as Al-AN and Al-AP composites using a similar method in Figure 1 with a faster time resolution (1-10 ns). 

B.2.	 Pressure-induced	Phase	and	Chemical	Transformations	in	PETN

Mechanical issues associated with the state of stress, microstruc-
ture, grain boundary, heterogeneity, etc., are all very important 
to understand shock initiation and detonation in high explosives 
[9-10]. It is well known that PETN exhibits a strong orientation 
dependence of its initiation and detonation under shock compres-
sion [11-12]. Aimed at gaining the insights into shock sensitivity, 
we have investigated PETN under quasi-hydrostatic and non-hy-
drostatic conditions.  The results are shown in Figure 3. 
Figure 3a plots the pressure-induced shifts of C-H vibrational Ra-
man peaks of PETN to 50 GPa in an Ar pressure-transmitting me-
dium. Soft Ar provides a quasi-hydrostatic condition in this pres-
sure range. The plot clearly shows an abrupt peak shift at ~12 
GPa, which occurs reversibly upon the pressure cycling. In con-
trast, nonhydrostatically compressed PETN behaves completely 
differently and shows the evidence for chemical decomposition at 
~10 GPa. Figure 3b shows the microphotograph images of PETN 
taken before and after the chemical reaction at 10 GPa and ambi-
ent temperature. Note that the reaction occurs rapidly (within a 
frame time of CCD camera, <30 ms) and exothermically (evident 
from the sudden movement of small Ruby particles at the gasket 
edge shown in the frame (a) and produces black carbon particles 
over a time scale of several seconds (noted in each frame in s). 
This reaction is probably related to an increase in shear with in-
creasing pressure. Chemical reactions in non-hydrostatic condi-
tions have been observed previously in nitromethane [13], HMX 
[14] and 1,4-dinitrocubane [15], all of which can be considered 
broadly as a shear-induced chemical reaction. The hydrostatic 
data, on the other hand, indicates no apparent chemical reactions, 
but a structural phase transition at 12 GPa—a similar pressure 
associated with chemical decomposition.   
In order to understand the relationship between the structural phase transition and the chemical reaction, 
we now investigate PETN in dynamic-diamond anvil cell (d-DAC), which can produce well-controlled pres-
sure, compression rates, and dynamic shear strains [16], coupled with time-resolved spectroscopic methods 
[17, 18]. 

C.	 Major	Contributions

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

tures, including ammonium nitrate/fuel oil (ANFO) and Ammonal. 

Figure 3: (a) Pressure-induced Raman shifts 
of PETN in hydrostatic Ar pressure medium, 
showing a phase transition at ~12 GPa; and 
(b) photographic images of PETN in non-
hydrostatic condition, showing an abrupt 
chemical reaction at 10 GPa.
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• Work in progress on the systematic studies of main group I peroxides, in comparison with H2O2. 
Year 2:
• Completed the phase diagram of AP over the extended region of pressures and temperatures. 
• Accomplished the systematic understanding of high-pressure-temperature behaviors of the main group 

I peroxides.
Year 3: 
• Completed the investigation of AP and Li2O2 under static conditions over a wide range of pressure tem-

perature regimes.
• Developed a fast, time-resolved, six-channel pyrometer for the investigation of reactive metals and com-

posites undergoing energetic metal combustions and thermite and metathesis reactions. 
Year 4:
• Completed the investigation of TATP under static conditions to 60 GPa using Raman and synchrotron 

X-ray diffraction.
• Determined the structural evolution of reactive composites (Al dispersed BN) using the TRX experiments.
Year 5:
• Made significant progress on Al dispersed Teflon, especially in preparation of high-quality reactive com-

posites and time-resolved temperature measurements of laser-ignited reactive composites.
• Investigated high-pressure behaviors of pentaerythritol tetranitrate (PETN) under quasi-hydrostatic and 

non-hydrostatic conditions.

D. Milestones

Our major research accomplishments are on the investigation of phase and chemical stabilities of energetic 
materials under both static and dynamic high PT conditions. The accomplishment realized in static condi-
tions included the following efforts: 
• Mapped out the phase diagram and melting/decomposition curves of the two most commonly used 

nonconventional energetic materials: ammonium nitrates (AN; published in Journal	of	Chemical	Physics 
2011, 2012 and 2013) and ammonium perchlorates (AP; published in Journal	of	Chemical	Physics 2016). 

• Determined crystal structures, phase transitions, and chemical stabilities of Group I alkali metal perox-
ides including H2O2, Li2O2 and Na2O2 under static high pressures (published in Journal	of	Chemical	Physics 
2008 and 2017).

• Investigated static high-pressure properties of triaceton triperoxide (TATP)—the explosive used in the 
recent terrorist attacks in Paris and Brussels—in collaboration with Project R1-C.2 University of Rhode 
Island (URI). The URI group (led by Professor Oxley) have provided the sample, and we have examined 
the phase and chemical stability of TATP under high pressures, using micro-Raman spectroscopy and 
synchrotron X-ray diffraction.    

• We have investigated high-pressure behaviors of pentaerythritol tetranitrate (PETN) under quasi-hydro-
static and non-hydrostatic conditions. PETN is one of the most powerful explosives in use today and is 
known to exhibit highly anisotropic shock sensitivity

The accomplishments realized in the dynamic conditions included the following efforts: 
• Developed Time-Resolved synchrotron X-ray diffraction (TRX), TR Spectroscopy (TRS), and TR Pyrom-

etry (TRP) for studies of reactive materials. These technologies are capable of probing structural and 
chemical evolutions of energetic materials subjected to dynamic thermal and mechanical ignitions as 
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described in several publications in Review	of	Scientific	 Instruments (2012), Journal	of	Applied	Physics 
(2012), and Journal of Materials Research (2012).  

• Performed TRX experiments on reactive metal composites including Ni and Al composites with boron, 
nitrogen, AN, and AP, using the nation’s brightest hard X-ray source at the Advanced Photon Source (APS). 
The results have provided quantitative information on the chemical and structural evolution of reactive 
materials undergoing metal combustions, intermetallic reactions, and thermite reactions. The main find-
ings of this work will be submitted to Journal	of	Applied	Physics (2018). 

• Developed a synthetic method of high-quality, well-characterized metal-dispersed reactive compos-
ites including Al-dispersed Teflon, AN and AP, and a short pulse laser ignition experiment for fast (ns) 
time-resolved temperature measurements.   

E.	 Future Plans (Year 6)

As a result of the ALERT Biennial Review conducted in March of 2018, this project has been concluded and 
will not be funded in Year 6.  As much as possible, we will complete the investigations currently in progress 
with the following specific objectives:   
• Continue to complete the work on TATP under static high PT conditions.
• Determine the dynamic responses of nitromethane and PETN in d-DAC, coupled with TRS.     
• Investigate the dynamic responses of metalized explosives (Al-dispersed Teflon, AN and AP), subjected to 

the laser ignition, using our TRS and TRP capabilities.
• Publish the major findings from the experiments listed above.

III. RELEVANCE AND TRANSITION

A. Relevance	of	Research	to	the	DHS	Enterprise

The present project provided significant 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 
development in: 
• Predictive capabilities for explosive initiation.
• Improved EOS models for better assessment of blast effects.
• Blast-/shock-mitigating materials and methodologies.

B. Related	Basic	Science	Needs	for	Materials	in	Extreme	Conditions

Our project addressed the scientific and technological challenges to detect, evaluate, and mitigate the blast 
effects of nonconventional energetic materials by providing:

1. Fundamental data for energetic materials libraries and thermochemical models over a wide range of 
phase space—critical to developing a predictive capability;

2. High-pressure data of energetic materials in relation to shock sensitivities and detonabilities for 
other efforts within ALERT, as well as other defense programs in DoD and the Department of Energy 
(DOE); and

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

Products of this project with the potential for transition to fundamental research include:
• Fundamental data to chemical data libraries to improve/validate thermochemical models, such as CHEE-

TAH and Reactive Models developed by our collaborators (Drs. Fried and Tarver) at Lawrence Livermore 
National Laboratory (LLNL). These codes are used in integrated hydro-codes such as AL3D and SHAMRC 
used by DHS.

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

• Forensic (<1 μg) evaluation of energetic materials under dynamic conditions.
• Technology transfer to fundamental studies of explosives. For example, the fast (ns) time-resolved spec-

tro-pyrometer developed in this project is powerful enough to investigate the detonation dynamics of 
explosives; therefore, if this project should receive Year 6 funding, we will first transition this technique 
to measure fast time-resolved temperatures of detonating explosives.  

D. Data	and/or	IP	Acquisition	Strategy

Fundamental data describing: (1) Thermal and chemical stabilities, and (2) chemical kinetics and energetics 
of high impact explosives, was produced in this project and then used to develop and/or validate the rele-
vance chemical models used in CHEETAH and reactive materials hydro-codes. The materials data and infor-
mation obtained in this project will also be published in scientific journals to evaluate the significance and 
accuracy of results via peer-reviewed processes and for a greater level of distribution. 

E.	 Transition	Pathway	

The major transition pathway of the present research is through scientific publications, student training for 
the future homeland security and defense workforce, data incorporation into the energetic materials data 
library, and the database of various thermo-mechanical and chemical codes. 

F. Customer	Connections

The relevant technologies, such as fast TRX diffraction and dynamic-DAC, are of great interest to the scientists 
at DOE and DoD laboratories, including our collaborators at Los Alamos National Lab (LANL; Dr. Dattelbaum) 
and LLNL (Drs. Evans and Zaug).

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education	and	Workforce	Development	Activities

1. Provided research experience for undergraduate student, Austin Biaggen (Junior, Physics, WSU).  
2. Provided technical training for one post-doctoral scientist, Minseob Kim, on fundamental research 

programs related to DHS and DoD needs.

B. Peer Reviewed Journal Articles 

Pending-
1. Minseob Kim, Jesse Smith, Ross Hrubiak, and Choong-Shik Yoo. “Thermochemical reactions of Al-

based intermetallic composites to AlN.” Journal	of	Applied	Physics. Submitted for publication. 
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C.	 Student Theses or Dissertations Produced from This Project

1. Duwal, S. “Chemistries of Hydrogen-Sulfur Compounds, Layered Materials and Nitrogen-rich Azide 
Under High Pressures.” Ph.D. in Chemistry, Washington State University, May 6, 2018.
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R1-B.1:  Metrics for Explosivity, Inerting &  
Compatibility

I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email 

Jimmie Oxley Co-PI URI joxley@chm.uri.edu

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

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Tailor Busbee PhD URI 5/2020

Kevin Colizza PhD URI 5/2018

Ryan Rettinger PhD URI 12/2018

Alex Yeudakemau PhD URI 12/2020

Rachael Lenher B.S. URI 5/2021

Maxwell Yekel B.S. URI 5/2017

II. PROJECT DESCRIPTION 

A. Project Overview

To reveal detonability/initiability with small-scale tests is our ultimate goal [1]. There is no precedent for 
this type of test, but the goal is of such value to the Homeland Security Enterprise (HSE) that it is worth the 
effort. To double our chances of achieving this goal, two very different approaches are being pursued: 1) An 
approach using a research-grade mass spectrometer in a typical chemistry laboratory; and 2) Detonation 
studies, which require a special facility where explosives can be tested.  A mass spectrometric technique, 
termed “survival yield,” has been adapted to our purpose. We are employing Energy Resolved Mass Spec-
trometry (ERMS), a similar technique to monitor and collect the energy required to “breakdown” a species 
using a linear ion trap mass spectrometer.  

B. State of the Art and Technical Approach

In pursuing methods of evaluating potential detonability, we must differentiate between characterizing the 
relative ease with which a detonation is initiated and the tendency to detonate.  Over the decades the military 
has developed a number of tests to characterize stability of energetic materials (EM). Drop weight impact, 
electrostatic discharge, and friction testing are routinely performed as soon as a few grams of a new energetic 
material are available. Yet, the results of these tests are highly variable—relative to the machine they are test-
ed on, the operator who tests them, and the particle size and crystal morphology. The results with precisely 
produced military explosives vary widely from facility to facility and operator to operator [1]. Needless to say, 
attempts to characterize homemade explosives in this manner have failed despite all efforts to use standard-
ized materials. An “intrinsic” stability test is needed. 
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Molecular stability can be used to predict chemical and physical properties of a material, and that may in-
clude its potential to be explosive [2]. In order to elucidate stability of existing and emerging materials, we 
are attempting to combine the power of mass spectrometry and calorimetry. Mass spectrometry is one of the 
major tools in structural elucidation and quantification, while calorimetry can be used to measure the energy 
change for a chemical reaction or transition.
It is often speculated that overall stability of a compound can be related to the ease of loss of its first function-
al group. Although, no applications in mass spectrometry exist which directly measure this phenomenon, we 
believe that Energy Resolved Mass Spectrometry (ERMS) can be employed to investigate molecular stability 
via resonance frequency fragmentation. 
While all ions can be monitored by mass spectrometry (MS), mass spectrometers with ion trap capability 
(common in most triple quads) allows the user to isolate, trap and fragment selected precursor ions (one 
nominal mass at a time) and monitor resulted product ions. In the ion trap, the ERMS technique gradually 
increases the energy imparted onto the precursor ion until the weakest bond(s) breaks. This initiation of 
fragmentation corresponds to the precursor decomposition. Unique to ion trap MS is the ability to input en-
ergy only at a specific resonance frequency, thus fragmenting only the precursor ion.
Approach details: The energy ramp in the ion trap causes breakdown of the introduced molecular ion. In-
creasing the energy in small increments (0.2 eV) allowed observation of the precursor when it was complete-
ly (100%) present to when it was completely dissociated (0%) (Figure 1). Use of a maximum normalized 
collision energy of 50 eV ensured that virtually any ion should have been completely fragmented. During this 
process, all energy levels were recorded. Further, statistical analysis could potentially uncover additional 
chemical and physical properties of molecules; but as the experiment is currently formatted, collision time 
is fixed for all species and energies. This is somewhat analogous to a thermal scan (it is also possible to vary 
collision time at a fixed energy, analogous to an isothermal experiment).  In the resulting energy scan, the en-
ergy change to the onset point in eV represents sensitivity of compounds relative to other species. A common 
reference point can be established by calibrating a metric in the future (e.g. thermometer ions)[3], or by cross 
comparison to other sensitivity methods to observe any common trends (e.g. comparing Table 1 to Table 2). 
The energy change between the onset and offset points (Figure 1) represents molecular stability and can be 
compared across a wide range of compounds. Survival yield is frequently used in literature [4–6], where cal-
culations are dependent upon the resultant fragments. This technique is difficult to apply to most explosives 
as few, if any, fragments are observed depending on ion type (e.g. sodium adduct vs. proton adduct) being 
observed. To that end, the metric selected that captures most of the information in one data point we coin as 
the “fragmentation resilience 50” (FR50), the point at which 50% of precursor ion is gone, and 50% of corre-
sponding fragments are formed. This can be based solely on the parent loss.
With respect to fragments, the intensities of the observed fragments are indicative of how stable they are, 
with the most intense being the most stable. The advantage of using ion trap is that the energy input is specif-
ic to the precursor ion. This means that the fragments formed from the precursor (parent) ion persist since 
added energy is tuned to the resonance frequency of the precursor, not the product ions. Thus, the intensities 
of the product ions are a measure of the statistically favored decomposition pathway (MS2). 
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By comparing the precursor ion signal decrease to the fragment intensity increase, a specific fragment can 
be associated to the parent molecule. Figure 2 illustrates the manner in which the “cross intersect” method 
indicates the association of precursor and fragment ions. The assumption of this method is that as precursor 
ions are being fragmented, the related and corresponding fragments are being formed at the same rate. If 
both energies are normalized (to either average or maximum intensities), the traces of the breakdown curves 
can be plotted on the same scale and overlaid. If two fragments overlap at approximately 50% of normalized 
intensities, then we assume the fragment and the precursor ions are related; otherwise, they are statistically 
different and presumed to come from different sources. We believe these two methods (FR50 and cross inter-
sect) can provide strong fundamental basis for probing chemical and physical properties of not just energetic 
materials, but of any type of molecules. Having two independent methods of analysis that provide similar 
outcomes reinforces the validity of the proposed technique. Additionally, it offers extra versatility if one of the 
analytical methods cannot be used as mentioned above when no fragments are present. The FR50 could still 
be used to analyze the precursor ion trace, but the “cross-intersect method” would not provide data.
Our instrument (Thermo Scientific LTQ Orbitrap XL) is a linear ion trap interfaced with an Orbitrap high 
resolution mass detector. It has been used to collect the ERMS data summarized in Tables 1 and 2. In this ion 
trap MS, the applied resonance energy can be gradually increased to produce precise breakdown curves of 
the material under investigation; it might be compared to having an ion isolated in a gas-phase test tube. We 
have tested a variety of explosive and non-explosive compounds in this fashion and developed a computer 
algorithm to assign the point at which fifty percent of the molecules fragment. Our first observations indi-
cate that explosives (Table 1) in general, do not require as much fragmentation energy as the non-explosives  
(Table 2), although the nitroarene explosives, with the exception of tetryl, require more fragmentation ener-
gy than the other explosives. Interestingly, Table 1 shows that fragmentation energy correlates well with the 
Explosive Hazard Index of sensitivity assigned in a Navy study summarizing impact and shock tests, where 

Figure 1: Fragmentation resilience (FR50) method for statistical analysis of TNT. Onset point (in eV) indicates relative 
sensitivity of the compound; FR50 point is the metric for cross comparison between compounds; energy (in eV) be-
tween onset and offset points indicates compound overall stability [a = lowest asymptote; b = highest asymptote; c = 
slope at d; d = inflection point].
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the lower the number, the more sensitive the explosive [7]. It also follows thermal trends as represented by 
differential scanning calorimetric (DSC) results [8,9].

Several interesting questions arise from the data shown in Tables 1 and 2: (1) Does molecular stability (as 
established by MS) directly correlate with thermal stability (as determined by calorimetry)?; (2) Can ther-
modynamic parameters be calculated from fragmentation energy?; (3) What are the effects of varying the 
ionization source [ESI vs. atmospheric pressure chemical ionization (APCI)], introducing adducts, varying 
concentration, or enlarging the energy window; (4) Can an ERMS analysis obviate the need for chromatogra-
phy on the front end of the MS?; and (5) Are the compounds listed as non-explosives in Table 2, but exhibiting 
fragmentation energies close to those of the nitroarene explosives potentially detonable? Each of these ques-
tions suggests a fruitful line of inquiry.   

Figure 2: Cross-intersect method for assigning correct fragments to TNT ion (m/z 226.0095). The fragment should inter-
sect at approximately half-height of normalized intensity.

Table 1: Fragmentation Energy for Explosive Compounds. Navy Hazard Index is attached in appendix. DSC (run at 20oC/
min) are from the URI database of explosive properties available online http://expdb.chm.uri.edu/.
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ERMS experiments suggested that an improved method exists for assigning fragments to a particular ion 
based on their breakdown characteristics or cross-intersect, rather than on a chromatographic retention 
time. Exploitation of this concept would allow one to assign a fragment to a particular precursor with a high 
degree of certainty, distinguishing it from background and/or unrelated fragment(s). This work can poten-
tially be extremely beneficial to the field of mass spectrometry, even beyond energetic materials. This would 
be especially true for the work done on nominal mass instruments [e.g. triple quadrupole mass spectrometer, 
ion-mobility mass spectrometer (IMS)]. 
While this report has focused in depth on the mass spectrometric approach, studies developing new small-
scale detonability tests are underway. Characterizing detonation behavior for sub-critical diameters of 
non-ideal energetics is extremely challenging. Energetic materials not hereto characterized as detonable 
(Table 2) may be in this category.  A material may fail to detonate because it is below its critical diameter or 
because it has no explosive character at all.  We are attempting to probe the explosivity of materials labeled 
“non-explosive” but possessing fragmentation energies similar to explosive materials. We have developed a 

Table 2:  Fragmentation energy for non-explosives.
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small-scale test using photon Doppler velocimetry where less than a pound of the material of interest is im-
pacted by a shock wave from a booster and the profile of shock wave structure through that material is cap-
tured at early times before edge effects become important (Figure 3). Evaluation of such profiles will reveal 
whether a material is detonable, but failed to detonate due to its small charge size, or whether the material’s 
chemical contribution is too slow and low energy ever to grow to detonation.  

C. Major Contributions

• Characterized the limitations of certain oxidizers in terms of terrorist use (Years 1-2) and detonability on 
the 5 kg scale (Years 4-5).

• Developed gentle destruction methods for HMTD (Years 3-4).
• Studied and revealed the modes by which peroxide explosive signature can be masked by solvent (Years 

3-4).
• Achieved determination of best practices in analyzing peroxide explosives in connection with Projects 

R1-A.1 and R1-C.2 (Year 5).
• ERMS is being pioneered in this project (Project R1-B.1) and we expect it to be widely adopted by those 

in the homeland security enterprise (Years 4-5).

D. Milestones

• For the field tests, PDV (photon Doppler velocimetry) has been established at our facility and successfully 
used to document fragment velocity.

• Successfully employed streak photography for characterizing sample detonability.
• Developed codes to process ERMS so that the “cross-intercept” point can be readily determined (see 

Figure 3). 

E. Future Plans (Year 6)

We believe initial publication on both novel techniques (MS for initiability) and (small-scale detonation) 
will reach the stage where publication is possibly. Once publication occurs, we expect both techniques to be 
highly popular in the HSE as well as other communities.   While MS instruments are not widely used in the 
field for explosive detection (there are at least three brands that are), we believe our MS techniques can be 
transitioned to the more common IMS instruments.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Characterization of HMEs is an ongoing research effort within DHS, including vendors and associated  

Figure 3: Schematic of initiation by booster (red) of detonation (orange) and its quenching by edge effects (green). 
Observations must be made before edge effects overtake the front.
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researchers, and impacting the entire HSE. Many vendors of explosive detection instrumentation have re-
quested access to the explosives database or asked for help in working with various materials characterized 
in this project. The characterization of these materials is published on our database, which is subscribed 
to by over 1000 individuals, about a quarter of which are from U.S. government agencies. We have directly 
worked with ten vendors of explosive detection instrumentation. We believe our MS techniques can be ap-
plied to ion mobility spectrometers to greatly reduce false alarms in these EDS instruments.

B. Potential for Transition

While  Research Thrust 1 (R1) is not focused on building detection devices, it provides essential input to 
those who do build such devices. Our publications and presentations have resulted in direct interaction with 
at least ten companies producing explosive detection instruments. In the past, this work entails building their 
libraries or evaluating their instrumentation; however, with this project we have reached the point where we 
believe a contribution can be made to enhanced algorithms.

C. Data and/or IP Acquisition Strategy

As data from the program becomes available, it will be provided to the community through DHS, publications, 
and presentations. We have received requests to license the explosive database; however, to date, vendors 
have not offered sufficient security protocols.

D. Transition Pathway 

Results will primarily be transferred to the user community by publications, presentations, and classes. (The 
results of this work reach over 300 HSE researchers annually through classes they request.)

E. Customer Connections

The connections to DHS (central), TSL, and TSA are strong. To date, the FBI is the major agency outside of 
DHS which is aware of the details of this project.   

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. We have had 13 classes on seven different topics which were attended by a total of 275 people in 

Year 5—three of those classes were specifically for TSA employees.  
2. Student Internship, Job, and/or Research Opportunities

a. Four graduate students completed their degrees with DHS ALERT support. Two students are 
now employed at Applied Research Associates (ARA) at Tyndall Air Force Base (Florida), work-
ing on TSA screening equipment, and a student are employed at Signature Science, supporting 
TSL, and one at the FBI.

3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty
a. We hosted researchers from the Netherlands Forensic Institute. They are collaborating with us 

on a European Union examination of methods of ETN production.
4. Training to Professionals or Others
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a. See “New and Existing Courses Developed” (Section IV.H).

B. Peer Reviewed Journal Articles 

1. Bakhtiyarov, S.I; Oxley, J.C., Smith, J.L., & Baldovi, P.M. “A Complex Variable Method to Predict a Range 
of Arbitrary Shape Ballistics.” Journal of Applied Nonlinear Dynamics, 6(4), December 2017, pp. 521-
530. DOI:10.5890/JAND.2017.12.007

2. Oxley, J.C., Smith, J.L., & Brown, A.C. “Eutectics of Erythritol Tetranitrate.” The Journal of Physical 
Chemistry C, 121(30), July 2017, pp. 16137-16144. 

3. Oxley, J.C., Furman, D., Brown, A.C., Dubnikova, F., Smith, J.L., Kosloff, R., & Zeiri, Y. “Thermal Decom-
position of Erythritol Tetranitrate: A Joint Experimental & Computational Study.” The Journal of Phys-
ical Chemistry C, 121(30), July 2017, pp. 16145-16157. DOI:10.1021/acs.jpcc.7b04668

C. Other Publications

1. Oxley, J.C., Smith, J.L., Porter, M, Yekel, M.J., & Canaria, J.A. “Potential Biocides: Iodine-Producing 
Pyrotechnics.” Propellants, Explosives, Pyrotechnics, 42(8), July 2017, pp. 960-973. https://doi.
org/10.1002/prep.201700037

D. Peer Reviewed Conference Proceedings

1. Oxley, J.C. “Analysis of Peroxide Explosives.” 44th annual North American Thermal Analysis Society 
(NATAS) Conference, University of Delaware, August 7-9, 2017.

E. Other Conference Proceedings

1. “The Future of Energetic Materials.” Bar Ilam University, Israel, September 7, 2017.
2.  “Adventures in Analyzing Peroxide Explosives.” ISADE, Oxford, UK, September 17-21, 2017.  
3.  “Why Study Energetic Materials?” Texas Tech University, November 13, 2017.
4. “Difficulties in Analyzing Peroxide Explosives.” JANNAF, December 5, 2017.

F. Other Presentations 

1. Poster Sessions
a. Student poster for the Centers of Excellence Summit, Arlington, VA, May 2018. 

2. Short Courses
a. See Section IV. H for details. 

3. Briefings 
a. See presentations above.

4. Interviews and/or News Articles 
a. Gormly, K.B. “Sept. 17, 1862 — The Day Pittsburgh Exploded.” Pittsburgh Quarterly, July 2017. 

https://pittsburghquarterly.com/pq-people-opinion/pq-history/item/1487-sept-17-1862-
the-day-pittsburgh-exploded.html (Article about the 1862 Allegheny Arsenal explosion during 
the Civil War). 

b. Jones, C. “Outrageous Acts of Science.” August 2017 (About explosivity of frozen gasoline).
c. Kemsely, I. ACS C&EN, September 2017. (About explosion of Arkema peroxides after tropical 
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storm Harvey knocked out power).
d. Hinnant, L. AP, September 2017. (About London train bombing). 
e. Silver, A. “They’ve only gone and made a chemical-threat-detecting ring.” The Register (London), 

October 2017, https://www.theregister.co.uk/2017/10/11/chemical_threat_detector_ring
f. Freeman, C. Freelance for Daily Telegraph, October 2017. (Research on “master” bomb maker).
g. Mayall, C. Daily Planet, Discovery Canada [television show], November - December 2017 (URI 

created a small-scale model of the  Halifax Explosion (100th anniversary)).
h. Wellner, J. December 2017. (Former actor and researcher for CSI; questions about vapor switch-

es for bombs).
i. Owen, N. The Gazette Newpaper (UK), December 2017. (About storage of 15 tons of AN at Sharp-

ness Docks, Gloucestershire). 
j. Mosher, D. “A terrorist attacked New York City’s subway with a nail bomb — here’s how the de-

vices work and why his didn’t.” Business Insider, December 2017. http://www.businessinsider.
com/nyc-subway-attack-pipe-bomb-failure-explained-2017-12

k. Wood, R. Daily Planet, Discovery Canada, December 2017 (About NYC explosion). 
l. Hughes, T. February 2018 (Author about a 1907 murder by bombing). 
m. William Henningan, “How Bomb Investigators Piece Together the Clues After an Explosion.” 

TIME, March 22, 2018. http://time.com/5209610/austin-bombing-investigation/
n. Dexheimer, E. “For those with ill intent, many bomb items unregulated, easy to find.” Austin 

American-Statesman, March 21, 2018. https://www.mystatesman.com/news/for-those-with-
ill-intent-many-bomb-items-unregulated-easy-find/lzmOr4IRHgdywg9oAWdgUL/

o. Donovan, J.  Freelance writer in Atlanta, March 21, 2018. (About Austin bombing).
5. Other 

a. Dr. Oxley is a standing ACS Expert.

G. Student Theses or Dissertations Produced from This Project

1. Colizza, K. “Metabolism and Gas Phase Reactions of Peroxide Explosives using Atmospheric Pressure 
Ionization Mass Spectrometry.” Chemistry PhD, University of Rhode Island, May 2018.

H. New and Existing Courses Developed and Student Enrollment

Student enrollment is shown. Only one class is a first time offering (Explosive Field Testing); none resulted in 
a certificate.  A full description can be found at http://energetics.chm.uri.edu/node/95
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New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student 
Enrollment

New Certificate Explosive Field Testing Field instrumentation for explosive 
testing 

15

Existing Certificate Fundamentals for TSA Overview of explosive synthesis; de-
tailed review of ETD, X-ray, and Raman 
detection

20

Existing Certificate
Fundamentals of  
Explosives Eglin AFB

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

19

Existing Certificate Fundamentals of  
Explosives Fallbrook 
AFB

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

19

Existing Certificate Dynamic Diagnostics of 
Explosives

Theory of experimental design for 
explosive testing

34

Existing Certificate Explosive Components 
&  Firing Trains

Specific components for explosive test-
ing, special emphasis on firing trains

25

Existing Certificate
Fundamentals of  
Explosives EBAD

Overview of explosive principles, shock 
and detonation, forensics, and 
 detection

17

Existing Certificate
Fundamentals of Explo-
sives URI

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

37

Existing Certificate Explosive Analysis How to identify explosives in the lab 9

Existing Certificate Explosive Trains & Com-
ponents

Specific components for explosive test-
ing, special emphasis on firing trains

17

Existing Certificate Fundamentals for TSA Overview of explosive synthesis;  
detailed review of ETD, X-ray, and  
Raman detection

22

Existing Certificate HME Characterization & 
Analysis

Laboratory analysis with emphasis on 
mass spectroscopy

20

Existing Certificate Fundamentals for TSA Overview of explosive synthesis;  
detailed review of ETD, X-ray, and  
Raman detection

22

TOTAL 276

I. Technology Transfer/Patents

1. Oxley, J., Smith, J, & Canino, J.  “Non-Detonable Explosive or Explosive-Simulant Source.”  U.S. 
9,784,723 B1, October 10, 2017.

J. Software Developed

1. Over 1000 members in the University of Rhode Island’s Explosives Database: http://expdb.chm.uri.
edu/
a. About 250 members are with U.S. government agencies.
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K. Requests for Assistance/Advice

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

Group (IExTRAWG). In addition to group meetings, a representative was sent to URI for two days 
in August 2017, so that we could finalize the metric for selecting threat materials.  

c. Dr. Oxley was a member of the NAS committee on “Reducing the Threat of Improvised Explosive 
Device Attacks by Restricting Access to Chemical Explosive Precursors”  Report issued in May 
2018 http://dels.nas.edu/Study-In-Progress/Reducing-Threat-Improvised-Explosive/AUTO-7-
66-86-I

d. TSA explosive specialists email in questions weekly and occasionally call.
1. From Federal/State/Local Government

a. The new URI bomb dog and his trainer rely on our lab for advice and explosives.

V. REFERENCES

[1] Doherty, R. “Making Sense of Sensitivity Data” NTREM, Pardubice, April 17-20, 2018.
[2] Colizza, K., Porter, M., Smith, J.L., Oxley, J.C.: Gas-phase reactions of alcohols with hexamethylene triper-

oxide diamine (HMTD) under atmospheric pressure chemical ionization conditions. Rapid Commun. 
Mass Spectrom. 29, 74–80 (2014). doi:10.1002/rcm.7084

[3] Derwa, F., De Pauw, E., Natalis, P.: New Basis for a Method for the Estimation of Secondary Ion Internal 
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[4] Collette, C., Drahos, L., De Pauw, E., Vekey, K.: Comparison of the Internal Energy Distributions of Ions 
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observed in electrospray ionization. J. Mass Spectrom. 34, 1373–9 (1999). doi:10.1002/(SICI)1096-
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[6] Fenner, M.A., Mcewen, C.N.: Survival yield comparison between ESI and SAII: Mechanistic implications. 
Int. J. Mass Spectrom. 378, 107–112 (2015). doi:10.1016/j.ijms.2014.07.023

[7] Safety Department, N.W.S.: Explosive Hazard Index. , York Town, VA (1983).
[8]  Oxley, J.C.: A Survey of the Thermal Stability of Energetic Materials. In: Politzer, P. and Eds, J.M. (eds.) 

Energetic Materials: Part 2. Detonation, Combustion. pp. 5–30. Elsevier (2003).
[9] Oxley, J.C.: The Thermal Stability of Explosives. In: Gallagher, P.K. and M. E. Brown, E. (eds.) Handbook of 

Thermal Analysis and Calorimetry: Vol 2 in Applications to Inorganic and Miscellaneous Materials. pp. 
349–369. Elsevier (2003).

[10] The URI Energetic Materials group maintains a database of explosive properties: It was initiated to aid 
forensic labs who often did not have explosives available as authentic samples. Today it serves over 
a thousand researchers including many government and military labs and detection instrumentation 
companies., http://expdb.chm.uri.edu/

[11] Oxley, J.C., Smith, J.L., Donnelly, M.A., Colizza, K., Rayome, S.: Thermal Stability Studies Comparing IMX-
101 (Dinitroanisole/Nitroguanidine/NTO) to Analogous Formulations Containing Dinitrotoluene. Pro-
pellants, Explos. Pyrotech. 41, 98–113 (2016). doi:10.1002/prep.201500150
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R1-B.2:  Small-scale Characterization of  
Homemade Explosives (HMEs)

I. PARTICIPANTS

Faculty/Staff 
Name Title Institution Email

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

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Christian Sorensen PhD Purdue University 08/2020

Dakota Scott MS Purdue University 7/2019

II. PROJECT DESCRIPTION

A. Project Overview

Our research seeks to develop a small-scale experimental approach to characterize homemade explosives, so 
we can quickly provide the relative detonability of different compositions, as well as provide data for model-
ing efforts so that threats can be more accurately predicted. Specific aims for this research include:
• Characterization of the relationship between small-scale and large-scale explosive test data.
• Development of a technique which requires little time and material, while safely providing a data-rich 

alternative to conventional large-scale tests for HMEs.
• Model development and calibration using data from small-scale tests to quantify specific threats posed 

by various HMEs.
• Collaboration with companies such as Rocky Mountain Scientific Laboratory (RMSL), and national labo-

ratories such as Lawrence Livermore National Laboratory (LLNL) or Sandia National Laboratories (SNL), 
or the Army Research Laboratory (ARL) to compare experimental data as well as disseminate results 
obtained from small-scale explosive test techniques.

• A Year 6 focus will include evaluating the effectiveness of additives to homemade explosives to make 
them less detonable, as well as considering explosives that are not amenable to microwave interferome-
try using ultra-high-speed imaging.

High costs and safety risks are incurred when large-scale characterization tests on non-ideal explosives are 
performed, and may not even be feasible with some explosives due to the lack of available material required 
to sustain a steady detonation. The physics governing a detonation failure event, which will occur if the diam-
eter of an explosive charge is below the critical diameter, and its relationship to mechanisms of initiation have 
not been fully explored. An understanding of this relationship may increase the ability to predict the behavior 
of explosives using only a few grams per test of the given material for characterization. Here, experiments 
in which detonation failure in non-ideal ammonium nitrate (AN) based explosives occur, are observed to ex-
plore the relationship between rate of failure and the shock sensitivity of an explosive. To address materials 
that have high microwave absorptivity we have begun using a 10M frame per second camera instead of the 
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microwave interferometry technique. We have used this to study systems such as ammonium nitrate and 
nitromethane (NM).  

B. State of the Art and Technical Approach

Microwave interferometry (MI) is a technique to measure shock and detonation velocities in explosives.  
However, before this work, it has not been applied to homemade explosives in a configuration that induces a 
detonation failure, or transient detonation. Detonation failure in homemade explosives occurs when the ex-
plosive charge is smaller than the failure diameter of the explosive composition; homemade explosives often 
require several kilograms of material per test in order to achieve a steady detonation, which inhibits testing 
over a wide range of compositions and configurations. MI may be used to obtain a highly time-resolved failing 
reactive wave, which may still be informative about large-scale homemade explosive behavior, with only a 
few grams of material per test. This MI technique is used to measure the phase and amplitude of microwave 
signals that are transmitted through an unreacted explosive and reflected back at locations of interest. These 
reflection regions are located at dielectric discontinuities such as a shock wave, or a reaction front due to 
ions present, which occur in the media during a detonation failure event. The phase measurements can then 
be used to infer the relative position and velocity of the failing detonation wave. MI is a unique, nonintrusive 
diagnostic for explosives research with high temporal resolution (see Fig. 1). 

The physics governing a detonation failure event, which will occur if the diameter of an explosive charge is 
below the critical diameter, and its relationship to mechanisms of initiation have not been fully explored. An 
understanding of this relationship may increase the ability to predict the behavior of explosives using only a 
few grams per test of the given material for characterization, and the microwave interferometry is a suitable 
technique for making observations of a detonation failure event at this small-scale. In Year 5, we have added 
ultra-high speed (10 MHz) imaging as a diagnostic that can be applied to microwave absorbing materials.  
The video is analyzed to compare the position of the reaction front versus time. Using a method described 
by de Levie et al. [1], the data is converted to the frequency domain, filtered, differentiated, and brought back 
to the time domain. The result is reaction front velocity versus time. From this, failure rate is calculated and 

Figure 1: Schematic showing uses of microwave interferometry.
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used as a measure of sensitivity to detonation. Our approach is unique in that very small sample masses are 
needed.

C. Major Contributions

Major contributions from Year 5:
• Developed method to find transient velocity data and failure rate with high-speed imaging.  
• Demonstrated that high-speed imaging analysis to be in agreement with microwave interferometry re-

sults.
• Applied this approach to AN/NM system, which is incompatible with the microwave interferometry 

method due to nitromethane’s high complex permittivity value (high absorptivity). 
• Submitted paper for publication on aluminum additives in ammonium nitrate
Major contributions from Year 4:
• Observed and detailed effects from particle size of aluminum additives in ammonium nitrate.
• Observed and detailed effects from particle size of an inert additive in ammonium nitrate, glass beads.
• Proposed a new technique for obtaining quantified measurements of shock sensitivity, as it relates to fail-

ure diameter, using a small-scale experiment in which a detonation fails to propagate. This is significant 
in that it would allow highly non-ideal explosives with large critical diameters to be characterized and 
ranked in terms of shock sensitivity using only a small amount of explosive with charges much smaller 
than the failure diameter of the material.

• Publication on modeling of ANFO accepted in the Journal of Applied Physics: Kittell, D. E., Cummock, N. R., 
& Son, S. F. (2016). “Reactive flow modeling of small-scale detonation failure experiments for a baseline 
non-ideal explosive.” Journal of Applied Physics, 120(6), 064901.

• Preparation for publication of results on aluminum and inert particle size effects on ammonium nitrate 
based explosives.

Major contributions from Year 3: 
• Graduated a student (David Kittell) who now continues to contribute to security research as a technical 

staff at Sandia national Laboratories.
• Characterized the effects of density on detonation failure behavior of ANFO.
• Characterized effects of confinement on detonation failure behavior of ANFO.
• Successful simulation of detonation failure experiment with a baseline explosive using an ignition and 

growth reactive flow model in CTH (results submitted for publication to Journal of Applied Physics, ac-
cepted with revisions).

Major contributions from Year 2: 
• Graduated a student (Peter Renslow) who is now working at Sandia National Laboratory. 
• Initial ammonium nitrate + aluminum (AMMONAL) tested at small diameter and comparisons made to 

large-scale experiments.
• ANFO: Characterized kinepak, cold pack, and prilled AN. 
• TATB/Teflon mixtures with tailorable detonation failure characteristics demonstrated and initial model-

ing compared to these results (results published).
• Developed wavelet analysis and had paper accepted to Review of Scientific Instruments.
• Initial development and calibration of ignition and growth modeling to ANFO results.
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• Sample density shown to have large effects on detonation dynamics.
Major contributions from Year 1: 
• Developed microwave interferometry as a non-intrusive diagnostic.
• Analysis techniques developed Fourier transform, quadrature and peak-to-peak calculations of MI data.
• Varied mixture ratio, sample geometry, and confinement (results published).
• Initial modeling of TATB results (results published).

D. Milestones

Milestones from Year 5: 
• Verified that the imaging technique produces similar results to the microwave interferometer technique.
• Collected systematic data for the AN/NM system using imaging technique.
• Began to collect data on ammonium perchlorate homemade explosive systems that have not received 

much attention in the past.
• A paper was prepared and submitted discussing observations of shock sensitivity to detonation of 

AN-aluminum based explosives.
The following milestones still need to be achieved in Year 5 and Year 6:
• Additional relevant HMEs should be added to the data set in order to expand on the baseline information 

that has been obtained using AN-based explosives. 
• Another need for modeling homemade explosives is equation of state information. Currently, we have 

developed a model using CHEETAH combined with some modeling assumptions. This involves many as-
sumptions. We would like to complement our detonation failure experiment with a small-scale equation 
of state experiment.  We hope to adopt a modified small-scale cylinder test or Disc Acceleration eXperi-
ment (DAX).

• Quantify the effectiveness of additives in reducing the ability to detonate homemade explosives. For ex-
ample, iron sulphates have been proposed as an additive to ammonium nitrate, but no data are available 
for how much would be needed to be effective.

• Initiation experiments using a gas gun will be performed on relevant HMEs. Phase contrast imaging will 
be implemented using an X-Ray source at Argonne National Labs in order to observe pore collapse and 
initiation in AN-based explosives.  In addition, data will be obtained at LLNL where Christian Sorensen is 
interning this summer.

• We have not yet modified a small-scale cylinder test or Disc Acceleration eXperiment (DAX).  We hope to 
do initial experiments this summer, as a streak camera is now available to attempt these experiments.

• In Year 6, we plan to fully implement and adopt a small-scale EOS experiment.

E. Future Plans (Year 6)

We anticipate the attainment of small-scale EOS data, additional data on HMEs that could not be character-
ized with microwave interferometry, small-scale data on the effect of additives on HMEs, and unique dynamic 
data on pore collapse that is crucial for physics-based modeling of explosives.  We will also apply advanced 
X-ray imaging techniques to explosives in collaboration with Argonne National Lab and Lawrence Livermore 
National Laboratory (LLNL).  
We are particularly excited to explore several desensitizing and sensitizing agents for ammonium nitrate.  
Currently, there exists few technologies that have offered an effective solution to reducing the adverse use 
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of fertilizer grade ammonium nitrate. The most commonly used method is adding certain diluents, which 
still can be made to be detonable in many cases [2].  Methods to control the adverse use of AN has consisted 
almost entirely of policy and control of sale.  Work has begun on investigating the effectiveness of iron sulfate 
as a desensitizing agent for fertilizer grade ammonium nitrate—it has been suggested, but not quantified.  We 
will seek input from other collaborators in the center and elsewhere for suggested additives that are more 
effective than just as diluents.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

1. If we can characterize homemade explosives quickly using small samples, we can provide the relative 
detonability of different compositions, as well as provide data for modeling efforts so that threats 
can be more accurately predicted. Metrics include mass of material necessary for characterization, 
time necessary to perform tests, and number of explosive compositions characterized. We now have 
to assess microwave absorbing HMEs (e.g. those containing peroxide or nitromethane).

2. Transferring detonation and composition information and modeling data to users, small companies 
such as “Rock Mountain Scientific Laboratory (RMSL), and National Laboratories (SNL, LLNL, ARL) 
will be significant to the DHS enterprise, as will educating highly trained personnel for those labs. 
Metrics include the number of laboratories and companies to which data and techniques have been 
transferred, as well as one student, Christian Sorensen, who will be interning at LLNL this summer.

3. We will be demonstrating that we can quantify the effectiveness of additives to desensitization to 
detonation. Very little comparable data exists.  Metrics include quantified data of effectiveness as a 
function of additive percentage.

B. Potential for Transition

We are transitioning our testing approach and test data to both companies (e.g. RMSL) and national labs 
(SNL, ARL, and LANL) to assist them in their research and technology development. Additionally, it is a goal 
to publish all significant results in order to disseminate pertinent information to the community. Perhaps our 
most significant transition is our students who are pursuing careers in homeland security areas primarily.

C. Data and/or IP Acquisition Strategy

The technical approach used has been described above and we do not anticipate IP to be developed. Data is 
published and documented in papers and theses.

D. Transition Pathway 

The data collected and models developed will help end-users assess threats of various HMEs. We are engag-
ing with small businesses, such as RMSL, and national labs, such as SNL, LANL, and Eglin AFB directly.  Nick 
Cummock is interning at Eglin now and will likely take a permanent position upon graduation since he is 
a SMART Fellow with them. Christian Sorensen is interning with LLNL this summer and plans to pursue a 
career with a national laboratory. Dakota Scott plans to work at a national laboratory or pursue a Ph.D. in 
related areas.

E. Customer Connections

• David Kittell (SNL), previous DHS student
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• Scott Jackson (LANL), mentored Nick Cummock
• Brian Bockmon (RMSL), founder of RMSL
• Mike Lindsay (AFRL), branch chief of the high explosives division at AFRL
• David Moore (LANL), mentored Christian Sorensen
• Robert Reeves (LLNL) mentor to Christian Sorensen for internship 

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. Attended ASPIRE meeting in Boston where Dakota Scott (supported MS student) practiced 

pitching skills and career aspirations to industry representatives.  
2. Student Internship, Job, and/or Research Opportunities

a. Nick Cummock is working at Eglin AFB as a SMART Fellow this summer and continuing research 
on explosives.

b. Christian Sorensen is interning at LLNL this summer and studying explosives.
3. Training to Professionals or Others

a. Dakota Scott is mentoring an Air Force Cadet undergraduate this summer, which resulted in a 
new direction for this work.

b. Dakota Scott (supported M.S. student) is in the National Guard and will likely be serving in Ku-
wait after he finishes his M.S.

B. Other Publicatons 

Pending—
1. Cummock, N.R., Mares, J. O., Gunduz, I.E., Son, S.F. “Relating a small-scale shock sensitivity experi-

ment to large-scale failure diameter in an aluminized ammonium nitrate non-ideal explosive.” Com-
bustion and Flame, 194, 2018, pp. 271-277. DOI:10.1016/j.combustflame.2018.05.009

C. New and Existing Courses Developed and Student Enrollment

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student  
Enrollment

Existing ME 697C Combustion of  
Energetic Materials

3.0 credit graduate course at Purdue 
University

10-15 per two 
years (Fall 2016 
was most recent 
offering, will be 
taught Fall 2018)
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R1-C.2: Compatibilities & Simulants: Explosive 
Polymer Interactions

I. PARTICIPANTS

Faculty/Staff 
Name Title Institution Email

Jimmie Oxley Co-PI URI joxley@chm.uri.edu

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

Brenton DeBoef Co-PI URI bdeboef@chm.uri.edu

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

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Jeff Canaria PhD URI 5/2020

Michelle Gonsalves PhD URI 5/2019

Victoria Stubbs PhD URI 5/2021

Zeeshan Parvez MS URI 5/2017

Chris Perez B.S. URI 5/2020

Maxwell Yekel B.S. URI 5/2017

II. PROJECT DESCRIPTION

A. Project Overview

Work continues on enhanced swabs using electrostatic charging to improve pickup of explosive particles.  
Efforts also continue to expand and improve on the range of canine safe-scent training aids.  As both the 
triacetone triperoxide (TATP) and hexamethylene triperoxide diamine (HMTD) aids are being tested in the 
market, minor improvements become necessary. Both of these efforts require that samples with as little as 
10 ng/mL (45 nM) be accurately quantified. Many challenging analytical issues were met and successfully 
surmounted.  These are discussed in the R1-A.1 Year 5 Project Report. This report will focus on an aspect of 
marketing canine training aids, not previously considered: Is the product harmful to the canine?  To answer 
this question, the metabolism of TATP was examined in vitro using the liver microsomes of male beagle dogs 
(DLM). Only one metabolite, hydroxy-TATP (TATP-OH), was identified. Canine CYP2B11 was the only enzyme 
specifically determined to catalyze TATP metabolism, but the degree to which it metabolized TATP was insuf-
ficient to account for observed DLM metabolism. This observation suggests more than one enzyme may be in-
volved. The metabolite disappears over extended incubation times, but no other metabolites were detected. 

B. State of the Art and Technical Approach

The ease of production and power of peroxide explosives makes them appealing to those wishing to inflict 
damage and destruction [1-3]. Therefore, research into the formation and safe destruction of these com-
pounds, as well as applications for their trace detection must continue. Currently, canines are being trained 
to detect trace levels of  TATP and HMTD to mitigate risk of  terrorist attacks [4]. This results in significant 
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exposure of both humans and canines to these compounds. While some of the more common, older explo-
sives such as trinitrotoluene (TNT) have been fully investigated for metabolism and subsequently found to 
have toxic metabolites [5,6], many newer or peroxide-based explosives have never been tested for toxicity. No 
information on the metabolism or potential toxicity of these easy to produce homemade explosives (HMEs) 
currently exists.  
Hydrogen peroxide is produced through many endogenous sources including, mitochondrial respiration [7], 
superoxide dismutase activity [8], and metabolism by P450 [9] or other oxidase enzymes [10]. While H2O2 is 
necessary for the redox regulation of many physiological processes [7], it can cause cellular damage, and its 
destruction by catalase and enzymes like glutathione peroxidase is well known [11-13]. The reactivity and 
metabolic fate of hydroperoxides has been examined [14-17]; and there is much work done on the meth-
ylation of DNA from exposure to organic hydroperoxides, particularly in the presence of iron(II) [18,19]. 
Although organic hydroperoxides are generally too reactive to be used medicinally, cyclic peroxides are used 
as anti-parasitic drugs [20-24]. Literature would suggest that cyclic peroxides may be stable in the body and 
available for systemic circulation. When (and if) there is interaction with ferrous iron or some other agent, 
significant toxicity or mutagenicity may occur. (It should be noted that TATP was shown to be stable in the 
presence of iron(II) when solvated in tetrahydrofuran, but not in ethanol [25]).  
While HMTD is not volatile [26]4,6-trinitrotoluene (TNT and is most likely detected by the scent of its degra-
dation products [27]density functional theory (DFT, TATP is quite volatile as an intact molecule and is known 
to sublime [28]. This would make inhalation the most likely route of exposure. Furthermore, with sensitive 
explosives, using gloves is generally not an acceptable practice as the static associated with nitrile or latex 
can cause initiation. With these compounds being rather lipophilic (log Po/w: TATP = 3.21 and HMTD = 1.99), 
the risk of exposure due to absorption through the skin is rather high. Investigation of the metabolism of 
TATP and HMTD may determine if measures should be instituted to mitigate exposure for both animals and 
humans working with these compounds. We have previously established that TATP vapor in a closed vessel 
exists at a concentration of about 375 μg/L [29]. With an average dog lung capacity of about 40 mL/Kg [30], 
a 30 Kg dog (~65 lbs), has a lung capacity of 1.2 L. A full breath would lead to an exposure of 450 μg. For 
humans, with a vital lung capacity of 4 to 5 L [31], exposures in a closed room over a short time could lead 
to very large doses. As a forensic consideration, if TATP and HMTD are not extensively metabolized and are 
stable in the body, individuals producing large quantities of these materials for nefarious reasons may be 
identified by the analysis of small amounts of blood. 
The analysis of TATP and HMTD by reverse phase liquid chromatography-mass spectrometry (LC-MS) is the 
most amenable means of separation and detection for aqueous-based samples of these molecules and their 
potential metabolites. Development of assays for these compounds have presented significant analytical 
challenges. For instance, LC-MS analysis of peroxides cannot have acetonitrile in the mobile phase solvent 
due to severe, direct, gas-phase ion suppression by the solvent [32]. While methanol is a better solvent for 
ionization, both HMTD [33] and TATP [29] react with alcohols in the gas phase depending on the conditions 
used. Since concentration of TATP solutions cannot be performed due to the volatility of TATP, it is fortunate 
that the chromatographic peak shape is relatively unaffected by high levels of strong solvent content in the 
injection plug. Also fortunate, is that HMTD is not affected by solvent evaporation since its peak shape and 
sensitivity are tremendously altered by small changes to the organic content in the sample plug [34]. The ful-
ly deuterated TATP and HMTD molecules have been synthesized for use as an internal standard (IS) in their 
analysis [29, 34]. The work presented herein focuses strictly on TATP metabolism.
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TATP Analysis:  TATP and d18-TATP were synthesized and their [M+NH4]+ ions at m/z 240.1442 and m/z 
258.2571, respectively, were monitored using a Thermo Electron LTQ Orbitrap XL or Exactive mass spec-
trometer equipped with an APCI interface. Chromatographic details can be found elsewhere [35]. The same 
analytical procedure for TATP was used to quantify the synthesized TATP-OH (Fig. 1). Aqueous TATP samples 
at 37 °C in containers open to the atmosphere showed significant loss of compound due to volatilization 
[29]. Therefore, microsomal incubations had to be performed in closed containers. Oxygen gas was bubbled 
through the buffer matrix for several minutes prior to incubations to provide the required atmospheric O2 for 
enzymatic reactions. Open and closed incubations of verapamil were used to validate this method. 
Microsomal Incubations: Samples were run in triplicate with TATP initiating each reaction. Incubations of 
1mL were performed in a shaking reaction block at 37°C in potassium phosphate buffer, reduced nicotin-
amide adenine dinucleotide phosphate (NADPH), and  0.5mg/mL of dog liver microsome (DLM) proteins 
(579 pmol P450/mg protein). Details on condition are given elsewhere [35]. In parallel with each trial, sam-
ples of TATP in buffer were incubated and treated identically to account for the headspace evaporative loss 
associated with opening the tube at each time point (significant at concentration >10 µM). Evaporative loss 
data was added to each metabolic loss data point to account for non-metabolic loss. Closed containers of 
TATP in buffer showed no degradation of TATP under the incubation conditions; thus, it was metabolism, 
rather than decomposition which resulted in TATP loss. 
Results: Preliminary work performed at high concentrations of TATP (100 μM in 1 mg/mL DLM) showed 
only one metabolite, TATP hydroxylated on one of the primary methyl groups (TATP-OH) (Fig). A significant 
amount of the TATP remained intact. Product formation was NADPH-dependent; this was confirmed by in-
cubation of the fully deuterated TATP. To perform any type of enzyme kinetics, incubations would require 
detection well below 1 μM (222 ng/mL). With that level being diluted in half with ACN/IS addition and our 
inability to concentrate the samples by evaporation, significant efforts to lower the detection limit were re-
quired. The target LLOQ was 10 ng/mL, approximately 10x less than the required 111 ng/mL needed for 1 
μM incubations. Achieving this level was possible by adjusting the mass spectrometric conditions and moni-
toring m/z 89.0597, the gas phase reaction product of TATP with MeOH [29]; however, to assure that related 
metabolites could also be detected we chose to look at the intact TATP ammonium adduct at m/z 240.1442, 
which could now be detected with an lower limit of quantification of 25 ng/mL.
A number of experimental conditions required significant research [35]; yet day to day variability remained 
unacceptable. Evaporation in the headspace of the tubes was the prime suspect. On several different days, 
incubation of two closed, aqueous TATP samples for one hour were performed. One sample remained closed 
the full hour and one was sampled every 15 minutes. Fortunately, there was no detectable substrate degra-
dation, but significant sample loss (frequently greater than 3% depending on concentration) was observed 
due to the opening of the tubes for sampling. Attempting to perform separate incubations for each time point 
in individual tubes provided data with even more inconsistency. With many variables to affect specific evap-
oration at any given time, it was decided that every incubation would have an identical, parallel incubation 
performed in buffer alone. The concentration loss at each time point from these buffer-only incubations was 

Figure 1: Structures of TATP, d18-TATP and TATP-OH ammonium adducts.
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added to the TATP concentrations from the metabolic incubation to account for non-metabolic TATP loss due 
to evaporation. Data for a single incubation trial at 50 μM TATP in DLM is shown in Figure 2. For determina-
tion of kinetics, three trials were performed at each concentration. Using this method, results improved to an 
acceptable consistency.

Kinetics were assessed on initial substrate depletion. Several methods of analysis were examined (Fig. 3). 
The most common, Michaelis-Menten, estimated the non-specific Km for TATP depletion as 2.21 µM (± 14.8%) 
with a Vmax of 1.13 nmol/min/mg protein (± 3.27%). The half-life at 2.5 μM (close to Km) was graphically cal-
culated to be 3.82 minutes with an intrinsic clearance of 363 μL/min/mg protein. When sampling time was 
extended past 15 minutes at concentrations of 10 μM or higher, where TATP metabolism would begin to slow, 
the mono-oxidation product appeared to be further consumed with no secondary metabolite(s) observed. At 
concentrations of 50 μM or higher where TATP persisted at high levels past 30 minutes, the TATP-OH prod-
uct response levels appear to be in a steady state (possible balanced between formation and destruction of 
metabolite) (Fig. 4). 
 

Figure 2: Incubation of 50 μM TATP in DLM. Each data point is the mean of two injections.
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Incubations were designed to identify the isoform responsible for TATP metabolism using the commercially 
available isoforms of recombinant P450 dog liver (rCYP 3A12, 1A2, 2D15, 2C21 and 2B11). This covered 
about 85% of dog liver P450 [35, 36]. A constant concentration of 2.5 µM TATP (close to the Km) was incu-
bated for 5 minutes in each rCYP as described above.  Data shown in Figure 5 suggests that only rCYP2B11 
participated in the metabolism of TATP to TATP-OH with only about 15% conversion, compared to ~40% 
turnover in DLM. If we estimate the DLM contain ~18% CYP2B11, this only accounts for about 5-6% of the 
40% metabolized.  

   

Figure 3: Michaelis-Menten plot, Lineweaver-Burke Plot, and Hanes Plot for TATP non-specific metabolism in DLM.

Figure 4: Average peak area counts for TATP and TATP-OH incubated at 10 & 50 μM in DLM for 60 minutes at 37°C. Area 
counts are in millions.  

ALERT  
Phase 2 Year 5 Annual Report

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

Project R1-C.2

121



To determine if systemic exposure would been issue, dog lung microsomes (DLugM) were incubated with 
2.5 µM TATP. Negligible metabolism was observed compared to DLM. Figure 6 compares the formation to the 
TATP-OH metabolite in dog liver and lung microsomes. The TATP loss is difficult to distinguish from evapora-
tive loss in lung microsomes. This lack of metabolism in the lungs suggests that TATP could have significant 
systemic exposure in canines. 

Conclusions: TATP metabolism was characterized in canine liver microsomes. Only one hydroxylated me-
tabolite was detected. Although the clearance was high, the low capacity of metabolism suggests that large 
exposure to TATP vapor could lead to significant systemic exposure. This was further evidenced by the lack 
of lung microsomal activity, since inhalation is the most likely route of exposure. With the assumption that 

Figure 5: Remaining % TATP following 5 minutes incubation of 2.5μM substrate in 100 pmol/mL rCYP P450 or 200 
pmol/mL P450 in DLM (left); and rCYP2B11(50 pmol/mL) run with and without cytochrome b5 (250 pmol/mL) and DLM 
(200 pmol/mL) for 5, 10 and 15 minutes (right).   

Figure 6: Ratio of TATP-OH/internal standard peak area ratios from incubation of 2.5 μM TATP in dog liver (DLM) and 
lung (DLugM) microsomes.
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absorption would not be much of a barrier, TATP may be sequestered in cells (and toxic) if its clearance does 
not progress by other means.

C. Major Contributions

• Modes by which peroxide explosive signatures can be masked by solvent were revealed (Years 3-4).
• The best practices in analyzing peroxide explosives were established (Year 5).
• Many of the challenging analytical issues surrounding TATP analysis by LC-MS have been addressed so 

that samples as little as 10 ng/mL (45 nM) can be quantified (Year 5).

D. Milestones

Many of the challenging analytical issues surrounding TATP analysis by LC-MS have been addressed so that 
samples as little as 10 ng/mL (45 nM) can be quantified.

E. Future Plans (Year 6)

We intend to investigate the metabolic fate of TATP-OH and expand the metabolic studies on TATP to human 
microsomes. Likewise the metabolism of HMTD requires examination although it is unlikely that such as big 
undertaking can be accomplished in a year.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Our methods of peroxide characterization have been well-received by the homeland security enterprise. At 
this point we are just beginning to raise the question of whether our researchers are being exposed to harm-
ful vapors.
We have established that TATP vapor in a closed vessel exists at a concentration of about 375 μg/L.  For hu-
mans, with a vital lung capacity of 4 to 5 L, exposures in a closed room over a short time could lead to very 
large doses. Whether this is truly a problem should be established as soon as possible.

B. Potential for Transition

Should our enhanced swabs pass the Transportation Security Lab testing, DSA detection, has already agreed 
to work with us on issues with manufacturing. Likewise, we are working with Detectachem to see that our 
safe-scent canine training aids are available for those with bomb-sniffing dogs. 

C. Data and/or IP Acquisition Strategy

Canine training aids are licensed to Detectachem. The production of the charging station for enhanced swabs 
would likely be licensed to DSA Detection. 

D. Transition Pathway 

In addition to the outreach provided by partnering with commercial vendors, we transfer the knowledge 
product to the user community by publications, presentations, and classes. (The results of this work reach 
over 300 researchers annually through classes they request.)

ALERT  
Phase 2 Year 5 Annual Report

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

Project R1-C.2

123



E. Customer Connections

The connections to DHS (central), TSL, and TSA are strong. To date the FBI is the major agency outside of DHS 
which is aware of the details of this project.   

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. We have had 13 classes on seven different topics which were attended by a total of 275 people in 

Year 5—three of those classes were specifically for TSA employees.  
2. Student Internship, Job, and/or Research Opportunities

a. Four graduate students completed their degrees with DHS ALERT support. Two students are 
now employed at Applied Research Associates (ARA) at Tyndall Air Force Base (Florida), work-
ing on TSA screening equipment, and a student is employed at Signature Science, supporting 
TSL, and one at the FBI.

3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution  
Students or Faculty
a. We hosted researchers from the Netherlands Forensic Institute. They are collaborating with us 

on a European Union examination of methods of ETN production.
4. Training to Professionals or Others

a. See “New and Existing Courses Developed” (Section IV.H).

B. Peer Reviewed Journal Articles 

1. Bakhtiyarov, S.I; Oxley, J.C., Smith, J.L., & Baldovi, P.M. “A Complex Variable Method to Predict a Range 
of Arbitrary Shape Ballistics.” Journal of Applied Nonlinear Dynamics, 6(4), December 2017, pp. 521-
530. DOI:10.5890/JAND.2017.12.007

2. Oxley, J.C., Smith, J.L., & Brown, A.C. “Eutectics of Erythritol Tetranitrate.” The Journal of Physical 
Chemistry C, 121(30), July 2017, pp. 16137-16144. 

3. Oxley, J.C., Furman, D., Brown, A.C., Dubnikova, F., Smith, J.L., Kosloff, R., & Zeiri, Y. “Thermal Decom-
position of Erythritol Tetranitrate: A Joint Experimental & Computational Study.” The Journal of Phys-
ical Chemistry C, 121(30), July 2017, pp. 16145-16157. DOI:10.1021/acs.jpcc.7b04668

C. Other Publications

1. Oxley, J.C., Smith, J.L., Porter, M, Yekel, M.J., & Canaria, J.A. “Potential Biocides: Iodine-Producing 
Pyrotechnics.” Propellants, Explosives, Pyrotechnics, 42(8), July 2017, pp. 960-973. https://doi.
org/10.1002/prep.201700037

D. Peer Reviewed Conference Proceedings

1. Oxley, J.C. “Analysis of Peroxide Explosives.” 44th annual North American Thermal Analysis Society 
(NATAS) Conference, University of Delaware, August 7-9, 2017.
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E. Other Conference Proceedings

1. “The Future of Energetic Materials.” Bar Ilam University, Israel, September 7, 2017.
2.  “Adventures in Analyzing Peroxide Explosives.” ISADE, Oxford, UK, September 17-21, 2017.  
3.  “Why Study Energetic Materials?” Texas Tech University, November 13, 2017.
4. “Difficulties in Analyzing Peroxide Explosives.” JANNAF, December 5, 2017.

F. Other Presentations 

1. Poster Sessions
a. Student poster for the Centers of Excellence Summit, Arlington, VA, May 2018. 

2. Short Courses
a. See Section IV. H for details. 

3. Briefings 
a. See presentations above.

4. Interviews and/or News Articles 
a. Gormly, K.B. “Sept. 17, 1862 — The Day Pittsburgh Exploded.” Pittsburgh Quarterly, July 2017. 

https://pittsburghquarterly.com/pq-people-opinion/pq-history/item/1487-sept-17-1862-
the-day-pittsburgh-exploded.html (Article about the 1862 Allegheny Arsenal explosion during 
the Civil War). 

b. Jones, C. “Outrageous Acts of Science.” August 2017 (About explosivity of frozen gasoline).
c. Kemsely, I. ACS C&EN, September 2017. (About explosion of Arkema peroxides after tropical 

storm Harvey knocked out power).
d. Hinnant, L. AP, September 2017. (About London train bombing). 
e. Silver, A. “They’ve only gone and made a chemical-threat-detecting ring.” The Register (London), 

October 2017, https://www.theregister.co.uk/2017/10/11/chemical_threat_detector_ring
f. Freeman, C. Freelance for Daily Telegraph, October 2017. (Research on “master” bomb maker).
g. Mayall, C. Daily Planet, Discovery Canada [television show], November - December 2017 (URI 

created a small-scale model of the  Halifax Explosion (100th anniversary)).
h. Wellner, J. December 2017. (Former actor and researcher for CSI; questions about vapor switch-

es for bombs).
i. Owen, N. The Gazette Newpaper (UK), December 2017. (About storage of 15 tons of AN at Sharp-

ness Docks, Gloucestershire). 
j. Mosher, D. “A terrorist attacked New York City’s subway with a nail bomb — here’s how the de-

vices work and why his didn’t.” Business Insider, December 2017. http://www.businessinsider.
com/nyc-subway-attack-pipe-bomb-failure-explained-2017-12

k. Wood, R. Daily Planet, Discovery Canada, December 2017 (About NYC explosion). 
l. Hughes, T. February 2018 (Author about a 1907 murder by bombing). 
m. William Henningan, “How Bomb Investigators Piece Together the Clues After an Explosion.” 

TIME, March 22, 2018. http://time.com/5209610/austin-bombing-investigation/
n. Dexheimer, E. “For those with ill intent, many bomb items unregulated, easy to find.” Austin 

American-Statesman, March 21, 2018. https://www.mystatesman.com/news/for-those-with-
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ill-intent-many-bomb-items-unregulated-easy-find/lzmOr4IRHgdywg9oAWdgUL/
o. Donovan, J.  Freelance writer in Atlanta, March 21, 2018. (About Austin bombing).

5. Other 
a. Dr. Oxley is a standing ACS Expert.

G. Student Theses or Dissertations Produced from This Project

1. Colizza, K. “Metabolism and Gas Phase Reactions of Peroxide Explosives using Atmospheric Pressure 
Ionization Mass Spectrometry.” Chemistry PhD, University of Rhode Island, May 2018.

H. New and Existing Courses Developed and Student Enrollment

Student enrollment is shown. Only one class is a first time offering (Explosive Field Testing); none result in a 
certificate. A full description can be found at http://energetics.chm.uri.edu/node/95

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student  
Enrollment

New Certificate Explosive Field Testing Field instrumentation for explosive 
testing 

15

Existing Certificate Fundamentals for TSA Overview of explosive synthesis; de-
tailed review of ETD, X-ray, and Raman 
detection

20

Existing Certificate Fundamentals of  
Explosives Eglin AFB

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

19

Existing Certificate Fundamentals of  
Explosives Fallbrook 
AFB

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

19

Existing Certificate Dynamic Diagnostics of 
Explosives

Theory of experimental design for 
explosive testing

34

Existing Certificate Explosive Components 
&  Firing Trains

Specific components for explosive  
testing, special emphasis on firing 
trains

25

Existing Certificate Fundamentals of  
Explosives EBAD

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

17

Existing Certificate Fundamentals of  
Explosives URI

Overview of explosive principles, shock 
and detonation, forensics, and  
detection

37

Existing Certificate Explosive Analysis How to identify explosives in the lab 9

Existing Certificate Explosive Trains &  
Components

Specific components for explosive test-
ing, special emphasis on firing trains

17

Existing Certificate Fundamentals for TSA Overview of explosive synthesis;  
detailed review of ETD, X-ray, and  
Raman detection

22

Existing Certificate HME Characterization & 
Analysis

Laboratory analysis with emphasis on 
mass spectroscopy

20
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New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student  
Enrollment

Existing Certificate Fundamentals for TSA Overview of explosive synthesis;  
detailed review of ETD, X-ray, and Ra-
man detection

22

TOTAL 276

I. Technology Transfer/Patents

1. Oxley, J., Smith, J, & Canino, J.  “Non-Detonable Explosive or Explosive-Simulant Source.”  U.S. 
9,784,723 B1, October 10, 2017.

J. Software Developed

1. Over 1000 members in the University of Rhode Island’s Explosives Database: http://expdb.chm.uri.
edu/
a. About 250 members are with U.S. government agencies.

K. Requests for Assistance/Advice

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

Group (IExTRAWG). In addition to group meetings, a representative was sent to URI for 2 days in 
August 2017, so that we could finalize the metric for selecting threat materials.  

c. Dr. Oxley was a member of the NAS committee on “Reducing the Threat of Improvised Explosive 
Device Attacks by Restricting Access to Chemical Explosive Precursors”  Report issued in May 
2018 http://dels.nas.edu/Study-In-Progress/Reducing-Threat-Improvised-Explosive/AUTO-7-
66-86-I

d. TSA explosive specialists email in questions weekly and occasionally call.
2. From Federal/State/Local Government

a. The new URI bomb dog and his trainer rely on our lab for advice and explosives.

V. REFERENCES

[1] Don Van Natta, J., Sciolino, E., Grey, S.: Details Emerge in British Terror Case. New York Times.
[2] Bradley J. Fikes: Regon Escondido “bomb house” controlled burn a model for nation, expert says. San 

Diego Union-Tribune.  (2012)
[3] Morris, S.: Terror suspect student “had suicide vest and explosives.” The Gaurdian.
[4] Oxley, J.C., Smith, J.L., Moran, J., Nelson, K., Utley, W.E.: Training dogs to detect Triacetone Triperoxide. In: 

Proceedings of SPIE - International Society for Optical Engineering (2004)
[5] Channon, H.J., Mills, G.T., Williams, R.T.: The Metabolism of 2:4:6-trinitrotoluene (a-T.N.T.). Biochem. J. 38, 

70–85 (1944)
[6] Bueding, E., Jolliffe, N.: Metabolism of Trinitrotoulene (TNT) in Vitro. J. Pharmacol. Exp. Ther. 30–312 

(1946)
[7] Boveris, A., Cadenas, E.: Mitochondrial production of hydrogen peroxide regulation by nitric oxide and 

the role of ubisemiquinone. IUBMB Life. 50, 245–250 (2000). doi:10.1080/15216540051080912

ALERT  
Phase 2 Year 5 Annual Report

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

Project R1-C.2

127



[8] Hayyan, M., Hashim, M.A., Alnashef, I.M.: Superoxide Ion: Generation and Chemical Implications. Chem. 
Rev. 116, 3029–3085 (2016). doi:10.1021/acs.chemrev.5b00407

[9] Karuzina, I.I., Archakov, A.I.: Hydrogen peroxide-mediated inactivation of microsomal cytochrome 
P450 during monooxygenase reactions. Free Radic. Biol. Med. 17, 557–567 (1994). doi:10.1016/0891-
5849(94)90095-7

[10] Kundu, T.K., Hille, R., Velayutham, M., Zweier, J.L.: Characterization of superoxide production from al-
dehyde oxidase: An important source of oxidants in biological tissues. Arch. Biochem. Biophys. 460, 
113–121 (2007). doi:10.1016/j.abb.2006.12.032

[11] Bayne, A.-C.V., Mockett, R.J., Orr, W.C., Sohal, R.S.: Enhanced catabolism of mitochondrial superoxide/
hydrogen peroxide and aging in transgenic Drosophila. Biochem. J. 391, 277–284 (2005). doi:10.1042/
BJ20041872

[12] Jones, D.P., Eklöw, L., Thor, H., Orrenius, S.: Metabolism of hydrogen peroxide in isolated hepatocytes: 
Relative contributions of catalase and glutathione peroxidase in decomposition of endogenously gener-
ated H2O2. Arch. Biochem. Biophys. 210, 505–516 (1981). doi:10.1016/0003-9861(81)90215-0

[13] Martins, D., English, A.M.: Catalase activity is stimulated by H2O2 in rich culture medium and is re-
quired for H2O2 resistance and adaptation in yeast. Redox Biol. 2, 308–313 (2014). doi:10.1016/j.re-
dox.2013.12.019

[14] Vaz, A.D.N., Coon, M.J.: Hydrocarbon formation in the reductive cleavage of hydroperoxides by cyto-
chrome P-450. 84, 1172–1176 (1987)

[15] Chefson, A., Zhao, J., Auclair, K.: Replacement of natural cofactors by selected hydrogen peroxide donors 
or organic peroxides results in improved activity for CYP3A4 and CYP2D6. ChemBioChem. 7, 916–919 
(2006). doi:10.1002/cbic.200600006

[16] Degousee, N., Triantaphylides, C., Starek, S., Iacozio, G., Martini, D., Bladier, C., Voisine, R., Montillet, J.-L.: 
Measurement of Thermally Produced Volatile Alkanes: An Assay for the Plant Hydroperoxy Fatty Acid 
Evaluation. Anal. Biochem. 224, 524–531 (1995)

[17] Litov, R.E., Matthews, L.C., Tappel, A.L.: Vitamine E Protection against in Vivo Peroxidation Initiated n 
Rats by Methyl Ethyl Ketone Peroxide as Monitored by Pentane. Toxicol. Appl. Pharmacol. 55, 96–106 
(1981)

[18] Hix, S., Kadiiska, M.B., Mason, R.P., Augusto, O.: In vivo metabolism of tert-Butyl hydroperoxide to methyl 
radicals. EPR spin-trapping and DNA methylation studies. Chem. Res. Toxicol. 13, 1056–1064 (2000). 
doi:10.1021/tx000130l

[19] Hix, S., Augusto, O.: DNA methylation by tert -butyl A role for the transition metal ion in the production 
of DNA base adducts. 118, 141–149 (1999)

[20] Bozdemir, M.N., Yildiz, M., Seyhanli, E.S., Gurbuz, S., Kilicaslan, I., Karlidag, T.: Narrowing of air-
way caused by ingestion of methyl ethyl ketone peroxide. Hum. Exp. Toxicol. 30, 2002–2006 (2011). 
doi:10.1177/0960327111407230

[21] Muraleedharan, K.M., Avery, M.A.: Progress in the development of peroxide-based anti-parasitic agents. 
Drug Discov. Today. 14, 793–803 (2009). doi:10.1016/j.drudis.2009.05.008

[22] Jefford, C.W.: New developments in synthetic peroxidic drugs as artemisinin mimics. Drug Discov. Today. 
12, 487–495 (2007). doi:10.1016/j.drudis.2007.04.009

[23] Opsenica, D.M., Šolaja, B.A.: Antimalarial peroxides. J. Serbian Chem. Soc. 74, 1155–1193 (2009). 
doi:10.2298/JSC0911155

[24] Antoine, T., Fisher, N., Amewu, R., O’Neill, P.M., Ward, S.A., Biagini, G.A.: Rapid kill of malaria parasites 
by artemisinin and semi-synthetic endoperoxides involves ROS-dependent depolarization of the mem-
brane potential. J. Antimicrob. Chemother. 69, 1005–1016 (2014). doi:10.1093/jac/dkt486

[25] Oxley, J.C., Smith, J.L., Huang, J., Luo, W.: Destruction of peroxide explosives. J. Forensic Sci. 54, 1029–1033 
(2009). doi:10.1111/j.1556-4029.2009.01130.x

[26] Oxley, J.C., Smith, J.L., Luo, W., Brady, J.: Determining the vapor pressures of diacetone diperoxide (DADP) 
and hexamethylene triperoxide diamine (HMTD). Propellants, Explos. Pyrotech. 34, 539–543 (2009). 

ALERT  
Phase 2 Year 5 Annual Report

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

Project R1-C.2

128



doi:10.1002/prep.200800073
[27] Oxley, J.C., Smith, J.L., Porter, M., McLennan, L., Colizza, K., Zeiri, Y., Kosloff, R., Dubnikova, F.: Synthe-

sis and Degradation of Hexamethylene Triperoxide Diamine (HMTD). Propellants, Explos. Pyrotech. 41, 
334–350 (2016). doi:10.1002/prep.201500151

[28] Oxley, J.C., Smith, J.L., Shinde, K., Moran, J.: Determination of the Vapor Density of Triacetone Triperoxide 
( TATP ) Using a Gas Chromatography Headspace Technique. Propellants, Explos. Pyrotech. 30, 127–130 
(2005). doi:10.1002/prep.200400094

[29] Colizza, K., Yevdokimov, A., McLennan, L., Smith, J.L., Oxley, J.C.: Reactions of Organic Peroxides with Al-
cohols in Atmospheric Pressure Chemical Ionization—the Pitfalls of Quantifying Triacetone Triperoxide 
(TATP). J. Am. Soc. Mass Spectrom. In Press, (2017). doi:10.1007/s13361-017-1836-3

[30] Minh, V.D., Dolan, G.F., Brach, B.B., Moser, K.M.: Functional residual capacity and body position in the dog. 
J. Appl. Physiol. 44, 291–296 (1978). doi:10.1152/jappl.1978.44.2.291

[31] Barrett, K., Brooks, H., Boitano, S., Barman, S.: Ganong’s Review of Medical Physiology. (2010)
[32] Colizza, K., Mahoney, K.E., Yevdokimov, A. V., Smith, J.L., Oxley, J.C.: Acetonitrile Ion Suppression in At-

mospheric Pressure Ionization Mass Spectrometry. J. Am. Soc. Mass Spectrom. (2016). doi:10.1007/
s13361-016-1466-1

[33] Colizza, K., Porter, M., Smith, J.L., Oxley, J.C.: Gas-phase reactions of alcohols with hexamethylene triper-
oxide diamine (HMTD) under atmospheric pressure chemical ionization conditions. Rapid Commun. 
Mass Spectrom. 29, 74–80 (2014). doi:10.1002/rcm.7084

[34] Colizza, K., Yevdokimov, A., McLennan, L., Smith, J.L., Oxley, J.C.: Using Gas Phase Reactions of Hexameth-
ylene Triperoxide Diamine (HMTD) to Improve Detection in Mass Spectrometry. J. Am. Soc. Mass Spec-
trom. (2018). doi:10.1007/s13361-017-1879-5

[35] Kevin Colizza Chemistry PhD, May 2018 “Metabolism and Gas Phase Reactions of Peroxide Explosives 
using Atmospheric Pressure Ionization Mass Spectrometry”

[36] Court, M.H.: Canine cytochrome P450 (CYP) pharmacogenetics. NIH Public Access. 43, 1027–1038 
(2014). doi:10.1016/j.cvsm.2013.05.001

ALERT  
Phase 2 Year 5 Annual Report

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

Project R1-C.2

129



This page intentionally left blank.

ALERT  
Phase 2 Year 5 Annual Report

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

Project R1-C.2

130



R1-C.3: Characterizing, Modeling and Mitigating 
Texturing in X-Ray Diffraction Tomography  

I. PARTICIPANTS
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Joel Greenberg PI Duke University joel.greenberg@duke.edu

Anuj Kapadia Co-PI Duke University anuj.kapadia@duke.edu
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Graduate, Undergraduate and REU Students
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Mehadi Hassan PhD Duke 1/2017

Taylor Richards PhD (Med Phys) Duke University 12/2019

Camen Royse PhD (Phys) NC State Univ. 5/2022

Shobhit Sharma PhD Duke University 5/2021

Taylor Smith PhD (Med Phys) Duke University 6/2020

Mary Esther Braswell MS Duke University 5/2018

Caley Buxton MS Duke University 5/2018

Joshua Carter MS Duke University 5/2017

Mingxi Cheng Meng Duke 5/2018

Yixiao Du MS Duke Kunshan University 6/2017

Jeffrey Fenoli MS Duke University 5/2018

David Nacouzi MS Duke University 5/2019

James Spencer MS Duke University 5/2017

Siyang Yuan Meng Duke University 5/2017

Bi Zhao Meng Duke 5/2018

Chris Brittlebank BS/MechE Elon University 5/2019

Sabrina Campelo BS/physics Elon University 5/2018

Brian Keohane BS Duke University 6/2018

Michael Macalino BS/MechE Elon University 5/2019

Chris MacGibbon BS Duke University 6/2018

Talha Rehman Summer Student 
(Undergrad) Duke University/Berea College 5/2018

Jesse Yue BS/ECE Duke 5/2019

Abhiram  
Kondagunta HS

William G. Enloe High School (Enloe 
Magnet High School), Raleigh, NC 
[through Duke University]

6/2018

Kaitlyn Szekerczes HS Rising Sun High School, North East, 
MD [through Duke University] 6/2018
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II. PROJECT DESCRIPTION

A. Project Overview

X-ray diffraction tomography (XRDT) has the potential to dramatically reduce the probability of error (Pd and 
Pfa) and increase the throughput of X-ray based explosives detection systems because of its ability to identify 
concealed materials based on their microscopic atomic and/or molecular structures. Such information can 
complement the density and effective atomic number information obtained via multi-energy transmission 
X-ray scans (either AT or CT scanners) to improve detection [1]. While this sensitivity to molecular compo-
sition is necessary for accurately assessing a host of benign and threat materials, it may at times be too sen-
sitive. For example, the details of the measured X-ray diffraction scatter signatures can depend on a variety 
of factors relating to environmental history and conditions. This variability of the signatures for materials 
with identical molecular compositions, which we refer to as texturing, presents several significant challeng-
es to real-world implementations of XRDT. First, it complicates the creation of a robust universal material 
dictionary (necessary for threat detection) because each material can have a myriad of instantiations that 
are dependent on the texturing factors. This, in turn, makes accurate modeling of many real-world materials 
(both threat and non-threat) and XRDT imaging architectures extremely difficult. Finally, because the type or 
degree of texturing is typically not known a priori, the scatter signature and/or spatial location of the scat-
terer may be estimated incorrectly, resulting in poor image quality and misclassifications (i.e. sub-optimal 
Pd/Pfa performance). 
The topics of texturing, numerical simulation methods, and XRDT architectures have all been studied previ-
ously in separate efforts; however, these previous investigations were not specifically aimed at addressing 
explosives detection and did not benefit from being unified. As a result, there exist critical gaps in quantifying 
and overcoming the effects of texturing that make accurate evaluation of XRDT impossible. In this project, we 
will address these challenges by: 

1. Creating a shareable a database containing tens of texture instantiations (e.g. different orientations, 
grain sizes, processing history, etc.) of scatter signatures for a broad range of materials of interest 
and over a relevant range of energies and scatter angles.  
a. Such a database does not currently exist and this severely limits the ability for researchers and 

OEMs to perform design and analysis of XRDT systems.
b. Much of the previous focus of like work has been on characterizing explosives exclusively; how-

ever, understanding clutter (i.e. the stream of commerce materials) is critical and is a focus of 
this effort.

2. Developing comprehensive modeling tools which, in combination with the database, allow accurate 
simulation of various measurement architectures.
a. No simulation tools exist to represent arbitrary XRDT systems and textured materials, which 

makes it impossible to evaluate or design potential XRDT systems.
b. We will develop both deterministic and stochastic (Monte Carlo) methods to provide an optimal 

solution in terms of accuracy and speed. 
3. Analyzing the impact of texturing on XRDT imaging performance and studying new ways to measure 

and process the data to mitigate the deleterious effects of texturing. 
a. We will go beyond conventional detection strategies and incorporate machine learning to better 

understand the space of XRD signatures and improve the robustness and generality of the clas-
sifier’s performance.

b. We will quantify the detection (Pd/Pfa) dependence of representative XRDT systems on the 
type and degree of texturing present in both explosive and benign materials to demonstrate the  
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capabilities of XRDT and indicate viable design pathways.
In contrast to previous efforts, we will focus our studies on operating in the transmission XRD geometry over 
a broad range of relevant X-ray energies and use an expert-informed, machine-learning approach to interpret 
the results. The results and techniques will broaden our understanding and definition of “threat” and “non-
threat” materials as well as provide tools and knowledge to government agencies and original equipment 
manufacturers (OEMs) seeking to design and/or evaluate the performance of next-generation X-ray scanners.
The ideal end state of the research program will enable/have produced:
• Demonstration of XRDT as a feasible, deployable technology (based on robustness to material variability, 

data acquisition and processing speed, and Pd/Pfa improvement for current and pending threats, includ-
ing HMEs).

• Increased interest in XRDT by government/OEMs.
• Well-defined specifications for XRDT components (e.g. detectors, sources) to enable next-generation 

XRDT technology.
• Use of the generated databases by government (for testing and evaluation (T&E) and related activities) 

and OEMs (to aid in system design and algorithm development).
• Use of the generated simulation tools by government (for T&E and specification development) and OEMs 

(to aid in system design and analysis).
• Follow-on funding opportunities to pursue the development of XRDT systems with OEM support.

B. State of the Art and Technical Approach

The topics of texturing, numerical simulation methods, and XRDT architectures have all been studied previ-
ously; however, none of these previous investigations have been unified.  As a result, there exist critical gaps 
in quantifying and overcoming the effects of texturing that make accurate evaluation of XRDT impossible. We 
address these gaps and evaluate the utility of XRDT in aviation security applications. 

B.1. X-ray Diffraction Tomography (XRDT) 

X-ray diffraction has been shown to greatly increase the material specificity of X-ray based inspection; as a 
result, it can lead to significantly reduced false alarm rates [2].  X-ray diffraction tomography (XRDT) involves 
determining the XRD signature associated with each voxel throughout an object. Unfortunately, the physics 
of XRD conflates the location and material composition of an object. While several methods for performing 
the XRDT task have been studied previously, the two methods most applicable to aviation security are direct 
tomography (DT) [3] and coded aperture XRDT (CA-XRDT) (see Fig. 1) [4]. In DT, one uses collimators on 
the source and detector side of the object, such that each detector pixel images only a single voxel within the 
object. With the signal localized in this way, the XRD signature is recorded through the use of energy sensitive 
detection at each pixel. This technique forms the basis of the Smiths HDX 10065 and Smiths XDi machines [5]. 
While DT has a well-defined spatial resolution and low computational overhead, the heavy collimation re-
sults in extreme photon starvation in the imaging system, making the scanning system slow and/or requiring 
expensive, complicated components [6]. In addition, the requirement of viewing an object voxel from only a 
single angle may result in the system measuring incorrectly or missing altogether the scatter in the case of a 
highly textured material. 
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In contrast, the CA-XRDT architecture (currently being investigated by Smiths Detection and Rapiscan Sys-
tems [7, 8]) involves using coded apertures (rather than collimators) to modulate the incident and scattered 
beams. In this way, the scatter from each voxel arrives at a range of detector pixels. The coded apertures 
provide the ability to make multiplexed measurements in an angular- and energy-dispersive manner [9], 
which increases the system throughput for faster measurements. While this is a clear advantage, CA-XRDT’s 
requirement for computational inversion makes it more sensitive to model error; because texturing is not 
known a priori, it can potentially reduce the imaging and material identification fidelity of the system. Thus, 
texturing presents challenges for accurate material identification in both DT and CAXSI.
To date, there have been no studies of the impact of texturing on XRDT systems. To bridge this gap, we have 
performed the first head-to-head comparison of DT and CA-XRDT architectures and quantified their perfor-
mance as a function of the type and degree of texturing. This analysis is made possible by experimentally 
characterizing texture in both benign and explosive materials and creating flexible simulation tools and anal-
ysis algorithms to perform the relevant studies.  In addition, while separate studies of DT and CA-XRDT have 
been performed, we are conducting the first comparison of DT and CA-XRDT.

B.2. Characterization of Texturing

For more than 100 years, the fundamental science behind XRD has been developed and applied to under-
standing the structure and properties of materials.  It is well-known that the XRD signal depends on the 
molecular structure of the material at the microscopic scale.  Because of this, XRD yields a signature for 
distinguishing materials from one another (i.e. performing material identification).  However, details in the 
microscopic structure of the material can impact the XRD signature.  A particular example of this is known 
as texturing, in which the type, degree, and relative orientation of the crystal structure of a sample impacts 
the details of the XRD scatter signal. While these details are useful for investigating the properties of a known 
material, they pose challenges (and therefore usually ignored) in the case of performing material identifica-
tion and/or threat detection of an unknown material. 

Figure 1: Schematic for pencil beam a) SVT and b) CAXSI showing the key components and geometries. Texturing re-
sults in a localization of the scatter in angle and energy.
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A variety of XRD databases exist; however, they are of limited value to aviation security for several reasons.  First, they 
typically involve measurements made with carefully-prepared powders samples (as opposed to solid or highly crys-
talline samples), which guarantees that texturing is absent. Furthermore, they typically only cover specific classes 
of materials (e.g.  biomolecules or metal alloys) which do not adequately represent many common objects 
found in luggage (such as toothpaste, cheese, paper, water, etc.). Finally, existing databases usually include 
only a few instantiations for each unique material, and do not included various orientations of textured ma-
terials.  Without an adequate understanding of the inherent variability of the XRD signatures, one cannot 
evaluate the performance of any real-world XRDT system.
In addition, the conventional XRD measurements are made using a standard X-ray diffractometer operated in 
reflection mode at a single, low X-ray energy to record the scatter form factors; however, for aviation security 
applications, measurements are made in transmission mode and require high energies (20-180 keV) in order 
to penetrate bags. Because the scatter cross section changes as a function of energy and angle, it is import-
ant to record the complete energy- and angle-dependent scatter cross sections. While a synchrotron 
system has recently been built to measure the angle and energy dependent XRD signal over a limited range 
of energies [10], this method is hardly practical for use in real labs and too expensive to use to generate large 
databases worth of data.
Without the aforementioned databases (which include stream of commerce materials measured at appropri-
ate energies and including material variations), it is extremely difficult to design XRDT systems or develop 
appropriate detection algorithms, as material signatures and their associated variability are central to these 
tasks. We are therefore building a comprehensive database relevant to threat detection and develop a 
statistical description of texturing in order to improve the performance of existing systems and prop-
erly evaluate the performance of future scanners.

B.3. XRD Simulation Tools 

Numerical tools that enable simulation of X-ray physics as well as dependences on component behavior (e.g. 
source, detector, collimator, etc.) and geometry are critical for understanding and evaluating the benefits of 
XRDT systems. The two dominant simulation methods are: 1) Deterministic numerical models for calculat-
ing mean quantities (which typically consider only first order scatter phenomena); and 2) Monte Carlo (MC) 
techniques (which are exhaustive but time-consuming). The advantage of a deterministic numerical model 
is that it is fast to run and can therefore be used to perform design studies over a broad trade space. A robust 
model of this sort is also necessary for performing model-based reconstruction for an XRDT system (i.e. re-
covering the threat status of an object based on the raw measurements). On the other hand, MC is the most 

Figure 2: Degree of texturing: (left) XRD form factor for the same copper sheet with two different orientations relative 
to the x-ray beam. (Right) XRD scatter at 60 keV using a pencil beam CAXSI system and 2D energy-sensitive detector 
spanning π/2 for a) Al powder, b) Al sheet, and c) ammonium nitrate powder (in order of increasing texturing from left 
to right). Texture modulates the scatter intensity in both angle and energy in an unpredictable way.
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physically accurate simulation technique and naturally accommodates stochastic processes (such as multiple 
scatter and noise). Although time-consuming, Monte Carlo enables realistic and accurate determination of 
system performance with all relevant sources of noise. 
Models of both types have been developed previously by several groups [11-13]. Through the DHS CAXI pro-
gram, we have developed state-of-the-art simulation models of both types: a deterministic numerical model 
of Compton scatter and XRD [9], as well as a MC model based on GEANT4 [14] that includes empirically-mea-
sured XRD signatures in place of the conventional Hubble form factors. We have previously validated our 
models against experimental measurements and used them to study various XRDT configurations (see Fig. 
3) [4, 9].  While useful, none of the models developed to date include the energy and angular dependencies 
exhibited by textured materials and are therefore constrained to describing a limited set of materials. We are 
therefore extending the current models to include a more complete description of texturing in order 
to faithfully represent real-world materials present in luggage.

B.4. Data-centric Analysis of XRD Signatures 

Traditional XRD threat classification methods usually involve two separate steps in order to assign a class 
to a particular measured form factor. In the first step, one performs material identification, which is a multi-
class classification problem, by comparing the unknown form factor to a pre-measured library of form factors 
and determining the best match. Since X-ray diffraction is most often performed with crystalline materials 
either naturally occurring or artificially crystallized) whose form factors consist of a multitude of narrow 
peaks, it is common to simply compare the locations (although not the amplitudes) of the prominent peaks 
against the locations of peaks of the form factors in the library. If enough of the peaks coincide to within some 
pre-determined accuracy, then a match is made. This approach, however, does not work for amorphous and 
liquid materials, in which scatter occurs at a broad range of momentum transfer values and the relative peak 
intensities are important in distinguishing materials. In this case, one can instead calculate a similarity met-
ric, such as the correlation (which we use in this work), between the unknown form factor and all elements of 
the library. Whichever material is most similar to the unknown material is then matched with the unknown 
material. After the material identification process is complete, the second step is then to assign the class of 
the matched material to the previously unknown material. While this process can work in some situations, 
there are several challenges associated with it. For example, the entire process fails if the unknown material 
is not already in the library, which is a significant issue given the breadth and evolution of explosive-related 
threats. Furthermore, it can be difficult to accurately associate a given form factor with the correct library 
element in the presence of noise, measurement uncertainty, and material variability.

Figure 3: Comparison of raw experiment (top) and MC simulation (bottom) XRD data for Al, NaCl, and graphite powders 
(left to right).
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The problem of the traditional identify-then-classify approach stems from the fact that it does not make use 
of similarities between members of a given class (or, more specifically, does not take into account class differ-
ences). If one considers correlation-based classifiers, for example, it is clear that each feature (e.g. momen-
tum transfer value or principal component) receives a uniform weight when performing the intermediate 
material identification step. In this case, a missing peak (as in the case of texturing) or a noise spike at a lo-
cation that happens to coincide with that form a different material could produce an incorrect identification 
and, correspondingly, a classification error.
In order to improve the detection performance relative to traditional approaches, in those program we turn 
to machine learning as a method to automatically generate a set of feature weights that are optimized for 
performing the specific task of interest. Note that this approach does not necessarily aid in the intermediate 
problem of identifying the unknown material or in obtaining any auxiliary data about the material (i.e. such 
as whether it is a solid or a crystalline material). Instead, it eliminates the need for the intermediate identi-
fication step entirely: the traditional process collapses to a single step that simply uses a previously-trained 
classier to identify directly whether a material is an explosive or not. With sufficient training data, the use of 
machine learning therefore provides the potential for increased robustness to noise and better performance 
in the face of “new” form factors (i.e. those on which the classier has not been trained).

C. Major Contributions

• Construction of an Energy-dispersive (ED) Laue Diffraction system (Year 4): We have built an ex-
perimental testbed X-ray system capable of collecting the XRD signal over a large range of energies and 
angles relevant to aviation security. The system consists of an X-ray source; collimation optics to create 
a pencil beam; a sample object (which can be rotated and/or translated); and a 2D energy sensitive de-
tector array. This allows us to collect the 3D scatter data (in terms of 2D scatter angle and energy) that 
will be included in the XRD database. All components are COTS, and a high SNR scan of a sample can take 
between 5 and 45 minutes, depending on the material.

• Commercial XRD database creation (Years 4-5): Using a conventional, commercial diffractometer sys-
tem (Bruker D2 Phaser, operated in reflection mode at the copper k-Alpha line), we acquire high-reso-
lution scans of the XRD form factors. To record a wide range of materials in different orientations, we 
have modified the system to enable title and azimuthal rotation of the sample, to vibrate the sample to 
promote randomness, and to heat or cool the same to vary the sample temperature. Using this setup, we 
measured over 400 different substances, including both benign and energetic materials. For explosives, 
we visited Jimmie Oxley’s lab at the University of Rhode Island (URI) and scanned a variety of recipes 
of explosives (in powder and slurry form) at a range of different orientations on both her Rigaku XRD  

Figure 4: Experimental setup of our energy-dispersive Laue diffractometer. From right to left, we show the X-ray source, 
series of pinhole collimators, object, and energy-resolving, pixellated detectors. Both the detectors and object are 
placed on rotation and translation stages to enable flexible illumination and detection.
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system and our Bruker system. Examples of the recipe dependence and orientation dependence of the 
XRD signatures are shown in Figure 5. Since it is extremely difficult to accurately predict the XRD signa-
ture from first principles for complicate materials, this empirical approach is necessary for understand-
ing and simulating XRD scatter.

Fundamental study of the relationship between grain size and 
texturing (Year 5): Powder material attributes of crystallinity, crys-
tal faceting, and powder packing collectively influence texture and 
the corresponding diffraction spectra. A case in point is NaCl powder, 
which is a widely-used food additive. We obtained several NaCl sam-
ples from various vendors, including from chemical suppliers and 
grocery stores. The powder (other than large granular sea salt) was 
similar in size and shape presumably from a well-established means 
of materials processing. We have analyzed how the X-ray aperture 
size and crystal grain size influence the XRD signatures. The figure on 
the right shows optical images of powder separated by size. Smaller 
powder size relative to the X-ray aperture (1 mm x 16 mm) showed 
diffraction features characteristic of randomly configured powder 
since many particles and their configuration were analyzed in the 
sampling volume. The figure below shows more spectral variability 
for larger powder relative to the fixed aperture size. Here, fewer par-
ticles were analyzed and much more sensitive to their configuration. 
A new finding is that the manner in which the powder is packed into 
the holder impacts texturing. We find that when the powder speci-
men was pressed into the sample holders, highly {100} textured NaCl 
spectra was observed for all powder sizes, as shown in Figure 7. 

Figure 5: (Left) X-ray diffraction form factors for TNT in flake, ground powder, and recrystallized crystalline forms. The 
peaks occur at nearly identical locations, but the relative amplitudes vary significantly (despite the identical molecular 
composition of the samples). (Right) An image of the scatter pattern for a sample of RDX as it is rotated over 360 de-
grees in the sample holder. For all measurements, we use a Bruker D2 phaser system. 

Figure 6: Optical micrographs of NaCal 
powder separated by size using sieving.
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• ED Laue database creation (Years 4-5): Using the ED Laue system, we scanned over 50 materials and 
recorded the scatter signal from 20-170 keV and for a deflection angle between 1 and 30 degrees. Each 
material was placed in the system with multiple orientations, and many in multiple forms (e.g. sheet, 
powder, different vendors, and different processing histories). We find that fine powders, such as Al, give 
symmetric rings with no texturing at all energies and orientations. Aluminum sheet, however, has tex-
tured rings that vary around the ring (azimuthally) and depend on the orientation of the sample relative 
to the beam, but have no variation or structure in energy.  For polycrystalline powders with large grain 
sizes, such as salt in a shaker, scatter only arises at particular angles and energies, and depends sensitive-
ly on the configuration of the individual polycrystalline grains. This indicates the challenges associated 
with XRDT on highly textured materials, as both collecting and interpreting the signal can be very chal-
lenging (compared to an untextured material).

Figure 7: X-ray diffraction spectra for 100 mm and >500 mm NaCl powder for material loosely placed (left) and  pressed 
into the sample holders (right).

Figure 8: Scatter signals measured across different energies using the ED Laue system (left). The top, middle, and bot-
tom rows show the scatter for aluminum powder, aluminum sheet, and large grain sodium chloride, respectively. From 
left to right, we show the scatter at 32, 59.5 and 93 keV. Together, this data show examples of different ways in which 
the XRD signal may deviate from the Debye cones described by Bragg’s law. Scatter signals measured for different 
orientations of the same samples in the ED Laue system (right). The top, middle, and bottom rows show the scatter 
for aluminum powder, aluminum sheet, and large grain sodium chloride, respectively. From left to right, we show the 
scatter for three different orientations of the sample in the system (with the rest of the parameters held fixed). This data 
shows examples of the orientation dependence for materials with different degrees of texturing.
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• Texturing taxonomy (Year 5): Using the ED Laue database results, we quantified the type and degree 
of texturing by developing a custom metric that characterizes the variation of the scatter signal around 
the ring (azimuthal texturing coefficient) and across different energies (energy texturing coefficient). 
By plotting each material in this space, we can visualize the distribution of materials.  We find that our 
metric clusters similar materials (e.g. copper sheet and aluminum sheet in different orientations appear 
near one another, despite appearing different in the raw measurement space). In addition, we find that 
only part of this space is filled—materials with a high degree of energy texturing generally also have 
a high degree of angular texturing. Finally, we can define a single parameter, the degree of texturing, 
which quantifies how textured the material is. For the materials in our library (which represent common, 
stream of commerce materials), we find that over half have at least some degree of texturing. These find-
ings are important for simulating ensembles of objects with appropriate degrees of texturing, as well as 
giving insight into the texturing “categories” into which materials fall, so that we can get a representative 
understanding of the range of possible scenarios while studying only a limited number of cases.

• Implementing texturing in simulation: deterministic model (Years 4-5): We previously developed a 
fast, deterministic, first-order scatter model of XRD and Compton scatter for untextured materials.  Be-
cause the details of the texture pattern are impossible to predict ab initio but the details of their structure 
are critical to system performance, we implemented an empirical approach to XRD texture modeling 
in which we use the ED Laue scatter measurements as a texture “mask” in the simulation system.  By 
modulating the scatter at specific energies and angles in the simulation, we can create realistic scatter 
distributions for materials whose texturing ranges from negligible to highly textured.  We have validated 
our scatter simulation against experimental data. The simulation enables us to simulate arbitrary system 
architectures by changing component parameters (e.g. detector type), geometry, optics (including coded 
apertures and collimators) and for objects with spatial and material descriptions limited only by the ex-
tent of our material databases. The general description of this method is shown in Figure 10.  

Figure 9: Texturing taxonomy showing the distribution of materials in the ED Laue database in terms the degree of 
texturing of each material in terms of energy and azimuthal scatter angle (left). The materials are clustered in the upper 
left hand corner of the plot. The degree of texturing is defined as the distance from the origin. Histogram showing how 
many materials display a certain degree of texturing—more than half have a non-trivial degree of texturing (right).
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• Implementing texturing in simulation: Monte Carlo (Years 4-5): We previously developed an accurate 
Monte Carlo tool (based on GEANT4) for simulating arbitrary scatter orders for untextured materials. As 
in the deterministic approach above, we have extended this MC tool to include texturing by modifying 
the scatter probabilities across different energies and angles according to empirical measurements made 
in the ED Laue system. Over the last year, we have focused on extending the simulation capabilities to 
include amorphous and liquid materials.  In addition, we have focused on cross-validating the MC simula-
tion against the deterministic model and against experimental data.  The figure below shows the current 
status of the cross-validation activities—the agreement is reasonable, and we are still working to under-
stand the causes of slight differences between the predicted and expected values.

• GPU-based acceleration of reconstruction (Year 5):  While the design of a measurement architecture 
is focused on rapidly acquiring the scatter signal, it is often necessary to then process that data in or-
der to extract the information of interest. Model-based data processing can be slow, especially when 
large amounts of data are involved. Our previous reconstruction algorithms (to go from raw data to a 
picture of the material at each location) was based on multi-core CPU architectures but was slow (re-
quiring sometimes 10-1000s of second per reconstruction). To enable studies of large data sets, we 
applied for and received a free GPU from NVidia for this project and implemented a Matlab-based re-
construction algorithm on the GPU. The figure below shows that we observe a ~20x speedup relative 
to the CPU. We have also begun investigating how other implementations (including using CUDA, op-
erating on multiple GPUs, and use sparse matrix math) can further speed up the reconstruction time. 

Figure 10: Schematic of the simulation scenario: A pencil beam generated by an X-ray source illuminates an object, 
which generates a scatter signal according to Bragg’s law. A virtual texture mask spectrally and spatially modulates 
the signal according to empirically-measured patterns. The scatter then is modulated by the presence of X-ray optics 
before being transduced into a measured signal at the detector (left). Example of experimental and simulated scatter 
from a textured sheet of Aluminum at 60 keV, showing validation of the experimental model (right).

Figure 11: Experimental data (left) and MC simulation for a sheet of aluminum, showing validation of the texture sim-
ulation framework (right). 

ALERT  
Phase 2 Year 5 Annual Report

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

Project R1-C.3

141



• Machine learning analysis of XRD signals (Year 5): In order to optimize the measurement hardware 
and data processing algorithms for an XRDT system for performing a particular task (e.g. explosives de-
tection), one must understand the signatures of all materials involved. With the databases of XRD signa-
tures measured above, we have started to use machine learning (ML) approaches to analyze and mine the 
data. As a first approach, we employed unsupervised ML techniques, such as k-means and hierarchical 
clustering to study the natural grouping of signatures. We found that many tasks, such as separating 
crystalline and non-crystalline or solid and liquid materials, can be performed naturally as the data con-
tained clear class-dependent features. The figure on the left below shows that, using only two principle 
components, the materials can easily be separated into crystalline and non-crystalline groups without 
any knowledge about the specific material in either group or any expert inputs. Using this insight, we 
then hypothesized that ML classifiers (e.g. Random Forest and Support Vector Machines) should be able 
to outperform state-of-the-art expert-guided algorithms traditionally used in XRDT (such as peak-find-
ing or correlation based classifiers). We optimized and trained ML classifiers and compared their per-
formance to correlation-based classifiers across a range of scenarios. More specifically, we generated a 
series of ROC curves for different amounts of signature degradation (including spectral blur and noise), 
using different amounts of training data, and for different classification tasks (e.g. explosive vs. nonex-
plosive identification, threat—which includes prohibited non-explosives—vs. nonthreat, etc).  We then 
calculated the probability of error (combination of 1-Pd and Pfa) and compared the performance of the 
ML approach to the conventional (correlation) approach. We found that the ML approach is more robust 
to noise, and limited training data (including the case where the classifier is testing on materials it has 
never trained on) and can improve the overall detection performance by 10% or more (see Fig. 13, right). 
In addition, one can classify threats/non-threats without having to first identify the specific material 
present, which is critical in addressing the constantly-evolving threat list and the infinite possibilities of 
material combinations.

Figure 12: Plot of the speedup as a function of number of iterations for the GPU version of our maximum likelihood 
estimation code relative to the CPU version of the code.
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• XRDT performance analysis with texturing (Year 5): A number of methods have been proposed for 
performing XRDT at the airport. Among them, direct tomography (DT) has been implemented and de-
ployed by Smiths and Morpho, and coded aperture XRDT (CA-XRDT) was invented at Duke and is current-
ly under development by Rapiscan and Smiths. While these systems have been studied separately, they 
have never been compared head-to-head and have never included texturing in a quantitative manner. Us-
ing the databases and simulation tools described above, we have performed the first head-to-head study 
of DT and CA-XRDT to understand their relative dependences on texturing. We designed in simulation 
baseline pencil beam DT and CA-XRDT systems that are consistent with aviation security needs (5-10 mm 
spatial resolution in a 40 cm tunnel).  We matched the spatial resolutions of each system over the field 
of view and worked in the infinite SNR limit to analyze the fundamental performance of each system. In 
both cases, the objects consist of several cm extent objects with no clutter. In the absence of texturing, the 
system performances are nearly identical (as was designed). However, as texturing increases, the perfor-
mance (both in terms of rms error and probably of error on classification performance) gets worse and 
the DT system outperforms the CA-XRDT system. By simply measuring more of the scatter signal (both in 
scatter angle and energy), the system performance can be improved in both the DT and CA-XRDT systems, 
indicating that texture can be mitigated through measurement choice alone. These results represent the 
nascent culmination of the development of our predecessor tasks and strikes at the heart of system-level 
analysis of XRDT systems; however, significant work must still be done. In particular, we need to study the 
SNR dependences of each system, analyze the performance over a broader range of materials and clutter 
scenarios, and investigate a broader range of mitigation strategies (including changes to the measure-
ment architecture and measurement strategy).  In addition, it is important to experimentally validate at 
least some of these findings for validation and further insight into the problem.  

 

Figure 13: Result of unsupervised k-means cluster for k=2 using the diffractometer library (left). The data is plotted 
in terms of the first and second XRD principle components – the clear separation between the classes shows that the 
data naturally separates into crystalline and non-crystalline materials. Simulated classification performance (in terms 
of probability of error) as a function of the amount of noise in the system (right). The machine learning approaches 
(orange and yellow) outperform the conventional, correlation-based classifier (blue) by up to 10%.
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D. Milestones

All proposed Year 5 milestones were accomplished this year.  Originally proposed Year 5 milestones include:
• Cross-validate Monte Carlo and deterministic forward models. This is described in our model validation 

test report.
• Develop a taxonomy of texturing in materials—this allows us to understand empirically and quantita-

tively the type and degree of texturing present in materials likely to be found in luggage and, therefore, 
properly address the challenge of texturing [15].

• Create a searchable database for storing and sharing the XRD scatter data (including 5-10 instantiations 
>50 materials, available for download upon request). This is described in our database test report.

• Determine and compare quantitatively the baseline XRD tomography systems (e.g. direct and coded ap-
erture tomography). This is described in our comparison study test report.

• Identify approaches to mitigate the effects of texturing in XRD systems.
• Demonstrate improved detection performance using a texture mitigation strategy.
Additional (not originally proposed) milestones accomplished in Year 5 include:
• Develop machine-learning-based classifiers for XRD.
• Demonstrate performance improvement of machine learning-based XRD classifiers relative to state of 

the art, traditional XRD classifiers.
• Implement Matlab-based GPU-accelerated reconstruction algorithm for XRDT and characterize its de-

pendence on key parameters.
• Modify commercial diffractometer (Bruker D2 phaser system) to measure the XRD patterns when the 

sample is tilted and rotated
• Acquire texture data for explosives/energetic materials at different orientations and using different XRD 

system (performed at URI).
• Develop connections and share the database with OEMS (Smiths, Rapiscan, Halo).
Program Deliverables available by the end of Year 5:
• XRD databases (diffractometer and ED Laue system).

Figure 14: Normalized root mean square error (left) and probability of error for aluminum powder, aluminum sheet, 
and coarse sodium chloride powder (right). The solid (dashed) line corresponds to the values for a one-dimensional 
(two-dimensional) energy-sensitive detector, while the red (blue) lines correspond to a DT (coded aperture) system. 
While the performance becomes worse as the degree of texturing increases, measuring more of the scatter signal leads 
to improved results.
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• XRD database test plan and test report (Diffractometer and ED Laue system).
• Documentation of MC software. 
• Documentation of deterministic forward model.
• Simulation test report (showing agreement of MC, deterministic model and experimental data).
• XRDT system comparison test plan and report. 
Assuming that the project is extended into Year 6, the following additional milestones will be met:
• Improve and share data processing (reconstruction and classification) code to OEMs/government. 
• Improve and share simulation code to OEMs/government.
• Improve/expand, and share the material database by:
• Experimental validation of simulated XRDT results and texture mitigation strategies

E. Future Plans (Year 6)

In general, Year 6 will allow us to do the following:
• Close the loop on the database—so far, we have scanned materials that we have identified as relevant 

(largely inspired by the DHS S&T BAA 13-05 materials list); however, in Year 6 we will engage more deep-
ly with users of the database to customize/expand it according to their needs/specifications.

• Packaging and sharing algorithms used for estimation and classification—we have achieved a number 
of additional (i.e. beyond the proposed scope) outcomes in the area of data processing. We will engage 
with the OEMs to communicate our findings and share our tools so that they can realize improved system 
performance.

• Founding of a new company—co-PIs Greenberg and Kapadia have co-founded a company (Quadridox) 
to provide related service and capability development for ALERT and related DHS work directly to TSA, 
other government contracts, and OEMs.

Depending on available resources (e.g. funding and period of performance), Year 6 plans include the follow-
ing tasks. Note that additional information on transition can be found in section III. 
• Improve and share data processing (reconstruction and classification) code to OEMs/government. 

 ○ Investigate additional ML approaches (including deep learning) as tools for material-based threat 
detection using XRD form factors.

 ○ Demonstrate 5% Pd/Pfa reduction on experimental data (previously acquired using the Duke-Smiths 
coded aperture XRDT prototype system) using the algorithms and measurement architectures devel-
oped in Year 5.

 ○ Risk: Data is GFI and must be approved for use by DHS S&T before we can proceed. However, we ac-
quired the data previously, have it, and are well versed in using it (i.e. only formal approval is needed, 
which should not be a problem).

 ○ Deliverable: Test report describing classification strategy and results.

 ○ Transition: The algorithmic approach will be shared with OEMS (Smiths, Rapiscan, HALO), and the 
results of the analysis of Smiths data will be shared with Smiths and incorporated in the Duke-Smiths 
LRBAA follow-on program via DHS S&T.

• Improve and share simulation code to OEMs/government.
 ○ Develop GPU-based Monte Carlo (MCGPU) framework for >10x speedup of Monte Carlo model for  
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fast, accurate simulation of scatter systems (applicable to XRD, Compton, and AT/CT system design 
and analysis).

 ○ Implement simple bag packing tool with gravity-based object settling for enhanced object realism in 
Monte Carlo simulations.

 ○ Risk: Realistic simulations of XRD in MCGPU has never been implemented before (with or without 
texture). However, we have modified GEANT4 in similar ways, and are confident that MCGPU modifi-
cations will be possible

 ○ Deliverable: Test report describing the method for MCGPU implementation and sample results. The 
tool can be shared with relevant parties upon request.

 ○ Transition: Publish our results and share the code with interested parties (e.g. DSTL and Rapiscan).

• Improve/expand, and share the material database by:
 ○ Adding XRDT measurements for an additional 3-5 instantiations of 50 materials (focusing on ma-

terials that have large variations/uncertainties in density/Zeff space (e.g. mixtures, powders, HME 
components, etc.).  

 ○ Measuring energy-dependent attenuation (i.e. transmission) information across energies (20-160 
keV) for the materials in the XRD database (thus making the database relevant to XRD and AT/CT 
systems).

 ○ Risk: None (this is a continuation of the existing data acquisition).

 ○ Deliverable: Shareable database of transmission and scatter measursements made at aviation-secu-
rity-relevant parameters.

 ○ Transition: The database will be shared with OEMS (Smiths, Rapiscan, HALO) and government labs, 
as appropriate.  The database will also be incorporated in the Duke-Smiths LRBAA follow-on program 
via DHS S&T.

• Experimental validation of simulated XRDT results and texture mitigation strategies.
 ○ Use a pencil beam XRDT setup along with a collimator and/or coded aperture experimentally vali-

date the texture mitigation strategies identified (via simulation) in Year 5.

 ○ Demonstrate experimentally at least 20% reduction in MSE using identified texture mitigation strat-
egies (relative to the baseline system).

 ○ Risk: Iterations may be required to match simulation to the specific experimental configuration in 
order to compare results. However, we have built several XRDT systems in the past, and understand 
how to accomplish the required system characterization.

 ○ Deliverable: Test report detailing the impact of texturing on different system configurations and com-
parison with simulation results.

 ○ Transition: We will communicate findings to component and system OEMs (Redlen, Multix, Rapiscan, 
Smiths, HALO). The results will be incorporated in the Duke-Smiths LRBAA follow-on program via 
DHS S&T.

• Year 6 programmatic risks/mitigation strategies: 
 ○ Staffing: Several of the students on our team are graduating at the end of Spring 2018 (in concert with 

the originally-anticipated end of the program) and we will need to hire new students and get them up 
to speed in a relatively short time; however, we have available a talented pool of Duke undergraduates 
and Masters students with much of the needed expertise who could be brought into the project. Also, 
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we have several other, synergistic activities with DHS which would allow current students to partici-
pate in the ALERT program as well.

 ○ Equipment: Our proposed experimental work is based on existing X-ray equipment that was pro-
cured through previous projects. No costs have been allocated to equipment in the ALERT budget. 
If the equipment malfunctions or is otherwise unable to operate properly, there may be a delay in 
completing a particular hardware-based task. As a fallback plan, we have available some redundant 
equipment in other areas within our lab and university that could be utilized to mitigate this risk.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

This work is directly relevant to the goals of DHS S&T and the TSA, which are currently seeking new tech-
niques for improving airport security. An integral part of this effort includes new methods for identifying 
threats through a combination of hardware and software, as well as developing tools for understanding and 
predicting the dependence of the measured signals on the material properties of an object. We propose to 
develop these tools and extend the fundamental science behind XRDT systems. Our work will benefit ongo-
ing and future DHS-funded efforts, such as the current BAA 13-05 programs at the University of Arizona and 
Duke University (in conjunction with SureScan) on information theoretic analysis of X-ray imaging systems; 
the Rapiscan Labs, Smiths Detection, and HALO X-ray Technologies Ltd programs on the development of 
checkpoint and checked baggage XRDT systems and associated algorithms via BAA 17-R-03 studies on re-
lated technology; and the Duke-Smiths LRBAA program aimed at studying the joint design space of AT/CT 
transmission systems and XRDT. The results will also aid the TSA, TSL, and NIST in developing standards, 
calibration phantoms, simulants, and robust classification methods for XRD applications that have not previ-
ously been explored.
To this end, the outcomes of this project will help:
• Stakeholders understand luggage from an XRD perspective (e.g., appreciate that confounders, interfer-

ents, and simulants are well-established for CT/AT systems, but wholly unknown in XRD) and develop 
solutions parallel to those in the CT/AT space.

 ○ Metric: texturing taxonomy and quantitative assessment of performance impact of texturing

• Define detector requirements for next-generation XRD systems/determine specifications on pixel size, 
count rates and layout.

 ○ Metric: provide Pd/Pfa improvement resulting from different detector specifications

• Affect XRD imaging system design/determine requirements on coding/sampling approach. 
 ○ Metric: provide Pd/Pfa improvement resulting from choice of illumination structure and coding/col-

limation (e.g. CAXI vs XDi system tradeoffs)

• Improve threat detection/provide an understanding of to what degree XRD systems can improve the 
ability to identify and localize threats.  This will also provide a connection between current and next gen-
eration technologies (e.g. helping to connect AT/CT with XRDT capabilities and opportunities).

 ○ Metric: Quantify class separation/mutual information between threats and non-threats for transmis-
sion-only, XRD-only, and XRD + transmission measurements

• Creation of tools (the database, simulation, data processing) to enable government and OEMs to evaluate 
current and future technologies.
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 ○ Metric: simulation time, accuracy, and generality/flexibility of tools for simulating system-level con-
figurations for design and analysis

B. Potential for Transition

The results of this program will directly impact current and future efforts in academia, industry and gov-
ernment. The database of XRD signals and MC software will be made available to interested authorized par-
ties, such as the TSA, universities, vendors, and the ALERT COE to aid in fundamental studies of material 
discriminability and explosives detection. In addition, the recommendations regarding texturing mitigation 
strategies would likely impact the development of key components of XRD systems, such as X-ray illumina-
tion strategies and energy-sensitive detectors. Finally, the results and knowledge gained through the project 
will be shared with interested parties (e.g. University collaborators, Rapiscan, Smiths Detection, Bruker, Halo 
Technologies, etc.) through the publication of our findings in journals and participation at relevant confer-
ences.  These tools will be used as Duke and Smiths work together to develop next-generation XRDT solutions 
for checkpoint scanning.
We are already collaborating with Rapiscan, Halo Technologies, and Smiths Detection by sharing our find-
ings to date and incorporating their suggestions into our test plans.  In addition, the preliminary results and 
insights gained will be used to inform requirements/specifications for next-generation XRD detectors. Our 
work has also inspired collaboration and potential future work with Lawrence Livermore National Labora-
tory (Harry Martz) to extend our work on texturing to a more complete view material variability (including 
threat and non-threat materials) jointly with dual-energy CT.  In addition, as another example of collaborative 
work, we are currently in discussion with DSTL (UK) and Rapiscan about incorporating our Monte-Carlo sim-
ulations into their research tasks and workflow.
In Year 6, we will seek to engage more deeply with NIST, TSL, and TSA to make available our developed soft-
ware and share our scatter database. Feedback from these agencies will also help us tailor our data acquisi-
tion procedure.  

C. Data and/or IP Acquisition Strategy

Acquiring the data for implementing this methodology involves:
• Building an experimental testbed for acquiring XRD signature: This effort has already been accomplished 

and measurements are currently underway using the system. This data will supplement the data also 
being acquired via a commercial XRD system (Bruker D2 Phaser).

• Building numerical models: We have already converted (and continue to convert) measured material 
data into GEANT4-compatible data files that can be incorporated into the diffraction model. We will then 
build a library of virtual test objects such as suitcases, shipping containers, and cargo containing multiple 
instantiations of materials of interest and simulate the data that would be measured using a variety of 
XRD imaging systems.

The intellectual property actions currently planned or being undertaken include:
• An invention disclosure has been filed for the Monte-Carlo simulation code at the Duke University Office 

of Licensing and Ventures. Determination for full IP will be made after additional development of the 
code. 

D. Transition Pathway 

• Delivery of/access to the XRD database 
 ○ Shared with & used by Smiths Detection, Rapiscan, and Halo in Year 5 to aid in XRD system design and 
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analysis of both hardware and software 

 ○ In discussion with sharing/customizing the database for NIST/TSL – will help development of test 
objects, metrics for developmental T&E, standards, etc.  This is a potential Year 6 activity

 ○ Discussing the development of a transmission + scatter database with benign and energetic materials 
with LLNL (likely to be a follow-on activity outside of ALERT)

• New company (Quadridox, Inc.) was founded in Year 5 by Profs. Greenberg, Kapadia, Gehm (Duke) and 
Ashok (UA) to transition ALERT and related work directly to OEMs and government agencies (including 
TSA)

• Delivery/application of custom XRD simulation code
 ○ Monte Carlo code already shared in Year 4/5 with Rapiscan and DSTL to aid in their evaluation of  

candidate system design and components

 ○ Deterministic code to be used as part of Duke-Smiths LRBAA for DHS S&T during Year 6.

• Implementation of classification algorithms and GPU-accelerated reconstruction in system prototypes
 ○ Data processing results/approach presented in the presence of Smiths and Rapiscan at the 2018 SPIE 

ADIX meeting

 ○ Co-PI Prof. Kapadia is consulting for Rapiscan making use of some of the experience gained through 
the Years 4-5 MC development work.

 ○ ML classifier and GPU-based reconstruction code to be used as part of Duke-Smiths LRBAA for DHS 
S&T during Year 6

E. Customer Connections

• Kristofer Roe, Souleymane Diallo, Christopher Gregory, Matthew Mertzbacher, Smiths Detection [month-
ly communication, database shared, T&E on existing 13-05 XRDT, participating in awarded Duke/Smiths 
joint BAA 14-02 program for transmission + XRDT study] 

• Adam Grosser, Kris Iniewski, Redlen Tech [monthly communication, joint proposals in place to TSA, DHS 
S&T, OEMs]

• Harry Martz, LLNL [several times per year, joint proposal in place to DHS S&T]
• Simon Godber/Keith Rogers, Paul Evans, Halo Tech [>monthly communication, database shared]
• Joseph Bendahan/Ed Franco, Rapiscan [collaboration under development, database shared]
• Ron Krauss, TSL [potential collaboration discussed]
• Larry Hudson, NIST [potential collaboration discussed]
• David Lockley, DSTL [Monte Carlo code shared, annual licensing agreement in progress]

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. 6 semesters of independent study (undergrad and masters) led

2. Student Internship, Job, and/or Research Opportunities
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a. Summer Internships on our team for 7 summer students 
b. 1 post-baccalaureate researcher

3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution  
Students or Faculty
a. Several high school students participated as summer interns. 

B. Peer Reviewed Journal Articles 

Pending –
1. Zhao, B., Yuan, S., Wolter, S., & Greenberg, Joel.  “Application of machine learning to X-ray diffrac-

tion-based explosives detection” (in preparation for Machine Learning and Data Mining in Pattern 
Recognition). 

2. Hazineh, D., Yue, J., & Greenberg, Joel, “Quantifying the degree of texture using an energy-dispersive 
Laue diffractometer” (in preparation for NIMB)  

3. Greenberg, J., Hazineh, D., & Gehm, M. “Energy-angle Correlations in Energy-dispersive Laue Diffrac-
tion” (in preparation for Optics Express). 

4. Hazineh, D., MacGibbon, C. & Greenberg, Joel. “Comparison of direction and coded aperture X-ray 
diffraction tomography in the presence of texturing” (in preparation for Applied Optics). 

5. Hazineh, D., MacGibbon, C., Kapadia, A.K. & Greenberg, Joel. “Simulation of anisotropic X-ray diffrac-
tion patterns using empirically-measured texture masks” (in preparation for NIMB). 

C. Other Publications

1. Wolter, S. “Materials science of X-ray diffraction.” X-Ray Diffraction: Technology and Applications 
(CRC press) in press).  [invited book chapter]

2. Greenberg, J. “Coded aperture X-ray diffraction tomography.” X-Ray Diffraction: Technology and Ap-
plications (CRC press) (in press).  [invited book chapter]

D. Peer Reviewed Conference Proceedings

1. Zhao, B., Wolter, S., &  Greenberg, J.A. “Application of machine learning to x-ray diffraction-based 
classification.” Proc. SPIE 10632, Anomaly Detection and Imaging with X-Rays (ADIX) III, 1063205 
(4 May 2018);

2. Greenberg, J.A., MacGibbon, C., Hazineh, D., Keohane, B., & Wolter, S. “The role of texturing in x-ray 
diffraction tomography.” Proc. SPIE 10632, Anomaly Detection and Imaging with X-Rays (ADIX) III, 
106320B (4 May 2018).

3. Spencer J.R., Carter J.E., Buxton C., Leung C., McCall S.J., Greenberg J.A., & Kapadia A.J. “X-Ray Diffrac-
tion Spectral Imaging for Breast Cancer Assessment.” 59th Annual Meeting of the American Associa-
tion of Physicists in Medicine, Denver CO, USA, 2017. BEST IN PHYSICS (IMAGING).

4. Nacouzi D.J., Spencer J., Zhao, B., Leung, C., McCall, S., Greenberg, J.A., & Kapadia, A.J. “Smarter Cancer 
Detection Through Machine-Learning Applied to High-Resolution Diffraction Tissue Scanning.” 60th 
Annual Meeting of the American Association of Physicists in Medicine, Nashville, TN, USA 2018.

E. Other Conference Proceedings

1. Kapadia, A.J. “X-ray diffraction imaging in medical applications.” SPIE ADIX, Orlando FL, April 2018.

ALERT  
Phase 2 Year 5 Annual Report

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

Project R1-C.3

150



2. Greenberg, J. “Opportunities and challenges for X-ray diffraction tomography at the checkpoint.” 
Concealed Explosives Detection, Charlottesville, VA, November 2017.

F. Technology Transfer/Patents

1. Inventions Disclosed
a. Invention disclosure filed to Duke for Monte-Carlo Simulations. Filed July 15, 2017. 

2. Spin-off Companies Started
a. Quadridox, Inc. (by Joel Greenberg and Anuj Kapadia)

G. Software Developed

1. Databases
a. XRD diffractometer database (XRD signatures acquired in reflection mode at 8 keV for >400 

materials, including explosives and benign materials).  Continually updated. Shareable upon re-
quest.

b. ED Laue database (angle- and energy-dependent XRD scatter signal in transmission mode for 
5-10 measurements of >50 materials, including only benign materials commonly found in lug-
gage). Continually updated. Shareable upon request.

2. Models
a. a. Monte-Carlo simulation in GEANT4 for texture-based modeling of X-ray diffraction  

(Available to end users at the end of Year 5). Shareable upon request.
b. GPU-based rapid Monte-Carlo simulation in MCGPU for modeling X-ray diffraction (in progress; 

proposed as a task in Year 6 Work Plan).
3. Algorithms

a. Support Vector Machine (SVM) and Random Forest classifiers for determining the threat status 
of an object without first identifying the material.

V. REFERENCES

[1] Li Zhang, Tianyi YangDai,Determination of liquid’s molecular interference function based on X-ray dif-
fraction and dual-energy CT in security screening, Applied Radiation and Isotopes, Volume 114    (2016).

[2] Shanks, N. E. L. & Bradley, A. L. W. Handbook of Checked Baggage Screening: Advanced Airport Security     
Operation.  (John Wiley & Sons, 2005).

[3] G. Harding, M. Newton, and J. Kosanetzky, “Energy-dispersive X-ray diffraction tomography.” Phys. Med. 
Biol, 35(1), 1990, 33.
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R1-D.1: Theoretical Modeling Considerations

I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email

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

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

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

Naomi Rom CI Hebrew University naorom@gmail.com

Amkam Levy Post Doc Hebrew University amikamlevy@gmail.com

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

David Furman PhD Hebrew University 06/2018 

Natan Kalson MSc Ben-Gurion University 10/2017

Ido Fridler BS Ben-Gurion University 05/2019

Or Hadas BSc Ben-Gurion University 8/2018

Danny Kogan BSc Ben-Gurion University 8/2017

Michael Sidorov BSc Ben-Gurion University 08/2019

Alexander Trifonov BSc Ben-Gurion University 10/2018

II. PROJECT DESCRIPTION 

A. Project Overview

Since July 2013, we have significantly enhanced our understanding of improvised explosives and improved 
our simulation capabilities. The main topics we studied in this project are described below:

A.1. Explosive Detection Using 2D THz Spectroscopy

The theoretical research effort during the first two years (of ALERT Phase II) resulted in a few suggestions of 
new methods and methodologies. For example, a novel THz spectroscopy signature for explosive materials 
was described. The method is based on a new and reliable methodology of simulation based on calculation of 
the absorption bands of complex molecular crystals. The new detection method suggested by this theoretical 
study employs 2D spectroscopy using polarized THz light as a unique and reliable method to obtain high 
specificity in the THz spectroscopy of explosives. This study is a first of its kind and we hope that its predic-
tions will be examined experimentally.

A.2.	 The	Role	of	Nanometer	Size	Defects	Simulations	Using	a	New	Efficient	Methodology	

Another new methodology developed in this project is an approach to accurately describe energetic ma-
terials (solid or liquid) at their Chapman-Jouguet (C-J) conditions. This task usually requires use of very 
large molecular systems; consequently, very large computational power is required. The newly developed  
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methodology allows the simulated explosive to reach the C-J state of the energetic material using a very short 
calculation. Once the C-J state is reached, the simulation continues for a relatively long period that allows 
us to study the complex reactive events occurring at the C-J state. Additionally, the new methodology can be 
applied to a much smaller system. This methodology was applied to study the role of nanometer size cavities 
in Erythritol tetranitrate (ETN). The results of the simulations prove that nanometer size cavities act as hot 
spots just like much larger (1-100 micrometer) cavities. Moreover, the same mechanism is responsible for 
the overheating of the cavity region in both cases.

A.3.	 New	Reactive	Force	Fields	(ReaxFF)	Parameters	for	Two	Explosives

New reactive force fields (for both HN3 and ETN) were developed and allowed us to study the detonation 
dynamics of these two explosives. The theoretical study of these explosives yields results related to these ex-
plosives’ thermodynamic, kinetic, and spectroscopic characteristics, as well as evaluation of their detonation 
sensitivity and performance. 

A.4.	 Laser	Pulse-induced	Ejection	of	Molecules

A model describing the mechanism that operates during the interaction of intense short laser pulses with 
thin explosive layers on a solid substrate was developed. The model allowed us to understand the mechanism 
that is responsible for the ejection of intact explosive molecules upon laser irradiation. The simulations show 
that a model in which the laser irradiation induces a shock wave that hits the thin film correctly describes the 
experimental data. The conditions required for this process were determined and will allow optimization of 
molecular ejection. These results may have important implications on explosive detection methods.

A.5.	 Decomposition	Routes	of	HMTD

Extensive QC calculations on the decomposition of Hexamethylene triperoxide diamine (HMTD) in different 
environments has been carried out. This study was part of a collaboration with the ALERT projects of Dr. 
Jimmie Oxley and Dr. James Smith at the University of Rhode Island (Projects R1-A.1, R1-B.1, and R1-C.2). 
The joint study yielded an efficient and safe route to decompose large quantities of HMTD. The possible de-
composition pathways of HMTD in different environments were examined in detail and allowed to develop 
an efficient destruction approach. The destruction method proposed can be used by end-users such as the 
police bomb squad and other law enforcement units.

A.6.	 Detonation	of	Liquid	Mixtures

In Year 4, we started a comprehensive study of liquid explosive detonation. The study considers pure nitro-
methane as well as its mixture with other liquids (both oxidizers and fuels) at various ratios. The additives 
examined are: acetone, ethanolamine, methanol, and hydrogen peroxide (H2O2). The main goal of the study 
is to understand the role of the various additives on sensitivity and detonation performance. In Year 5, it was 
found that these liquid explosives exhibit an initial incubation period followed development of the detona-
tion wave that is accompanied by temperature and pressure rise. The rate of energy release during the det-
onation, as characterized by the rate of temperature rise, is shown in Figure 1 for all the systems examined. 
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It is clear that in all cases increasing the amount of additive leads to a reduced rate of temperature increase. 
For hydrogen peroxide this decrease in T rise rate is very small, while for ethanolmine it is the largest. In the 
case of acetone, the addition of a small amount (5%) leads to an increase in heat release rate.
It has been shown that when energetic materials are heated rapidly (as when a shock wave passes through 
the material), there is a short period during which translational energy is converted into molecular internal 
energy. This gives rise to an endothermic stage that is due to the initial steps of molecular decomposition. 
Examination of the potential energy of the system defines the end of this stage. Hence, the parent molecules 
decomposition rate during the endothermic stage allows for the obtainment of the decomposition reaction 
rate and further determination of an associated activation energy (Een) by simulations at different elevated 
temperatures. The activation energies obtained for the various mixtures were examined are presented in 
Figure 2.

Figure 1: Rate of temperature rise during detonation at three shock velocities of nitromethane mixtures with four ad-
ditives at different molar concentrations. The shock velocities examined were: 7.8, 8.0, and 8.2 km/sec.

Figure 2: Activation energies of the endothermic stage obtained for the different mixtures examined.
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Examination of these results shows that addition of acetone leads to marked reduction in the magnitude of 
Een, hence, mixtures of nitromethane (NM) with acetone are expected to be more sensitive to detonation. 
Similar behavior is observed for the addition of 10% methanol and 20% hydrogen peroxide. The addition of 
ethanolamine to NM at all concentrations examined leads to a less sensitive mixture.

A.7.	 Mixtures	of	Hydrogen	Peroxide	with	Urea	and	with Erythritol

The reaction pathways and energy barriers involved in detonation of hydrogen peroxide mixed with urea or 
erythritol were investigated using electronic structure calculations at the Density Functional Theory (DFT) 
level. The first system examined is a mixture of H2O2 and urea. The preliminary calculations show that decom-
position of urea involves a first step of intramolecular rearrangement followed by the release of an ammonia 
molecule. The energy barriers associated with these two steps are 42 and 59 kcal/mol respectively. The in-
teraction between urea hydrogenperoxide molecules eliminates the first energy barrier, but still requires 59 
kcal/mol to produce a NH3 molecule. In the case that two H2O2 molecules interact with one urea molecule, the 
reaction can reach completion by surpassing a barrier of only about 14 kcal/mol (see Fig. 3). These results 
indicate that detonation can easily occur when the molar ratios of hydrogen peroxide and urea exceed 2:1. 
This study continues at present and will be extended to mixtures of H2O2 and sugar.

The interaction of the two H2O2 molecules with urea leads to formation of an intermediate complex with an 
energy barrier of only 14 kcal/mol. This complex then decomposes to yield an ammonia molecule as a by-
product. This first step in the decomposition is exothermic by about 8 kcal/mol. These calculations are being 
recalculated using a much larger basis set to substantiate these results.
It is well established that alcohols such as erythritol can undergo unimolecular decomposition to produce a 
water molecule (a di-hydration reaction). The energy barrier we calculated to obtain the required interme-
diate complex is about 46 kcal/mol. In the presence of hydrogen peroxide, a slight reduction of the energy 
barrier, about 5kcal/mol, is observed. However, if a different conformer of erythritol is used as a starting 
point, the energy barrier of erythritol decomposition to yield an H2O molecule is markedly reduced to about 
17kcal/mol (see Fig. 4).

Figure 3: The reaction path for an urea molecule reacting with two H2O2 molecules. The red and blue lines mark the 
energies of the corresponding intermediate complexes.
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It should be noted that this decomposition step is very exothermic and can supply energy for additional de-
composition steps. These results are re-calculated using a much larger basis set to substantiate the prelimi-
nary calculations.

A.8.	 Development	of	a	Global	Efficient	Training	Method	for	ReaxFF	Parameters

Particle swarm optimization (PSO) is a powerful metaheuristic population-based global optimization algo-
rithm. However, when applied to non-separable objective functions, its performance on multimodal land-
scapes is significantly degraded. A new method with significant improvement in the search quality and ef-
ficiency on multimodal functions was developed by enhancing the basic rotation-invariant particle swarm 
optimization algorithm with isotropic Gaussian mutation operators. The new algorithm demonstrates a 
superior performance across several nonlinear, multimodal benchmark functions compared to the rota-
tion-invariant Particle Swam Optimization (PSO) algorithm and the well-established simulated annealing 
and sequential one-parameter parabolic interpolation methods. A search for the optimal set of parameters 
for the dispersion interaction model in ReaxFF-lg reactive force field is carried out with respect to accurate 
DFT-TS calculations. The resulting optimized force field accurately describes the equations of state of several 
high-energy molecular crystals where such interactions are of crucial importance. The improved algorithm 
also presents a better performance compared to a Genetic Algorithm optimization method in the optimiza-
tion of a ReaxFF-lg correction model parameters. The computational framework is implemented in a stand-
alone C++ code that allows a straightforward development of reactive force fields. The improvement in equa-
tions of state of four explosives due to the addition of improved dispersion forces to ReaxFF using the new 
training method is presented in Figure 5.

Figure 4: Erythritol decomposition route in the presence of H2O2. The red line marks the energy of the complex sponta-
neously formed among the two molecules.
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Figure 6 presents a comparison between results of optimizations conducted by two variants of GARFFIELD 
and of our method on a compact set of previously training data. The training set contains full dissociation 
and compression curves for vdW bonded dimers in the S66 database including AcNH2, NH3, CH3NH2, CH3NH2, 
Pyridine, and HN3 dimers. In both cases, we use exactly the same initial force field to evaluate the initial fit-
ness. This results in an initial fitness of 2.75‧103. After roughly 100 iterations, GARFFIELD improves the av-
erage fitness by a factor of about 2.5. Then a slower improvement rate can be observed until the final results 
are obtained. In comparison, the new method, termed RiPSOGM, using 20 agents, succeeds to dramatically 
lower the average fitness in the first few (about 20) iterations and then shows very slow improvement and 
stays almost stagnant throughout the remaining search process. This behavior stems from the randomization 
process where each of the optimization parameters gets a completely independent random value within its 
domain boundaries. Then, the member with the globally best fitness is chosen as the new force field for the 
next step in the search process. In contrast, GARFFIELD generates a population of 20 genes with mutation 
and crossover operations from the initial force field. Turning on local search (CG) after 400 iterations for 
the additional 100 iterations in GARFFIELD leads to further lowering of the fitness to 254.2. The addition of 
a local search in RiPSOGM offers a similar improvement and arrives at the final fitness value of 191.8. Thus 
the better performance of RiPSOGM over GARFFIELD is afforded by (a) the randomization step already at 
the initial stage and the selection of the globally best member as the new force field for the search process; 
(b) the efficient information-sharing mechanism in the swarm; and (c) the addition of local search-like char-
acteristics to each swarm member. Overall, the RiPSOGM framework which is rotation-invariant, shows a 
better performance in terms of solution quality and computational cost, and is less divergent throughout the 
optimization path.

Figure 5: Calculated equations of state for energetic molecular crystals. DFT calculations (green) include the Tkatch-
enko-Scheffler dispersion correction. Force field values are calculated with ReaxFF-lg 2.0 obtained following the new 
optimization method (blue) and compared to the original ReaxFF-lg values of Liu et al (red).
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B. State	of	the	Art	and	Technical	Approach

The theoretical studies reported use mainly two methods: quantum chemical (QC) calculations and reactive 
molecular dynamics (RMD). These methodologies are constantly being developed and can be implemented 
using either commercial (QC) or open source (RMD) codes. For the QC calculations, we primarily used the 
Gaussian 09 commercial code [1]. In most of the implementations in this project, we employed DFT level 
theory with various functionals and basis sets that are suitable for the problem studied. We did comparative 
studies using different functionals.
In the case of RMS simulations, considerable methodological development was required. In all our studies 
the open source code LAMMPS was used [2]. Here, one has in many cases, to develop new implementation 
methodologies or force fields that are suitable to investigate the problem in question. A number of such new 
methodologies were developed by us during this project. Some of these were already described above: 
• A method to calculate THz spectra of molecular crystals was developed by us and its implementation to 

TATP and RDX were published [3]; 
• A simple scheme that allowed us to obtain the C-J state of explosive materials rapidly and using relatively 

small systems was applied in the study of nanometer vacancies in ETN [4] and is also implemented in the 
study of liquid explosives; and 

• Two new reactive force fields were developed in this project, one for the HN3 system [5] and the other for 
ETN [4, 6]. In addition to these, we have developed a new code for the efficient analysis of RMD data. This 
approach is based on graph theory and allows us to search the LAMMPS output to identify the species at 
any given moment of the simulation. 

At described above, recently we developed a new approach that allows for an efficient construction of reac-
tive force fields. The development of ReaxFF for new systems constitutes two stages: 1) QC calculations of 
geometries, and energies of a large number of reactant configurations, intermediates, bi- and tri-molecular 
processes, etc; and 2) using this data baseto train an accurate ReaxFF, namely, to obtain the parameters that 
reproduce accurately the QC data. This stage, in most cases, used to be extremely complex and involved a very 
long development period. Our new approach is based on the use of population to search parameter space to 
obtain the global minimum. The search is based on the Particle Swarm Optimization (PSO) algorithm with a 

Figure 6: Comparison of our global optimization performance and the genetic algorithm based code GARFFIELD with 
and without a conjugate-gradient (CG) minimization. Population size in both methods is 20 agents. For each algo-
rithm, three independent runs were performed. The y-axis is a log scale and the dots are a guide to the eye.
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number of improvements that markedly reduce search time and increase the probability to locate the lowest 
minimum.
As far as we know, we were the only group of researchers at ALERT that performs theoretical studies as those 
described here.

C. Major	Contributions

The major contributions of this project to date include: 
• Year 5: 

 ○ Summary of the detonation properties of liquid mixtures between nitromethane and four different 
liquid additives (acetone, ethyleamine, methanol, and hydrogenperoxide).

 ○ Decomposition pathways of mixtures of H2O2 with urea and with erythritol.

 ○ Development of a new, accurate, and efficient method to search for optimal ReaxFF parameters to 
accurately reproduce DFT data.

• Year 4: 
 ○ New ReaxFF parametrization for solid Erythritol tetranitrate (ETN).

 ○ Detonation properties of liquid mixtures.

• Year 3: 
 ○ The role of nano-size defects simulation using a new methodology.

 ○ Deciphering the mechanism of laser induced ejection of molecules.

• Year 2: 
 ○ New ReaxFF parametrization for liquid HN3.

 ○ Determining the decomposition routes of HMTD for safe disposal.

• Year 1: 
 ○ Explosive detection using 2D THz Spectroscopy.

 ○ Characterization of TNT detonation mechanism: bimolecular pathway. 

D. Milestones

• RMD simulations of mixtures of nitromethane with four different additives: acetone, 
ethanolamine, methanol, and H2O2 were completed. Presently, we are analyzing the data with the aim to 
publish a paper. 

• The construction of a new reactive force field for TNT was completed in Year 4. 
The main improvement to the existing force field is a better treatment of hydrogen bonding 
and dispersion forces. This improved the equilibrium density of the bulk TNT.

• The QC calculations regarding the stability, energy barrier for decomposition, and thermal 
decomposition pathway to obtain stable products of the three nitrified sugars were completed. The re-
sults were transferred to the experimental group of Dr. Oxley for comparison with experimental data.

• First stage of QC calculations of reactions in mixtures of H2O2 with urea and with erythritol were com-
pleted. The results show that in both cases, existence of enough hydrogen peroxide leads to reduced 
energy barriers for initial decomposition of the “fuel” molecules. These results are being substantiated at  
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present using more accurate calculations (i.e. using larger basis sets).
• We have not yet started the simulations of potassium chlorate mixture with wax. The study of this system 

will start once the calculations of H2O2 mixtures will end. 
• The influence of nano-Al particles’ addition on detonation characteristics of some of the HMEs has not 

started yet. 
• A new efficient global search method was developed and implemented to obtain ReaxFF parameters for 

new systems to be used. The new approach was applied to the addition of dispersive forces to the force 
field for HN3 developed by us earlier. The new force field allows to reproduce the very large difference 
(about 30%) between solid and liquid HN3. The new ReaxFF is being used at present to understand the 
origin of this anomalous density difference.

E. Future	Plans	(Year	6)

As a result of the ALERT Biennial Review conducted in March of 2018, this project has been concluded and 
will not be funded in Year 6.  As much as possible, we will complete the investigations currently in progress 
with the following specific objectives:   
• Past Year 5, additional time and resources will be required to complete the planned study of 

the different improvised explosives. In particular, RMD simulations of hydrogen peroxide 
mixtures with urea and with sugar will be performed. These simulations will focus on the 
sensitivity and detonation mechanism of these mixtures.

• Our goal is to be able to simulate and predict the explosive characteristics of all improvised 
explosives and simulate spectroscopic characteristics for remote detection from first 
principles. These type of simulations require appropriate force fields. The new global 
optimization method we developed will allow efficient and accurate parametrization of ReaxFF 
for different systems. The new optimization method was already applied to improve the ReaxFF 
parametrization of the HN3 system. The improvement consist of proper addition of 
dispersion forces and hydrogen bonding to the ReaxFF. This addition will allow to calculate accurately the 
vibrational characteristics of liquid and solid HN3.

• In addition to the QC calculations related to mixtures of H2O2 with urea and with erythritol, we also plan 
to carry out RMD simulations of these systems. Reactive molecular dynamics study of oxidizer-fuel mix-
tures will allow for greater understanding of the sensitivity, thermodynamics, and kinetics of the detona-
tion of these mixtures. 

• We plan to initiate the study of hydrogen azide as the first member of a new family of potential 
improvised explosives.

• During the last 3-4 years, we studied different families of improvised explosives (i.e. 
peroxides, liquids, mixture of oxidizers, and fuels). The theoretical study accompanied 
the experimental investigation by the research group of Dr. Oxley at the University of 
Rhode Island. We propose that the two groups will compose a comprehensive overview of im-
provised explosives. This review will serve the Department of Homeland Security as a 
technical guide to these systems.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

1. One of the main challenges in dealing with the threat of terror is the appearance of unknown im-
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provised explosives. There is a need for rapid assessment of the yield, sensitivity, and safe disposal 
of these explosives. In addition, procedures for detection, specifically, remote detection if possible, 
are needed. We suggest using computational methods as a first rapid response to these threats. We 
have the capability to supply such data without having to synthesize the hazardous material, which 
is time consuming and dangerous.

2. Our immediate goal is to advance our computational methods to address the potential hazard of 
explosive liquid mixtures. Currently, these liquids are hard to detect and their explosive properties 
are difficult to predict.

B. Potential for Transition

As a theory group, our task is to develop simulation and computational tools to be used as a base for rational 
design. Our tools will support experimental efforts. Our end-users are researchers, government agencies, and 
companies involved in security.
Computer simulations are, in most cases, the fast lane for the evaluation of unknown improvised explosives 
and compositions (IECs). QC and RMD calculations can identify fundamental properties, such as the detona-
tion mechanism and yield of new materials. Experimental studies are time consuming, expensive, and poten-
tially dangerous. Specifically, the results of the theoretical research described above can be used to guide and 
focus experimental efforts to synthesize, characterize, and detect materials such as IECs. For example, we 
have collaborated with R1 Thrust Leader, Dr. Oxley and her colleagues to validate the mechanisms of synthe-
sis and degradation of new explosives by combining simulations and experiments.

C. Data	and/or	IP	Acquisition	Strategy

The datasets developed for modeling will be put in public domain as supplemental material.

D. Transition Pathway 

Computer simulations are essential for rapid response to unknown improvised explosives. Such simulations 
can identify fundamental properties, such as the detonation mechanism and yield of new materials. Experi-
mental studies are time consuming, expensive, and dangerous. Specifically, the computational results can be 
used to guide and focus experimental efforts to characterize materials such as HMEs. The direct outcome will 
be potential parameters which can be used with standard simulation platforms such as LAMPS.

E. Customer Connections

The connections to DHS, TSL, and TSA are strong.  To date, the FBI is the major agency outside of DHS, which 
is aware of the details of this project.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Peer	Reviewed	Journal	Articles	

1. Fisher, D., Zach, R., Matana, Y., Elia, P., Shustack, S., Yarden, S., & Zeiri, Y. “Bomb Swab: Can Trace Explo-
sive Particles Detection Be Improved?” Talanta, 174, 1 November 2017, pp. 92–99. DOI: 10.1016/j.
talanta.2017.05.085

2. Oxley, J.C., Furman, D., Brown, A.C., Dubnikova, F., Smith, J.L., Kosloff, R., & Zeiri, Y. “Thermal Decom-
position of Erythritol Tetranitrate: A Joint Experimental and Computational Study.” Journal	of	Physi-
cal Chemistry C,	121(30), 6 July 2017, pp. 16145-16157. DOI: 10.1021/acs.jpcc.7b04668
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3. Kalson, N.H., Furman, D., & Zeiri, Y. “Cavitation-Induced Synthesis of Biogenic Molecules on Primordi-
al Earth.” ACS Cent. Sci., 3(9), 11 September 2017, pp. 1041-1049. DOI: 10.1021/acscentsci.7b00325

Pending-
1. Furman, D., Carmeli, B., Zeiri, Y., & Kosloff, R. “Enhanced Particle Swarm Optimization Algorithm: 

Efficient Training of ReaxFF Reactive Force Fields.” Journal	of	Chemical	Theory	and	Computation. In 
press.

B. Conference	Proceedings

1. Kosloff, R., Zeiri, Y., & Furman, D. “Molecular Dynamical Simulations of Energetic Materials: Mecha-
nism, THz Spectroscopy and Laser Ablation.” The 83rd	Annual	Meeting	of	the	Israel	Chemical	Society, 
Tel Aviv, Israel, February 13-14, 2018.
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THRUST R2 
TRACE & VAPOR SENSORS

Project 
Number Project Title Lead Investigator(s) Other Faculty 

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

Ambient Pressure
Gary A. Eiceman John A. Stone

Avi Cagan
Gyoungil-Lee

R2-A.3 A Novel Method for Evaluating the  
Adhesion of Explosives Residues

Stephen P. Beaudoin

R2-B.1 Orthogonal Sensors for Trace Detection Otto J. Gregory Michael J. Platek
Alan Davis

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

Matteo Rinaldi Zhenyun Qian

R2-B.4 Mid-Infrared Photonic Integrated Circuits 
for Stand-Off Detection of Trace Explosives

Anthony Hoffman
Michael Wanke

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

Scott Howard Vijay Gupta
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R2-A.1: Improved Trap Design for Contact  
Sensing

I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email

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

Bryan Boudouris Assistant Professor Purdue University boudouris@purdue.edu

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation 

Sean Fronczak Ph.D. Purdue University 12/2017

Darby Hoss Ph.D. Purdue University 8/2017

Jennifer Laster Ph.D. Purdue University 12/2017

II. PROJECT DESCRIPTION 

A. Project Overview

The goal of this project was the development of novel traps with the following characteristics: 1) high affinity 
for explosives residues; 2) excellent ability to interrogate surfaces of interest; 3) high thermal stability in or-
der to survive multiple trips through an ion mobility spectrometer (IMS); 4) mechanical toughness to avoid 
breakdown with use; 5) compatibility with electrothermal desorption methods to allow for next-generation, 
low-temperature use; and 6) low manufacturing cost.
The challenges to be addressed were: 1) limited impact of mechanical and chemical effects on trap perfor-
mance; 2) high temperatures on the desorber plate in the IMS (well above 250°C); 3) loss of mechanical integ-
rity of the traps as they dry; and 4) optimization of electrothermal methods for low temperature desorption.
It has been shown at Pacific Northwest National Labs (PNNL) and in our lab that changing the surface chem-
istry of a trap can dramatically change its adhesion behavior towards explosives residues. In our ongoing 
work outside of this project, we are experimenting with different surface chemistries to identify the ones that 
most effectively improve the adhesion of the traps to the residue during residue harvesting without impeding 
the residue release process in the IMS.  
The goals of this project were the following:
• Identify surface chemical moieties that influence the adhesion of explosives residues to our polymeric 

traps, and quantify their effect on the adhesion and the release of residues.
• Transfer the results of this research to a corporate partner who will develop and deliver the traps to the 

public sector for use in air transportation security settings.
If this project were to have succeeded, the traps would have improved the effectiveness of checkpoint secu-
rity activities based on contact sampling/IMS at a low cost. These traps would have allowed contact sam-
pling/IMS to be employed in the detection of new and emerging explosives threats that have very low vapor 
pressures and are not amenable to IMS-based detection using current trap technology. These threats include 
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inorganic species for which no current methods exist. Because the traps being developed here were expected 
to operate using a combination of electrostatic potential and thermal effects, we expected to release these 
residues at such a sufficiently low temperature that trap- and IMS-based sensing would have been possible.

B. State of the Art and Technical Approach

The state of the art in contact sampling is well developed. Virtually all contact sampling protocols used in 
conjunction with IMS detection involve traps made of Teflon-coated fiberglass, Nomex, paper, or muslin.  
These materials are provided by the manufacturers of the IMS equipment, and are designed to be compatible 
with a specific device. The traps are optimized to endure repeated exposure to the thermal cycling in the 
IMS, but not for their effectiveness in removing residues from surfaces. The technical approach pursued here 
involves a focused investigation of mesopatterned polymeric traps with surface structures that are designed 
for interrogation of surfaces and capture of target residues. These traps are engineered to survive the me-
chanical and thermal demands associated with contact sampling and IMS detection. In addition, the traps 
being developed are electrically conductive, which is a unique characteristic compared to all existing traps.  
This feature allows electrothermal desorption to be employed to remove residues from the trap surfaces in 
the IMS chamber. This method combines the effects of elevated temperature and applied electrical potential 
to cause residues to be released from trap surfaces at lower temperatures than in the absence of the applied 
potential. This enables residues with very high sublimation temperatures, such as inorganic explosives, to be 
evaluated at lower temperatures that are compatible with existing IMS operation.
To create traps with the desired performance attributes, the shape, size, and spacing of the topographical 
features on the traps will be designed to increase the van der Waals interaction forces between the traps and 
residues to the greatest possible degree. For this purpose, a surface element integration method was adapted 
to create surface contour maps that describe the 3-dimensional adhesion force distribution in the vicinity of 
the traps [1, 2]. The traps are fabricated using an electropolymerization process to produce mesostructured 
materials that have strong adhesion towards explosives residues [3-6]. It is possible to modify these materi-
als by grafting different chemical species onto their surfaces, changing the adhesion between the traps and 
the residues [7]. This is explored in order to create traps that have a very strong adhesion force towards the 
residue, but which do not adhere so strongly that the residue is not released in the IMS.  

C. Major Contributions

Year 5:
• We developed and executed a plan for evaluating the adhesion of explosives vapors (TNT) to our traps, in 

order to assess the affinity of TNT for polypyrrole films with different terminal (head group) chemistry.
• We determined that the electrothermal method for desorbing residues from traps was driven by joule 

heating, and not from the electrical potential that was applied.  This was a disappointment, but was a key 
finding regarding the use of these traps for delivering vapor of residues that have very high sublimation 
temperatures.

Year 4:
• Detailed model for residue adhesion to traps: We finished a three-dimensional model for the van der 

Waals adhesion between explosive residues and traps.
• Adhesion between different explosives and different chemical species: We created self-assembled mono-

layers (SAMs) of different chemical species, and measured the change in adhesion between explosives 
residues and these monolayers. 

• Apparatus and method for measuring electrothermal desorption: We developed an apparatus for mea-
suring the change in adhesion between explosives residues and the traps in the presence of the different 
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chemical species, as a function of temperature and applied electrical potential. Preliminary experiments 
have begun to quantify the electrothermal desorption effect as a function of the trap, temperature, and 
residue.

Year 3:
• Continued optimization of trap fabrication: We continued the optimization of deposition/growth condi-

tions for fabrication of new, state-of-the-art traps for contact sampling.
• Continued evaluation of thermal stability of traps: By changing the surfactant used during trap growth, we 

improved the thermal properties of the traps so that they are stable to temperatures as high as ~250°C.
• Novel method for measuring the adhesion of explosives residues: Developed a novel, first-in-the-world 

approach for measuring the adhesion between explosives residues, traps, and surfaces that will allow for 
the measurement of the adhesion of compounded explosives, such as C-4 and Semtex, with unprecedent-
ed accuracy. 

• We developed a novel method for measuring the adhesion of an explosives powder or population of ex-
plosives residues to a surface based on a modification of the classical centrifuge method. 

Year 2:
• Preliminary optimization of trap fabrication: We performed preliminary optimization of deposition/

growth conditions for fabrication of new, state-of-the-art traps for contact sampling.
• Thermal stability of traps: By changing the surfactant used during trap growth, we improved the thermal 

properties of the traps so that they are stable to temperatures as high as ~230 °C.
• Topography of trapped surfaces: We determined the relationship between the number of locations on a 

surface where one performs topographical measurements and the accuracy of the topography statistics 
determined. This is the basis for the protocol that will be implemented to determine the trapping chal-
lenge on various materials of interest in air transportation security settings.

• Model contaminated surface: We developed and implemented a modeled, highly-engineered surface in 
combination with fluorescent beads (model contaminants) to create a new “standard” trapping chal-
lenge. With this standard challenge, we were able to assess the superior performance of the traps being 
developed here in comparison to COTS traps.

Year 1:
• Viscosity of binders in compounded explosives: The viscosities of the binders used in C-4 and Semtex H 

were evaluated. This included the measurement of the shear stress, viscosity, and normal stress values 
as a function of shear rate. As expected, both binders exhibited non-Newtonian, shear-thinning behavior. 
There are several important distinctions between each composite. First, the Semtex binder is significant-
ly 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 significant change in the viscosity of the Semtex binder. 

• Residue failure under load: The dynamic behavior of granulated/compounded materials, including sil-
ica particles in C-4 and Semtex binders, was documented. The goal was to assess the process by which 
the granules deformed and failed under load, as this is a good representation of the way they will be-
have when they are removed from a surface during contact sampling. We observed many similarities 
between the behavior of composites made with Newtonian binders (model systems) and those made 
with non-Newtonian binders, but ultimately learned that it was not possible to make a model out of New-
tonian binders that would be a good representation of the real compounded explosive.

• Inverse gas characterization: Cohesive Hamaker constants (the van der Waals force constants in effect 
for materials adhering to themselves) were evaluated using inverse gas chromatography.  Constants were 
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determined for RDX, PETN, TNT, ammonium nitrate (AN), ammonium nitrate fuel oil (ANFO) at 2, 5, and 
10% fuel oil, and ammonium nitrate paraffin (ANPA) at 2, 5, and 10% paraffin. These constants agreed 
well with those obtained from contact angle measurements and optical constants or Lifshitz’s theory 
(data was available for a limited amount of samples). It should be noted that due to limitations of the 
theory associated with this method, the constants evaluated in this manner were only lower bounds of 
the true constants [8-11].

• Trap prototypes: Polypyrrole was electrodeposited in a unique apparatus to create nano-/micro-struc-
tured traps for use as advanced contact sampling tools. The windows for material deposition were ex-
plored and preliminary progress was made linking the thermal stability of the materials to the deposition 
conditions. 

D. Milestones

The following milestones, which were described in the Year 5 Work Plan for this project, are listed below, 
along with a description of the status of each milestone:

1. “Demonstrate that our traps are reusable many times over, and that they do not liberate any harmful 
byproducts during IMS processing.” 
a. This was the most important milestone, and despite our best effort, we were unable to deliver.  

When we made traps using an industrially-viable process, the traps seemed to “dry out” over 
time, until they eventually crumbled. The traps that were made individually did not suffer from 
this problem, but hand-made traps were not acceptable for production at scale.  

b. The traps also had problems in that the surface of the desorber in an IMS is at a temperature 
substantially higher than 250°C. Our traps were stable up to 250°C, but they broke down at higher 
temperatures, creating vapors that triggered the IMS as possible nitrate ions. This interferes with the 
sampling and detection using a drop-in replacement mode.

2. “Develop and perform first generation optimization of a method for affixing functional groups to 
conductive polymer traps, including identifying the proper functional species to attach and the opti-
mal length of the linker molecule.” 
a. We successfully co-deposited thin films of functionalized polypyrrole over the top of base poly-

pyrrole layers, effectively creating conductive polymers with functional surfaces. We also suc-
ceeded in assessing the effectiveness of the various surface groups at influencing the adhesion 
of a model explosive (TNT).

3. “Demonstrate operational capabilities of electrothermal residue desorption from traps in IMS cham-
ber.”
a. We had high hopes for this process, but were thwarted because at the potentials where we were 

comfortable using the traps, the residues were liberated by joule heating, and not due to any 
electrostatic effect.

4. “Develop a method for improving mechanical stability to the traps, if polymer traps are employed.” 
a. We were unable to improve the stability, in spite of using a variety of different plasticizing agents.  

We prepared to move to using Kapton, which is a trap with much higher thermal stability than 
polypyrrole, with the goal of texturing the Kapton surface at the appropriate length scale; how-
ever, the project was terminated before we could pursue this.

5. “Demonstrate recovery of threat-levels of residue from target surfaces, and show that the fractional 
recovery with our traps is higher than with COTS materials.”
a. We did not attempt this, as all our effort was focused on stability and reuse.
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6. “Develop a method for improving the thermal stability of the polymer traps to make them compati-
ble with current IMS protocols.”
a. This was an extension of #1 above, and we were unable to accomplish #1. 

E. Future Plans (Year 6)

As a result of the ALERT Biennial Review conducted in March of 2018, this project has been terminated and 
will not be funded in Year 6. Despite this, we plan to host Professor Holubowitch from Texas A&M Corpus 
Christi in lab this summer to work on this project. He is using molecular imprinting of polypyrrole on elec-
trodes to detect residues in a method that is a promising alternative to IMS that will work for organic and 
inorganic energetic threats. 

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

If successful, this research could have led to the development of new traps with superior ability to harvest 
explosives residues allowing for better capture and detection of explosives.

B. Potential for Transition

The use of the traps to replace existing traps with better effectiveness at harvesting residues is not possi-
ble.  What is possible and will be valuable is that the work has shown that traps textured with features on 
the length scale of 10 – 20 microns in height and comparable width is superior to the features on existing 
traps at collecting residues from surfaces of interest in air transportation environments. Also, the method of 
molecular imprinting into conductive polypyrrole is promising, and may lead to an alternative approach for 
detecting organic and inorganic residues. 

C. Data and/or IP Acquisition Strategy

The IP on the original trap design has been secured.

D. Transition Pathway 

The insight from this project is whether the primary result is worth transitioning, since the traps were not 
sufficiently robust to withstand the IMS. This has been disseminated at TED workshops annually.

E. Customer Connections

• Erin Tamargo, CTTSO/TSWG, quarterly calls, 1000 swabs shipped for testing.
• FLIR, Purdue Research Park, joint development agreement under negotiation

 ○ Abandoned since project cancelled.

• Cindy Carey, Bruker, testing of traps for potential efficacy and eventual adoption
 ○ Abandoned since project cancelled.
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IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Student Internship, Job, and/or Research Opportunities
a. Trained three PhD students on methods associated with this project.

2. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty
a. Professor Nick Holubowitch from Texas A&M Corpus Christi and his undergraduate student, 

Grey Medina, came to my lab for the entire summer to study the use of molecular imprinting to 
create traps that could work on both organic and inorganic threats.

B. Peer Reviewed Journal Art

1. Laster, J., Ezeamaku, C., Beaudoin, S., & Boudouris, B. “Impact of Surface Chemistry on the Adhesion 
of an Energetic Small Molecule to a Conducting Polymer Surface.” Colloids and Surfaces A: Physi-
cochemical and Engineering Aspects, 551, 74-80 (2018). DOI: https://doi.org/10.1016/j.colsur-
fa.2018.04.040

2. Hoss, D., Boudouris, B., & Beaudoin, S. “Analyzing Adhesion in Microstructured Systems through a 
Robust Computational Approach.” Surface and Interface Analysis, 49(11), 1165-1170 (2017). DOI: 
https://doi.org/10.1002/sia.6282

Pending-
1. Hoss, D., Mukherjee, S., Boudouris, B., & Beaudoin, S. “Energetic Microparticle Adhesion to Function-

alized Surfaces.” Propellants, Explosives, and Pyrotechnics. In Press (2018). 

C. Other Presentations 

1. Seminars
a. Beaudoin, S. “Advances in Trace Detection.” The Seventeenth Advanced Development for Security 

Applications (ADSA17), Hosted by DHS-sponsored ALERT Center of Excellence, Boston, MA, No-
vember (2017).

b. Hoss, D., Mukherjee, S., Boudouris, B., & Beaudoin, S. “Adhesion of Explosive Particles to Func-
tionalized Surfaces.” Annual Meeting of the American Institute of Chemical Engineers, Minneapo-
lis, MN (2017). 

c. Laster, J., Boudouris, B., & Beaudoin, S. “Microstructured Conducting Polymer Swabs for En-
hanced Trace Explosive Detection.” Annual Meeting of the American Institute of Chemical Engi-
neers, Minneapolis, MN (2017).

D. Student Theses or Dissertations Produced from This Project

1. Laster, J. “Design of Microstructured Conducting Polymer Films for Enhanced Trace Explosives De-
tection.” PhD, Chemical Engineering, January 2017.

2. Hoss, D. “Adhesion Characterization to Improve Trace Explosives Detection Using Mesostructured 
Polymers.” PhD, Chemical Engineering, January 2017. 
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R2-A.2: Stability of Gas Ions of Explosives in Air 
at Ambient Pressure

I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email

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

John A. Stone Consultant Queens University john.stone@chem.queensu.ca

Avi Cagan Research Professor New Mexico State University avicagan@nmsu.edu

Gyoungil-Lee Senior Associate New Mexico State University glee@nmsu.edu

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Bhupendra Gurung PhD New Mexico State University 5/2019

David Emery BS New Mexico State University 5/2019

II. PROJECT DESCRIPTION 

A. Project Overview

Measurements of gas phase ions derived from explosives using either mobility or mass are foundational to 
explosive trace detectors (ETDs) for use in commercial aviation security. Despite the importance of gas ions 
of explosives with ETDs, knowledge of such ions was limited and the absence of any quantitative descrip-
tions of the properties of these ions constituted gaps in knowledge.  At New Mexico State University (NMSU), 
methods were developed to measure ion lifetimes and thermochemical parameters of explosive ions in air 
at ambient pressure and over ranges of temperature. Additionally, decomposition pathways were character-
ized and compared to ab initio models of ions and decomposition reactions.  These discoveries filled gaps in 
knowledge and provide a foundation for understanding existing ETDs and for designing new embodiments.

B. State of the Art and Technical Approach

Prior to these studies, there were no literature references on the thermochemical properties of gas ions of 
explosives.  More than forty years of measurements and descriptions of measurements had been made using 
ion mobility spectrometry and mass spectrometry; consequently, the ionization properties of molecular neu-
trals of explosives had been established. There was substantial evidence in literature concerning the forma-
tion of nitrate from some explosives although the mechanism was unknown [1-2].
The method employed in these studies was dual shutter tandem mobility spectrometry for which prior tech-
nology demonstrations of dual shutter operation existed and tandem mobility designs have been described 
[3-4]. Kinetic studies build upon pioneering work of Ewing, et al. [4] and An, et al. [5]. Essential in this work 
was the synthesis of and refinements to the combination of all these developments creating a platform where 
ion kinetics could be measured and rate constants obtained over a range of temperatures.  Additionally, 
pre-fractionation was included to provide defensible measurements regarding interferences from impurities 
in samples [7-9].
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C. Major Contributions

In Year 5, conclusion was made on the measurement of kinetic decomposition of PETN∙Cl-, constituting 
the first of a series of thermally labile or improvised explosives. This measurement extended a significant 
reference work on nitrate esters and others [7-9]. A particular challenge with PETN ions and others, such 
as peroxides, is their intrinsic instability and a need for kinetic studies to form gas ions from the neutral 
without significant decomposition of the ion to be studied or decomposition of the neutral from which the 
ion was derived, and with ion intensities sufficient for a quality determination against levels of noise in the 
measurements. This necessitated the redesign and redevelopment of an instrument based on the previously 
successful kinetic IMS studies, but with significantly different approaches and designs for the sample inlet 
and formation of gas ions.  The complexity of ionization of PETN demanded further exploration and controls, 
which has finally resulted in a complete work suitable (and in process) for publication. Scoping studies with 
peroxides were made to establish boundary conditions for measurements.

D. Milestones

• A thorough and defensible characterization of the decomposition of ions from PETN was completed and 
backed by mass analysis.

• Ab initio modeling supported a proposed pathway for decomposition.
• A journal article on these discoveries is in progress.
• Technology suitable for studying highly labile explosives and improves explosives was developed and 

completed with the study of PETN.

E. Future Plans (Year 6)

As a result of the ALERT Biennial Review conducted in March of 2018, this project has been terminated and 
will not be funded in Year 6. As much as possible, we will complete the investigations currently in progress 
with the following specific objectives:   
• In any future studies by this or another team, we would recommend the addition of a liquid chromato-

graph to isolate impurities from the authentic substances planned in the same approach used with ki-
netic IMS studies of volatile explosives where a gas chromatograph was used to remove impurities from 
measurements.

• We would also recommend a series of studies based on peroxide based explosives and other peroxides to 
explore and establish the routes of decomposition of explosive related peroxides.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

• Performance of commercial ETDs concerning appearance of mobility spectra and optimization of param-
eters. Findings from studies in this project established that each explosive ion exhibited a unique tem-
perature for on-set of thermal decomposition. The selection of a single temperature for a drift tube in an 
IMS based ETD will result in a range of ion stabilities and thus responses seen in fragments in mobility 
spectra.

• Drift tube design in ETDs. Today, there are more than 10,000 ETDs from several manufacturers distrib-
uted within commercial aviation security worldwide. While these instruments are held to a standard, 
differences in performance exist and can be attributed to design elements for the inlet and the drift tube. 
The role of ion kinetics and the implications of ion residence in the drift tube complimented the first 
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relevance; thus, the role of time in the appearance of a spectrum and in the quantitative response was 
clarified in these studies.

In both of these points of relevance, manufacturers of ETDs should understand with fresh clarity the signifi-
cance of their choices or decisions on dimensions, electric fields, and operations of ETDs to obtain optimum 
performance or to understand differences between ETD designs (manufacturers).

B. Potential for Transition

The fundamental discovery of kinetics and energies of decomposition of gas ions did not translate directly 
into any technology advance or transfer of technology. Such understandings stimulated thinking and creative 
developments in other projects where ions were decomposed in strong electric fields and inspired the team 
at NMSU to develop elsewhere the concept of field induced decomposition of gas ions of explosives.  

C. Data and/or IP Acquisition Strategy

We do not see any IP on fundamental discoveries.  

D. Transition Pathway 

See Section III. B. above. 

E. Customer Connections

See Section III. B. above. 

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Peer Reviewed Journal Articles 

Pending-
1. Cagan, A., & Eiceman, G.A. “Constituents in headspace vapors of an inert atmosphere over solid Pen-

taerythritoltetranitrate (PETN) by atmospheric pressure chemical ionization mass spectrometry.” 
Submitted to the Journal of Propellants, Explosives, and Pyrotechnics.
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2014, pp. 2683-2692.
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Mass Spectrometry, 371, 2014, pp. 28-35.
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R2-A.3: A Novel Method for Evaluating the  
Adhesion of Explosives Residues 

I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email

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

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation 

Leo Miroshnik MS Purdue University 5/2018

Sean Fronczak Ph.D. Purdue University 8/2017

Cara Coultas-McKenney Ph.D. Purdue University 8/2021

Contessa Norris B.S. Purdue University 8/2020

Emma Weiglein B.S. Purdue University 5/2019

Kacie Bradfish B.S. Purdue University 5/2019

II. PROJECT DESCRIPTION 

A. Project Overview

The goal of this project is the application of a new interpretation and modeling approach to a traditional 
experimental method, the centrifuge method, for measuring the adhesion of explosives residues to surfaces.  
The approach will yield look-up tables containing force constants for the residue-surface systems that are 
indexed to the particle sizes of a residue. These constants are used in a simple, closed-form algebraic model 
that can be evaluated on a hand-held calculator to predict the adhesion force of the residues.
Figure 1 shows the configuration of the centrifuge, with emphasis on the orientation of the residues on the 
surface relative to the axis of rotation. The residues adhere to the surface primarily through van der Waals 
forces, while the inertial force from the centrifuge’s motion acts to dislodge them. By monitoring the rota-
tional speed required to remove residues of a given size, it is possible to determine the residue adhesion 
force. From the adhesion force and residue size distribution, the distribution of effective Hamaker constants 
(the force constants in van der Waals adhesion force descriptions) of model spherical particles against a flat 
substrate was calculated using the well-established approximate relationship [1]: 

where Fv d W(D) is the van der Waals adhesion force, Ae f f denotes the Hamaker constant of the system, R is the 
radius of the particle, and D represents the separation distance between the two surfaces, which is generally 
regarded to be 0.4 nm for particles or residues in contact with a surface. Figure 2 shows how the modeling 
and simulation approach developed here can be used to describe the adhesion force distribution of a popula-
tion of particles against a surface.

(1)
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In addition to our work identifying the force of adhesion holding explosives residues to surfaces, it is neces-
sary to understand the process by which a residue fails when a load is applied during the contact sampling 
process. For this purpose, we are interested in measuring and modeling the failure of composites that mimic 
C-4 and Semtex, which are common compounded explosives. To perform these studies, a combined Finite 
Volume and Discrete Element Method (FVM- DEM) framework is used. This approach uses the DEM method 
to track the behavior of particles in a fluid medium, and uses FVM to track the behavior of the flowing fluid.
To illustrate how this approach works, the behavior arising when a 125 μm glass particle flows through a 
constriction between four stationary 250 mm particles in a non-Newtonian shear thinning liquid is evalu-

Figure 1: Schematic of the centrifuge apparatus illustrating how the adhesion and radial forces counteract one another.

Figure 2: Observed (♦) and simulated (□) effect of centrifuge rotational speed on the percentage of silica particles 
remaining on a stainless steel plate during the centrifuge experiment. To create the simulated dataset, it was assumed 
that the particles were smooth and spherical, and an effective Hamaker constant distribution was in Equation 1. This 
effective distribution linked the size of the particles, the roughness of the particles, and plates to the size-dependent 
Hamaker constants in the effective Hamaker constant distribution.
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ated in Figure 3. As the particle moves past the others, there is a reduction in the viscosity, which increases 
the velocity around the large particles. This, in turn, channels the smaller particles to move between them. 
Experimental work in our lab has determined that the binders in C-4 and Semtex are shear-thinning. When 
flow occurs, the locations in the binder where the velocity gradients are the largest will see rapid reductions 
in viscosity. This is shown in Figure 3. In this figure, the fluid flows from right to left. As can be seen, the vis-
cosity of the fluid drops immediately ahead of the particle, as the fluid accelerates to pass around the particle. 
Similarly, after emerging from the space between the two larger particles, the fluid again accelerates into the 
larger space, resulting in yet another reduction in viscosity. Because the viscosity of the fluid drops with in-
creasing shear, the viscosity drops in the regions where the fluid accelerates, as shown.  

In Figure 4, the velocity profile corresponding to the profile in Figure 3 is shown. As can be seen, the velocity 
is highest where the fluid flows through the constriction, resulting in the low viscosities in this region seen 
in Figure 3.

Figure 3: Viscosity profile as a shear-thinning fluid moves from right to left around a 125 μm particle that will move be-
tween two 250 μm particles. As can be seen, the viscosity drops (blue) where the fluid accelerates around and between 
the particles.

Figure 4: Velocity profile of shear-thinning fluid flowing around a 125 μm particle and between two 250 μm particles, 
corresponding to the viscosity profiles shown in Figure 3.
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The result indicates that, when a swiping load is applied to a residue of energetic material, it is likely that the 
material will form one or more “ribbons” of inviscid (low viscosity) binder, and large “chunks” of binder con-
taining energetic material that are adjacent to the ribbons will move as a unit. This is shown in the top right 
of Figure 5. Alternatively, in the case where the adhesion between the binder and energetic material particles 
is the weak link in the adhesion, the failure will occur along the yellow line at the binder-particle interface 
(see the bottom left of Fig. 5). Finally, if the weak link in the adhesion is at the binder-surface interface, the 
removal will occur along the yellow line (see bottom right of Fig. 5).

The goals of this project are to: 
• Perform modeling studies to simulate the behavior of the compounded explosives residues of C-4 and 

Semtex, including to see if they will deform under swiping load during contact sampling.
• Validate the modeling results using live and simulated C-4 and Semtex with commercial swabs under 

representative swiping conditions.
• Transfer the results of this research to commercial partners who will use it to develop optimal swabs that 

most effectively remove residues from surfaces.
When this project succeeds, the knowledge that we generate will be used by swab manufacturers to optimize 
the design and application of the swabs so that they most effectively remove the residues from the surfaces 
of interest, facilitating the detection of explosives at checkpoints. 

Figure 5: Schematic showing possible routes of residue removal from a surface by the swab during contact sampling. 
Residue under load during swiping (top left). Residue under load showing ribbon (failure line) where the binder has 
low viscosity resulting from local fluid motion in non-Newtonian fluid (top right). Residue under load in which the 
binder-residue interface is the weak link in the chain, as shown by the yellow failure line (bottom left). Residue under 
load in which the binder-surface interface is the weak link in the chain, as shown by the yellow failure line (bottom 
right).
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B. State of the Art and Technical Approach

The state of the art in contact sampling is well developed. Virtually all contact sampling protocols used in 
conjunction with ion mobility spectrometry (IMS) detection involve swabs made of Teflon-coated fiberglass, 
Nomex, paper, or muslin. These materials are provided by the manufacturers of the IMS equipment, and are 
designed to be compatible with a specific device. The swabs are optimized to endure repeated exposure to 
the thermal cycling in the IMS, but not for their effectiveness in removing residues from surfaces. The tech-
nical approach pursued here involves fundamental studies of the way that residues deform and yield under 
the swiping load applied during contact sampling. By developing this understanding, it is possible to eluci-
date how a swab must contact a residue in order to remove the maximum amount of residue from a surface. 
With particulate solid residues, this is relatively straightforward to understand: it is necessary to come into 
contact with the particles. If the adhesion force between the particles and the swab is greater than between 
the particle and the surface, then it will be collected. In the case of the compounded residues, the behavior 
is substantially more complex. Specifically, these residues will deform under the sampling load, and it is not 
clear where they may yield when the swab attempts to lift them from the surface. There have been virtually 
no studies of this phenomenon, although there has been work on the deformation of compounded, high-
ly-filled composites, primarily for work in granular solids [2-11]. In the first part of this work, our approach 
is to adopt these existing methods and to understand how the residues will behave under the mechanical 
stresses associated with contact sampling.
In the second part of this work, we will adapt the centrifuge method to evaluate the force required to re-
move residues of particulate and compounded explosives from surfaces [12-18]. This method allows for the 
direct measurement of the force required to remove large numbers of particulate explosives, or populations 
of compounded explosives residues, from surfaces. When these measurements are made, we characterize 
the adhesion of a sufficiently large number of particles or compounded residues so that the results can be 
readily generalized to all systems of interest. Moreover, the measurements specifically capture the effects of 
the topography, shape, and deformation of the explosives particles or residues, as well as the effects of the 
topography and deformation of the surface to which they adhere. When the two parts of this project are com-
bined, we obtain a comprehensive understanding of the force required to remove residues of explosives, both 
particulate and compounded, from surfaces, in addition to a first principles understanding of the way that the 
explosives deform and fail during removal. This understanding enables the development of improved residue 
sampling protocols and materials.

C. Major Contributions

The outcomes produced in Year 4 include:
1. A first generation model for fluid and particle motion: We finished a first generation model for the 

behavior of particles and fluid moving through an array of fixed particles by using particles of the 
same size scale as those found in energetic materials compacts and fluids with similar mechanical 
properties to compounded explosives.

2. A method for measuring forces required to remove residues from surfaces: We developed and vali-
dated a revolutionary interpretation of classical adhesion force measurements using the centrifuge 
technique. This method allows us to measure the adhesion force of a large population of residues or 
particles and to include the effects of the size, shape, topography, and deformation of the particles or 
residues, as well as the shape and deformation of the surface to which they adhere.

The outcomes produced in Year 5 include:
1. We validated the centrifuge method and create a customer-friendly code to interpret the mea-

sured adhesion force distributions and translate them into look-up tables that can be readily used  
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to describe residue adhesion.  This is essential if the work will be translated to customers in the  
community.

2. We developed a fluorescent microscopy method for evaluating the removal of residues from surfaces 
using the centrifuge method.

The outcomes still to be attained include:
1. We must produce lookup tables for the adhesion of TNT, RDX and other model particulate explosives.
2. We must develop a first generation approach for describing the removal of compounded explosives.
3. We must extend the work to include capillary forces, in the case of particulate explosives 

D. Milestones

In Year 5, we planned to address the following project milestones:
• Create a look-up table documenting the adhesion forces between particles of explosives and a range of 

surfaces encountered in air transportation security settings that includes both particulate explosives and 
compounded explosives residues.

 ○ Risks: The use of optical microscopy to track particles adhering to the various surfaces of interest 
may be challenged by the textures of the surfaces. We have a range of microscopes at our disposal 
that will allow us to address this problem. The removal of compounded residues will not be able to 
be tracked and interpreted using the same methods as for particulate explosives. Since we have de-
termined that the mechanical properties of the binder are controlling, and not its composition, we 
can spike the binder with fluorescent dye and use a spectrophotometer to assess the progress of the 
removal.

• The Year 5 milestones were not accomplished due to the excessively strong adhesion between the 
explosives and the stainless steel; however, the method of measuring adhesion of the compound-
ed explosives was developed, which is an important milestone in understanding the adhesion 
between the compounded explosives and various surfaces.  

Expected milestones for Year 6 include: 
• Measurements of the adhesion between fluorescent spheres and steel using the centrifuge method, which 

confirms that the method can be executed properly. 
• Measurements of the adhesion between particulate explosives and steel. 
• Modeling of the adhesion between the particulate explosives and the steel. 
• Preparation of look-up tables demonstrating the adhesion constants that are appropriate for the steel 

adhesion to the particulate explosives. 
• Translation of the experimental method, modeling and look-up tables to commercial partners for use in 

estimating explosive adhesion to surfaces. 
 ○ Risks: The primary risk is that the explosives will adhere too strongly to the surfaces to be removed 

by the centrifuge method. A new centrifuge with an expanded operating range compared to our ex-
isting centrifuge has been purchased. This should allow adhesion forces to be measured over a wide 
range of forces. The next risk is the challenge of the contrast between the explosive residues and the 
surfaces onto which the residues adhere. We have a wide range of light microscopy methods available 
for overcoming this challenge.  
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E. Future Plans (Year 6)

Year 6 will focus on transition. We will build look up tables of the adhesion of particulate explosives against 
steel, a representative surface of interest to the air transportation community. We will also hold a workshop 
at Purdue to teach the community how to execute the method. We will perform Generation 1 experiments 
and modeling of the removal behavior of compounded explosives from surfaces.  Such removal will be driven 
by deformation in the residue, not by failure at the interface between the residue and the surface onto which 
it adheres. 

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The new centrifuge method provides a direct measurement of what is required for a trap to remove residues 
from specific surfaces. The development of new traps with a superior ability to harvest explosive residues 
requires that the process for removing a residue be understood.

1. Metric 1: New traps will be developed with improved configurations to more effectively remove res-
idues from surfaces. The improved configurations will be based upon the results of this work.

2. Metric 2: New methods will be developed for using traps to more effectively remove residues from 
surfaces. The improved methods will be based upon the results of this work. 

B. Potential for Transition

The purpose of this work is to develop essential understanding that does not currently exist on the way that 
residues deform and fail when under a swiping load. This knowledge will enable the fabrication of improved 
swabs and swabbing protocols. In this context, the transition is the dissemination of the knowledge to the 
community via teleconferences and workshops. This includes disseminating the understanding of the ener-
getics removal and also disseminating the method and the code used to interpret the data.

C. Data and/or IP Acquisition Strategy

Not applicable. 

D. Transition Pathway 

Technical results documenting how residues deform and fail under sampling load will be transitioned to the 
community via teleconferences and workshops, including the Trace Explosives Detection workshop in April 
2019.  We also hope to host at least one workshop at Purdue to teach members of the community the meth-
ods we use to make the measurements.

E. Customer Connections

We will conduct quarterly teleconferences with the following:
• Erin Tamargo, CTTSO/TSWG
• Richard Lareau, TSL
• Kerin Gregory, 908 Devices
• Cindy Carey, Bruker
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IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Student Internship, Job, and/or Research Opportunities 
a. Trained two domestic PhD students, one MS student, and three domestic undergraduate stu-

dents on this project.

B. Peer Reviewed Journal Articles 

1. Fronczak, S., Thorpe, J., Thomas, M., Cassidy, M., Evans, J., & Beaudoin, S. “The number of measure-
ments of a surface’s topography and the expected variation in adhesion to the surface.” Journal of 
Adhesion Science and Technology, 32(19), 2099-2110 (2018). DOI: https://doi.org/10.1080/01694
243.2018.1461446

2. Fronczak, S., Browne, C., Krenek, E., Corti, D., & Beaudoin, S. “Non-Contact AFM Measurement of the 
Hamaker Constants of Solids: Calibrating Cantilever Geometries.” Journal of Colloid and Interface 
Science, 517, 213-220 (2018). DOI: https://doi.org/10.1016/j.jcis.2018.01.108

C. Software Developed

1. Models
a. Model for describing adhesion distribution of powders on a surface using idealized van der 

Waals forces.
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R2-B.1: Orthogonal Sensors for Trace Detection

I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email

Otto J. Gregory PI University of Rhode Island gregory@egr.uri.edu

Michael J. Platek Research Engineer University of Rhode Island platek@ele.uri.edu

Alan Davis Research Professor NUWC/URI davis@ele.uri.edu

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Nate Gomes MS University of Rhode Island 8/2017

Matt Ricci MS University of Rhode Island 12/2017

Jonny Cummings BS University of Rhode Island 5/2019

Spencer Fusco BS University of Rhode Island 5/2018

Alyssa Kelly BS University of Rhode Island 5/2019

Peter Ricci BS University of Rhode Island 5/2019

Andrew Rossi BS/MS University of Rhode Island 5/2017 (BS), 12/2018 (MS)

II. PROJECT DESCRIPTION 

A. Project Overview

In Year 5, we have continued to develop and tweak our orthogonal sensors for the trace detection of explo-
sives. The end-state of this research project is a portable explosives trace detection (ETD) system, the size of 
a small toolbox, capable of continuously monitoring a wide variety of threat molecules in the vapor phase. 
The portable ETD system is passive, non-invasive, and operates in a manner similar to a dog’s nose, where 
vapor is continuously drawn across the sensors in a single pass, after which the vapors are expelled from the 
system. As vapor is drawn across the sensors, the energetic molecules are detected using micro-calorimetry. 
The heat effect associated with decomposition of the energetic molecule is monitored by measuring the elec-
trical power difference between two microheaters required to maintain a constant temperature, as the tem-
perature is scanned over a range from 50°C-375°C. One microheater is coated with a metal oxide catalyst and 
the second is left uncoated. The catalyst-coated microheater senses any measurable heat effects and any heat 
effects associated with decomposition of the explosive molecule, whereas the second microheater senses any 
sensible heat effects and thus, is the reference. The difference between the two signals (power) is the sensor 
response and it is attributed to the energy released during decomposition.
The portable ETD system can stand-alone or can provide a complementary tool to the existing Homeland 
Security Enterprise (HSE) toolbox. For example, our ETD system could enhance current capabilities used 
by TSA to screen for explosives at airports, by combining the superb visualization provided by computed 
tomography (CT) with our orthogonal trace detection capability. In so doing, checkpoint augmentation will 
have an unparalleled ability to detect explosives. Incorporation of our vapor detection system, which is based 
on two orthogonal modalities, into a checkpoint CT will provide true 3-D sensing (i.e. three orthogonal tech-
nologies), thus, dramatically increasing the probability of detection while reducing false alarms. Screening of 
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low-density compounds such as ammonium nitrate and triacetone-triperoxide using CT is not possible at this 
time. It is this ability to detect both nitrogen-based and peroxide-based explosives in the vapor phase that 
makes our sensor technology unique.
Perhaps one of the most important challenges in trace detection that our system addresses is false positives 
and false negatives. By employing built-in redundancy using two sensing platforms (a thermodynamic and a 
conductometric sensing platform) false positives and false negatives are mitigated. In addition to this, over 
the past year, the detection limits for our orthogonal sensors for trace detection have been lowered to 150 
ppb for TATP and 4 ppb for 2,4-DNT.  These detection limits were achieved without pre-concentration and 
without multi-pass protocols. We anticipate that these detection limits will be reduced further in Year 6, 
which represents an improvement of several orders of magnitude over the detection limits achieved prior 
to Year 5. In Year 5, we also investigated the effect of explosive concentration in the vapor phase on sensor 
response. Figure 1a shows a calibration curve for our thermodynamic sensor using a SnO2 catalyst (i.e. sensor 
response as a function of TATP concentration). Based on this calibration curve, the sensitivity of our sensor 
to TATP was approximately 4 x 10-4 W/ppm. Figure 1b shows the response of our portable ETD system (ther-
modynamic sensor response) to 156 ppb TATP. From Figure 1b, it can be seen that the peak response to 156 
ppb TATP was almost .002W. This value is well above the noise floor for the run.    

Sampling rate or throughput is always a concern in vapor detection, since the headspace or volume to be in-
terrogated for explosives will determine the timeframe for detection. This is especially true if our orthogonal 
sensors are going to be integrated successfully into checkpoint CT. One of the critical issues related to com-
plementary CT detection, which was addressed in Year 5, involved the ability to sample the entire headspace 
around a bag in the time that it takes the bag to be interrogated by X-rays. For instance, is our sampling rate 
adequate, so that the targeted response times are within the window of opportunity anticipated for typical 
CT scanning of baggage (10-12 sec)? Figure 2 shows the effect of flow rate on sensor response and the result-
ing T90 and T20 values for the various flow rates investigated. T90 is a measurement of the response time of 
a gas detection system. Most gas detectors respond exponentially, thus, to get a meaningful measurement of 
response time, the time taken to reach 90% of saturation is used. The recovery time T20, is the interval be-
tween the time at which an instantaneous variation from the standard test gas to clean air is produced at the 
sensor. It should be noted here that the actual response time (slope of the power vs. time curve) for flow rates 
of 130 sccm and above, is on the order of a few seconds, well within the timeframe for CT scanning. From the 
shapes of these curves, recovery time may be more of a concern than response time. It should also be noted 
that the maximum sensor response was not diminished when flow rates of 170 sccm or greater were used. 
This result has significant implications for high throughput detection (i.e. it appears that high flow rates can 

Figure 1: Calibration curve for our thermodynamic sensor employing a SnO2 catalyst (a) and our thermodynamic sen-
sor response to 156 ppb TATP (b).
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be used without any detrimental effect on sensor response). We have not yet established an upper flow rate 
limitation using our ETD system, but this will be a focus during Year 6. Also worth noting in Figure 2, is that 
the response times for flow rates greater than 25 sccm appear to be independent of flow rate, which is most 
likely limited by the current piping systems (i.e. the gas delivery system). We will continue to improve the gas 
delivery system in Year 6 in order to optimize response time and sampling rate for CT.

One reviewer’s comment from the 2015-2016 Biennial Review communicated a lack of demonstrated per-
formance using our conductometric sensor platform. In Year 5, we have made significant progress in terms of 
sensor selectivity and sensitivity. In terms of sensitivity, our conductometric sensor responses were similar 
to those responses reported by Fine et al [1]. For example, they reported a conductometric response (Ro/R) 
of 1.5, where Ro is the resting resistance and R is the peak resistance achieved when exposed to the analyte, 
while our response was 1.8 when exposed to 20ppm TATP. In terms of selectivity, our conductometric sensor 
usually has an opposite “sign” relative to our thermodynamic sensor (i.e. thermodynamic response is positive 
while the conductometric is negative); however, we have seen a number of instances where this was not the 
case. Specifically, when testing for tetrahydrocannabinol (THC) vapor, both the thermodynamic and conduc-
tometric signals were positive, which is not the typical case.
One of the weaknesses identified for our project in the feedback from the Biennial Review in early 2018 was 
demonstrated sensor selectivity. We have made significant advances in terms of sensor selectivity and will 
continue to make advances in Year 6. Quantifying sensor responses in the presence of humidity was demon-
strated using TATP and 2,4-DNT as the analytes in Year 5. Under high relative humidity conditions (100% 
RH), sensor response diminished by less than 10% after repeated exposure when the 2-4, DNT concentration 
was on the order of 10 ppb. The sensor selectivity for 2,4-DNT is encouraging considering that the concentra-
tion of water in the vapor phase was many orders of magnitude greater than that of the analyte in the vapor 
phase. However, the effect of humidity on TATP response was much more noticeable and could be detrimen-
tal to the operation of the sensor. Under high relative humidity conditions (100% RH) sensor response to 
TATP dropped by approximately 66% (from 14mW to 5mW) when the TATP concentration was on the order 
of 1ppm. Based on these results, a nitrogen-annealing regimen was developed for the portable ETD system 
and was incorporated into the portable ETD system to ensure that the sensor is clear of humidity and oper-
ates at the highest efficiency possible.
In terms of sensor selectivity, a comparison of different catalyst responses to multiple analyte molecules has 
been investigated in Year 5. The results indicated that incorporating multiple catalysts into an array can pro-
duce unique signatures, capable of identifying specific compounds. For example, a FeO catalyst shows no de-
composition of DADP molecules, yet appreciable decomposition of TATP occurs when the same FeO catalyst 

Figure 2: The effect of flow rate on sensor response and tabulation of T90 and T20 values for flow rate tests. A vapor 
concentration of 20 ppm TATP and a SnO2 catalyst was used for all flow rate testing.
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was used. This suggests that an array of sensor-catalyst pairs could be used to establish a “fingerprint” for 
different explosive molecules that can be archived and later used to identify compounds in real time. Certain 
metal oxide catalysts absorb heat while others release heat, depending on the explosive. Thus, “fingerprint” 
plots have been constructed for a variety of catalysts (FeO, SnO2, CuO, ZnO). Each of these “fingerprint” plots 
is unique for a given explosive analyte even though the sensor response in general exhibited a similar shape 
for a range of sensor temperatures. 

B. State of the Art and Technical Approach

Our state-of-the-art ETD system is fundamentally different from other trace detection systems. We are not 
aware of any other sensor platform that incorporates a catalyst, specifically tuned for a target molecule, to 
achieve the desired levels of sensitivity/selectivity necessary for the detection of threat molecules at trace 
levels. The approach used by Chen and Bannister [2] for detecting explosives comes closest to our technology. 
Chen and Bannister [2] were able to differentiate energetic (explosive) materials from non-energetic materi-
als using thermal analysis. Specifically, they used a micro-calorimetry approach for detection, where chang-
es in a material as it was heated generated thermal “fingerprints” due to decomposition. We have shown 
previously [3-5] that using our technique relies on the catalytic decomposition of the explosive molecule as 
opposed to thermal decomposition as suggested by Dubnikova et. al. [6-7]. Greve et al. [8] used micro-elec-
tro-mechanical systems (MEMS) technology to fabricate micro-hot plates for the detection of explosives in 
the vapor phase. The approach used by Greve et al. [8] and Chen and Bannister [2] do not rely on a catalyst for 
detection. Our approach relies on catalytic decomposition, which is much more specific, and when combined 
with high surface area catalyst supports (e.g. metal oxide nano-structures) is much more sensitive. 
Recently, a series of seminal experiments were used to establish a mechanism for detection and demonstrate 
the uniqueness of our thermodynamic approach, which relies on catalytic decomposition and not thermal 
decomposition of the energetic molecules. As a result, major implications for detection at extremely low lev-
els are anticipated. By mixing metal oxide catalysts with solid TATP, sealing them in capillaries, and running 
DSC analysis on the sealed capillaries, we observed that decomposition of TATP occurred at temperatures 
as low as 130°C in the presence of a SnO2 or CuO catalyst, but the TATP alone did not thermally decompose 
until 290°C (i.e. in the absence of a catalyst). Figures 3a and 3b show a thermodynamic sensor response to 
20 ppm TATP when a SnO2 catalyst was employed as a function of temperature. The initial response at 130°C 
(Figure 3a) suggests an endothermic response due to catalytic decomposition of TATP.  The magnitude of this 
catalytic decomposition (dark blue curve) increased from 0.3mW to 1mW as sensor temperature increased 
from 130 to 275°C respectively (other curves shown in Figures 3a). At 375°C, the magnitude of catalytic de-
composition decreased to 0.2mW and was overshadowed by a large exothermic response. In Figure 3b, the 
magnitude of the exothermic response at higher temperatures relative to the small endothermic response 
due to catalytic decomposition at 130°C can be seen on the same plot. A recent article on the decomposition 
products of gaseous TATP by Hiyoshi et al. [9] and the experiments described above lead to the mechanism 
for detection that follows. The mechanism depends on the formation of methane as the primary decomposi-
tion product of TATP decomposition and not acetone [9] which occurs when very fast heating rates and high 
temperatures are employed during decomposition in an inert gas ambient, such as argon or nitrogen.  
The likely mechanism for detection is that the TATP is catalytically decomposed to form methane and then 
the methane reacts with air (combustion), which liberates an enormous amount of heat and thus, produces 
a very large sensor response.  The magnitude of the large response is dependent on the amount of methane 
produced by catalytic decomposition of TATP at low temperatures. An energy analysis of the blue curves 
shown in Figures 3a and 3b, illustrate the relative magnitudes corresponding to decomposition and combus-
tion; i.e. approximately 20kJ/mole of TATP was absorbed during the endothermic decomposition of TATP 
and the larger response due to the combustion of methane was approximately 230kJ/mole. These values 
were estimated by integrating the area under the curve to find the energy produced per mole of TATP. It is 
possible that these heat effects are significantly higher due to heat losses to the ambient that is not taken 
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into account through the sensor response. The decomposition of TATP has been reported to be 62-400kJ/
mole of TATP according to Dubnikova et al [7], and depends on the decomposition pathway.  Meanwhile, 
the combustion of methane releases approximately 850kJ/mole; while both of these values are higher than 
those calculated from Figure 3b, the overall ratios of the two heat effects are very similar. The ratio of energy 
released due to the decomposition of TATP versus the combustion of methane reported in literature is 1:2.1 
to 1:13.7 (depending on the decomposition pathway) while the ratios of the energies calculated using Figure 
3b were approximately 1:11.5. The exothermic responses at high temperatures (375°C curve in Figure 3b), 
can be as large as 50mW depending on concentration of TATP and the temperature at which the sensor was 
operated. The large exothermic response is likely due to the combustion of methane by the carrier gas (air) 
and typically occurs after the initial catalytic decomposition of TATP, starting at 130°C. The initial catalytic 
decomposition of TATP is much smaller in response, opposite in sign and on the same order of magnitude 
as the heat of decomposition of TATP (i.e. the initial catalytic decomposition of TATP). It is this large heat of 
combustion of methane that has great potential for TATP detection at very low levels.

Several other techniques involving metal oxide catalysts have been successfully used to detect TATP [1, 10-
11] but these have their own set limitations. Their responses depend on changes in the electrical properties 
of the catalyst when exposed to the target gas and include changes in electrical conductivity, changes in di-
electric constant of the metal oxide, or changes in work function. A literature search of conductometric tech-
niques used to detect explosives such as TATP enabled us to compare our conductometric sensor responses 
to others. For example, conductometric sensors similar to ours [1], were used to detect carbon monoxide in 
the vapor phase. Fine et al. [1] reported their responses as a function of the resting electrical resistance and 
peak electrical resistance upon exposure. For concentrations of 5ppm (carbon monoxide), their response 
was approximately the same as our conductometric response when 10ppm TATP was used, suggesting that 
our sensor response was in the same range.
A number of other detection techniques [12-15] have shown some potential to detect TATP at trace levels; 
however, these techniques require expensive, large-scale equipment and complex procedures for successful 
operation, all of which would be difficult to implement in field applications [14]. Also, most conventional de-
tection methods that can detect nitrogen-based explosive cannot detect peroxide based explosives [11-12]. 
Sensor selectivity was considered a weakness of our project in the last review and we have made significant 
advances to the state-of-the-art in the past year. Figure 4a, shows the response of our thermodynamic sensor 
employing a SnO2 catalyst (blue) and reference sensor (red) to 2,4-DNT. There appears to be no catalytic de-
composition and only thermal decomposition here since both the catalyst-coated sensor and the reference 
sensor respond to DNT at 375°C. Figure 4b shows the same sensor exposed to 20 ppm TATP at 375°C where 

Figure 3: Thermodynamic sensor response to 20 ppm TATP as a function of temperature (a) and thermodynamic sensor 
response as a function of temperature over a longer time frame (b). Note the slight change in scale of the y-axis.
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catalytic decomposition occurs upon the introduction of TATP (small endothermic response within 15 sec) 
followed by a large exothermic response due to the combustion of methane. The reference sensor (red) does 
not respond at all, which suggests that without the catalytic decomposition of TATP, the combustion of meth-
ane does not occur. This demonstrates the excellent selectivity for TATP, since this effect was only observed 
with TATP and its decomposition products. Figures 4a and 4b, also indicate that when we use the same sen-
sor, the mechanism for DNT and TATP detection is completely different, once again demonstrating excellent 
selectivity.

C. Major Contributions

Substantial improvements in sensor selectivity were made in Year 5. Specifically, sensor response in the pres-
ence of high humidity was demonstrated at the Naval Research Laboratory in Washington, D.C. using TATP 
and 2,4-DNT as the analytes. Under high relative humidity conditions (100% RH), sensor response dimin-
ished by less than 10% after repeated exposure when the 2-4, DNT concentrations were on the order of 10 
ppb. The sensor selectivity for 2,4-DNT is encouraging considering that the concentration of water in the 
vapor phase was many orders of magnitude greater than that of the analyte in the vapor phase. However, the 
effect of humidity on TATP response was much more noticeable and somewhat detrimental to the operation 
of the sensors. Under high relative humidity conditions (100% RH), sensor response to TATP dropped by ap-
proximately 66% (from 14mW response to 5mW) when the TATP concentration was on the order of 10ppm. 
As a result of the systematic study of the effects of humidity on sensor response, we determined that nitrogen 
regeneration of our catalyst is necessary when exposed to prolonged periods of high humidity. Thus, a duty 
cycle for nitrogen annealing of the catalyst was optimized in Year 5 and will be implemented into the latest 
version of the portable electronic trace detection system in Year 6. Specifically, a nitrogen-annealing regimen 
has been incorporated into the sensing protocol to ensure that the sensor is clear of humidity and operates at 
the highest efficiency possible at all times. This annealing process requires the catalyst to be heated to 600°C 
in a nitrogen atmosphere for approximately 10 minutes and is only necessary after the sensor has been under 
operation in a high humidity environment for extended periods of time (longer than 1 hour). Modifications 
have been made to the portable ETD system so that continuous detection is made possible through the use 
of a “standby sensor” that can be activated as the active sensor element while the previously active sensor is 
undergoing this nitrogen annealing process (i.e. a three sensor protocol is now used in our portable detec-
tion system). As a result, the end users of our technology can incorporate this duty cycle for uninterrupted 
operation.
In addition, we have systematically investigated the effect of gas flow rate (sampling rate) on the detection 
of TATP, DNT, and AN in Year 5. Over the range of flow rates investigated (25-250 sccm), we have determined 

Figure 4: Response of our thermodynamic sensor employing a SnO2 catalyst and a reference sensor to 2,4-DNT (a) and 
thermodynamic response of the same sensor exposed to 20 ppm TATP (b).
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that there were no detrimental effects on sensor response after a threshold of 5 sccm has been reached (see 
Fig. 2). The effects of humidity and flow rate were investigated using a variety of energetic materials includ-
ing TATP, DNT, and AN as the analytes. Most of the sensor testing to date has been done using a bench-level or 
bench-scale apparatus under controlled laboratory conditions. Moving forward in the current year and into 
Year 6, field-testing of our sensor will be the priority. Our portable system has now been re-designed several 
times and is about the size of a large lunch box, containing a power supply to power the mass flow control-
lers, a pump, associated electronics, and sensors. This re-design ultimately reduced response time and power 
consumption of our portable ETD system.
We recently established what we think is the most likely detection mechanism for TATP, which is a major 
contribution since there are major implications here for detection at very low levels. TATP is catalytically 
decomposed to form methane in the presence of a metal oxide catalyst [9] and the methane reacts with air in 
the carrier gas, which in turn liberates a large amount of heat (heat of combustion is 850 kJ/mole) and thus, 
produces a very large sensor response. The magnitude of the large response is dependent on the amount of 
methane produced by catalytic decomposition of TATP at low temperatures. It is this large heat of combus-
tion that has great potential for TATP detection at very low levels. To take further advantage of this, we are in 
the process of sputtering platinum nano/micro dots onto the metal oxide catalyst to combust any methane 
that is not converted to CO2 and H2O, much like the catalytic converter in an automobile.

D. Milestones 

Field-testing of our orthogonal sensor for trace detection was the major priority in Year 5.  We demonstrated 
the capabilities of our portable ETD system at the Naval Research Laboratory (Vapor Test Bed) in Washington 
D.C.  A milestone that was not originally part of the Year 5 Work Plan was to do additional field-testing, at 
Morpho Detection (Rapiscan) in Andover, MA. In the latter field trial, we were able to detect a variety of the 
explosives in real time at trace levels and in the presence of interferrents such as methanol and hexane. While 
at Morpho Detection, our detection times were actually faster than the corresponding detection times of their 
IMS detection system using the same explosives, vapor concentrations, and interferrents. We are planning 
a return trip to the Naval Research Laboratory (Vapor Test Bed) in Washington D.C. this coming summer 
(2018) to evaluate the engineering modifications made to our system, including Restek coated-stainless steel 
tubing that minimizes adsorption of nitrogen-based explosive vapors. The additional field-testing at NRL was 
not part of the original Year 5 Work Plan and therefore, will take place in Year 6. Bench testing of the rede-
signed portable ETD system was started in the latter part of Year 5.
New, high surface area catalysts and catalyst supports were developed in Year 5 that enhanced the sensitivity 
and selectivity of our orthogonal sensors for trace detection. The preparation and characterization of high 
surface area catalysts based on select metal oxides was investigated within the framework of our thermody-
namic sensor to enhance sensor selectivity and sensitivity to TATP and 2,4-DNT. High surface area catalyst 
supports for our thermodynamic sensor platform were fabricated by electrospinning, nanowire growth, and 
porous nano-sponge growth through the use of oxidation treatments. In addition to growing ZnO, CuO, and 
FeO nanowires as catalysts/catalyst supports, a host of sputtered oxides including SnO, ZnO, CuO, NbO, VO, 
and WO have been investigated as catalysts. Figure 5 shows the effect of various metal oxide catalysts on the 
response to 20 ppm TATP. Note that the magnitude of the sensor response was different for each catalyst and 
that the response for CuO was negative in “sign.”
We have demonstrated in Year 5 that a low mass version of our orthogonal sensor greatly improved both sen-
sitivity and selectivity of our sensor as well as reducing the overall response time of the ETD system. These 
sensors had a thermal mass that was approximately 200 times less than previously reported sensors. As a 
result, much greater signal-to-noise ratios were achieved as well as a significantly reduced noise floor rela-
tive to previously reported sensors. Taking this lower thermal mass concept to the next level, a MEMS based 
version of our sensor should greatly improve performance and reduce costs.  The transition to a MEMS based 
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sensor platform was one of our project’s original objectives, since establishing a CRADA with the U.S. Navy 
(NCRADA-NUWCDIVNPT-13-801) in 2013 (i.e. to develop a MEMS based version of our orthogonal trace de-
tection system). This CRADA was extended through July 2019. Due to the high costs associated with MEMS 
fabrication, we have been fabricating an in–house version of our MEMS sensor in Year 5. Certain portions of 
the MEMS sensor can be fabricated in our laboratory and free-standing diaphragms based on silicon nitride 
have been made by back etching of silicon wafers followed by deposition of silicon nitride. My students work-
ing on the MEMS version of our sensor may still need access to the MEMS facility at MIT, which will enable 
us to produce a more cost effective vehicle for fabricating a MEMS sensor going forward. DHS and TSA are 
investing in new technologies to address evolving threats. CT applied to checkpoint screening by TSA, would 
greatly benefit from a complementary technology such as ours. This is particularly important as TSA faces 
the need to identify a larger variety of threats within highly cluttered bags where there is the potential that 
this may cause significant artifacts and false alarms against certain HMEs. Field-testing our ETD system in the 
environment of a CT tunnel will answer some of the questions raised by DHS and its stakeholders and will be 
achieved in Year 6. 

The U.S. Coast Guard has repeatedly expressed an interest in sensors that can detect both explosives and 
drugs. Relevant to this endeavor, in Year 5, we were able to detect THC (psychoactive constituent of cannabis) 
at the part per million level. A minimally invasive ETD system, capable of continuously monitoring the head-
space in cargo containers for explosives and drugs in real time does not currently exist. We had originally 
planned to do a field trial of cargo containers at the Port of Savannah (Georgia) but this did not materialize 
in Year 5, due to issues outside our control. An alternative is to test under more controlled conditions at the 
TSL facility in Atlantic City, New Jersey in Year 6. This will be a better venue for initial testing of our portable 
ETD system and will address several issues raised by DHS and its stakeholders.  The first task is to engage the 
administration at TSL to facilitate a field trial in Atlantic City, as part of our Year 6 focus.

E. Future Plans (Year 6)

In Year 6, we plan to use the carry-on baggage scanner at Northeastern University’s Burlington Campus to 
interrogate the air space around a bag. The CT tunnel environment is an ideal environment for our orthog-
onal sensors in that we can continuously scan the airspace around baggage in real time and our system can 
be readily incorporated into existing systems without major modifications to gain access to this air space. 
One of the issues we identified early on for the CT application using our sensor technology was the ability to 
sample the entire headspace around a typical bag in the time that it takes the bag to be interrogated by X-rays. 

Figure 5: Effect of various metal oxide catalysts on the response to 20 ppm TATP. Note that the magnitude of the sensor 
response was different for each catalyst and that the response for CuO was negative in “sign.”
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We have improved response time over the last year, to the point where we think we can interrogate the air 
space around a bag as the bag is being scanned (CT). Quantitative outcomes would include determination 
of detection limits, detection times, and sampling rates for our vapor detection system operating under the 
constraints of the CT scanning environment. This will be a priority in Year 6. By using the carry-on baggage 
scanner at Northeastern University’s Burlington Campus for testing, the risks of not being able to access a CT 
scanner, which happened in Year 5 will be mitigated. Working towards this, characterization of the CT tunnel 
located at URI has been underway for several weeks now to establish the engineering parameters necessary 
to interrogate the entire air space in the tunnel within the time it takes to X-ray luggage, in particular, the 
volumetric flow rates necessary to screen 100% of the airspace. Preliminary bench experiments using the 
anticipated flow rates (approximately four orders of magnitude greater than current flow rates) are currently 
underway. So far, there appears to be no detrimental effects on sensor robustness, just a cooling effect that 
could be mitigated with preheating of the incoming air. Not only will this high throughput (high flow rate) in-
vestigation help with the interrogation of the air space in a CT tunnel, but it will also help with the anticipated 
sampling rates in a drone (UAV) application where forced convection determines sampling rate. (See Section 
III. A: “Relevance of Research to the DHS Enterprise and Potential for Transition.”)
We plan to schedule a field trial during the summer of 2018, so that we could transition our technology to 
an end user such as Integrated Defense & Security Solutions (IDSS) Inc. in Year 6. The final deliverable of our 
ALERT research project is a portable ETD system that is capable of continuously monitoring a wide variety of 
threats molecules in a number of environments, including that of the CT baggage scanner.
In Year 6, we plan to continue to improve sensor selectivity and sensitivity by exploiting the mechanism for 
TATP detection described within this report to go low (i.e. to lower the detection limit for TATP to better than 
1 ppb). For example, we plan to sputter platinum nano/micro dots onto the metal oxide catalyst surface as a 
secondary catalyst to “combust” all the methane produced by the catalytic decomposition of TATP, and take 
advantage of the additional heat effect so lower levels of TATP can be detected.
Recently, we modified our ETD system to allow much greater flow rates and plan to incorporate this into our 
Year 6 plan going forward. By utilizing our customized 16-channel data acquisition system, we can accommo-
date up to 15 active sensors and a reference sensor, and uniformly distribute them around the circumference 
of a 4 inch diameter tube. This large diameter sampling tube can be connected to the CT tunnel, so that the 
entire air space in the CT tunnel could be sampled in the same timeframe that it takes to scan the luggage for 
explosives. 

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

1. Perhaps the most important single challenge in trace detection that our ETD system addresses is 
false alarms; using built-in redundancies and orthogonal modalities, false positives and negatives 
are mitigated in our ETD system. The built-in redundancies in our system make detection more 
reliable so that the signals from each sensor are required for positive confirmation of the explosive.

2. Our portable ETD system can detect both nitrogen-based explosives and peroxide-based explosives 
at trace levels.

3. The orthogonal sensors comprising our ETD system cannot only detect the presence of an energetic 
molecule, but they also can be used to quantify the amount of explosive present in the vapor phase.

The ultimate deliverable of our ALERT research project is a portable ETD system, the size of a lunch-box 
that is capable of continuously monitoring a wide variety of threats molecules. Our ETD system is a passive, 
non-invasive system that will provide additional screening capability for DHS and its stakeholders (i.e. a min-
imally invasive ETD system, capable of continuously monitoring the headspace in cargo containers and CT 
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tunnels for explosives in real time does not currently exist). Our ALERT research project addresses two major 
challenges facing the DHS Enterprise. One is that both nitrogen-based and peroxide-based explosives can be 
detected at trace levels using our ETD system. This would assist the DHS enterprise in a number of ways: 1) It 
could assist the manufacturers of commercial ETD systems that do not currently have the capability to detect 
peroxide-based explosives; and 2) it would give the manufacturers of CT systems the capability to screen for 
other low-density compounds, such as AN, which is not possible at this time. The second challenge facing the 
DHS Enterprise that our ALERT research project addresses is false alarms. By combining the superb visual-
ization provided by computed tomography (CT) with our orthogonal trace detection system, TSA will have 
unparalleled ability to screen for explosives at airports. Incorporation of our vapor detection system, which is 
based on two orthogonal modalities, into a checkpoint CT will provide true 3-D sensing (i.e. three orthogonal 
technologies), thus, dramatically increasing the probability of detection while reducing false alarms.
We will continue to collaborate with industry (Morpho Detection (RapiScan), Smiths Detection, FLIR-Nomad-
ics and DetectaChem) and the Naval Undersea Warfare Center (NUWC) in establishing a path forward for our 
technology.  Part of this effort is to determine which aspects of our ETD system could be incorporated into 
manufacturers’ existing systems; specifically, we will explore if they could use our technology to detect perox-
ide-based explosives using their current detection systems. We have signed NDAs with all of the manufactur-
ers of trace detection equipment. Our Cooperative Research and Development Agreement (NCRADA-NUWC-
DIVNPT-13-801) with the U.S. Navy (NUWC) was extended through July 2019 to continue to develop a MEMS 
based version of our orthogonal trace detection system. The ultimate transition product for the Navy is a 
handheld version of our orthogonal trace detection system (the size of a smart phone) and the development 
efforts with the Navy will take us beyond Year 5. We are also partnering with IDSS to develop a checkpoint 
CT system that combines the superb visualization provided by CT with the capability to detect low-density 
compounds such as ammonium nitrate and TATP, using our orthogonal trace detection system. Recently, URI 
teamed with ITN Energy Systems Inc., Littleton, CO; Theiss UAV Solutions (Integration of Thin Film Devices 
with UAV); and ENrG (Flexible ceramics, electronic circuit optimization and device packaging) to develop a 
proposal in response to FlexTech Alliance 2018 Focused Solicitation. The title of the $1.5M proposed project 
was “Self-powered, Compact Wing-Mounted Trace Explosives Detection System for Soldier-Bourne UAV.” The 
objective of the project was to use thin film, solid-state lithium rechargeable batteries to power URI’s orthog-
onal sensors for trace detection deployed on the wing of a small scale UAV. The idea here was to combine 
flexible hybrid electronics with thin film batteries, sensors, signal processing electronics, and telemetry to 
remotely screen for threats in targeted areas.  

B. Potential for Transition

Our ETD system could provide a complementary tool to the existing Homeland Security Enterprise toolbox 
by enhancing current capabilities used by TSA to screen for explosives at airports. By combining the superb 
visualization provided by CT with our orthogonal trace detection capability, checkpoint augmentation will 
give TSA and the CT manufacturers an unparalleled ability to detect explosives.
A stand-alone version of our detection capability could be used to interrogate the headspace in cargo con-
tainers entering our ports to screen for narcotics and explosives. We have demonstrated that our portable 
ETD system can detect triacetone-triperoxide (TATP), 2,4-dinitrotoluene (DNT), and ammonium nitrate (AN) 
at trace levels and thus, would be ideal to interrogate the headspace in cargo containers. The existing system 
is the size of a small toolbox, and has a sampling tube that could be inserted into the headspace of a cargo 
container to sample the volume of air in that space.
Recently, URI teamed with ITN Energy Systems Inc., Littleton, CO; Theiss UAV Solutions (Integration of Thin 
Film Devices with UAV); and ENrG (Flexible ceramics, electronic circuit optimization and device packag-
ing) to develop a proposal in response to FlexTech Alliance 2018 Focused Solicitation. The title of the $1.5M 
proposed project was “Self-powered, Compact Wing-Mounted Trace Explosives Detection System for Sol-
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dier-Bourne UAV.” The objective of the project was to use thin film, solid-state lithium rechargeable batteries 
to power URI’s orthogonal sensors for trace detection deployed on the wing of a small scale UAV. The idea 
here was to combine flexible hybrid electronics with thin film batteries, sensors, signal processing electron-
ics, and telemetry to remotely screen for threats in targeted areas.
We also envision that our orthogonal sensors could be used as a diagnostic tool for diabetes or a “diabetes 
breathalyzer.” We have already demonstrated that our orthogonal sensors are capable of detecting acetone 
in the vapor phase at trace levels. When a diabetic exhales into a tube such that the vapor can be interrogat-
ed for ketones in the breath, they can be correlated with distinct levels of ketoacidosis. Once again, a MEMS 
based version or handheld version of our detection system could be used as a non-invasive alternative to 
blood testing for diabetes, or even by schools as a method of detecting early onset diabetes in children. The 
sensor detects the heat effect associated with the catalytic decomposition of certain ketones, which can be 
found in the breath of someone with diabetes.

C. Data and/or IP Acquisition Strategy

Our IP strategy is to continue to work with companies such as Morpho Detection (Rapiscan) and FLIR-No-
madics and demonstrate the attributes of our sensor technology firsthand, so they can determine how our 
sensing technology can be integrated into their existing trace detection systems. In other words, field trials 
of our portable detection system at the customer’s facility. This outreach activity may become even more 
important as we expand our target molecules of interest to include drugs and narcotics, since such systems 
are of great interest to both TSA and the U.S. Coast Guard. The companies will be required to make detection 
systems that have the capability to detect explosives as well as narcotics moving forward. The disclosures 
for these applications of our sensors are listed under Section IV. (“Project Accomplishments and Documen-
tation”). 

D. Transition Pathway 

To transition our orthogonal sensor technology to end users such as manufacturers of CT systems, includ-
ing IDSS and Morpho Detection-RapiScan, sampling rate and throughput continue to be a primary concern. 
Towards this end, we will continue our efforts to increase throughput and have partnered with North Car-
olina State University and Devco Engineering (NC) to investigate high throughput sampling techniques for 
airports and other high traffic venues. In response to a recent DHS BAA, a proposal was developed by this 
team during Year 5, but the project was declined by DHS. We will continue efforts to increase sampling rate 
and throughput going forward in Year 6, based on the initial characterization of the CT tunnel located at URI 
(described in Section II.E. “Future Plans (Year 6)”).  After subsequent field-testing our portable ETD system at 
Northeastern’s Burlington Campus, we plan to share the results with IDSS and Morpho Detection and partner 
with them going forward in an effort to combine the superb visualization provided by CT with our orthog-
onal trace detection capability. This checkpoint augmentation will give TSA and these CT manufacturers an 
unparalleled ability to detect explosives. The most obvious way to transition our technology is to go to the 
manufacturers’ facilities and test our portable ETD at their locations on their equipment, but it does not make 
sense to do this until a demonstration has occurred at Northeastern University’s Burlington Campus with the 
carry-on baggage scanner located there. If the initial testing at Northeastern could be done in the early part 
of Year 6, the subsequent testing at customers’ sites could certainly be done within the Year 6 timeframe. 

E. Customer Connections

We will continue to collaborate with industry (Morpho Detection/Rapiscan, Smiths Detection, FLIR-Nomad-
ics, and DetectaChem) and the Naval Undersea Warfare Center (NUWC) in establishing a path forward for our 
technology.  We currently have signed NDAs with the following companies and a CRADA with the U.S. Navy:
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• Morpho Detection (RapiScan) - Dr.  Hanh Lai
• Naval Undersea Warfare Center (NUWC) - Dr. Theresa Baus
• FLIR-Nomadics - Dr. Mark Fisher
• IDSS, Inc. - Mr. Joe Perisi
• Smiths Detection - Dr. Reno DeBono
• ITN Energy Systems - Dr. Brian Berland

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Minority Serving Institution Students and Faculty
a. Professor Abdennaceur Karoui and his students from North Carolina Central University (NCCU) 

are planning to spend Summer 2018 in our research laboratory at the University of Rhode Island. 
The timeframe is such that this Year 5 activity will overlap with Year 6. Specifically, Prof. Karoui 
and his students will evaluate their quantum dot-based sensor for the detection explosives at 
trace levels and compare their sensor performance to our sensor performance. They plan to use 
our vapor delivery system for explosives to quantify their outcomes as part of the ALERT/NCCU 
DHS Scientific Leadership Collaboration. They do not currently have access to explosives, nor do 
they have a way to deliver explosives in the vapor phase to their sensor. 

B. Peer Reviewed Journal Articles 

Pending – 
1. Rossi, A., Ricci, P., Kelly, A., Ricci, M., Caron, Z., Platek, M., & Gregory, O.J. “Catalytic Decomposition of 

Explosives Using Transition Metal Oxides.” ACS Sensors. In review.
2. Rossi, A., Ricci, P., Kelly, A., Ricci, M., Caron, Z., Platek, M., & Gregory, O.J. “Nano-structured Catalysts 

for Thermodynamic Gas Sensors.” ACS Nanoletters. In review.
3. Rossi, A., Ricci, P., Gomes, N., Fusco, S., Ricci, M., & Gregory, O.J. “Trace Detection of Explosives Using a 

Low Mass Thermodynamic Sensor.” Sensors and Actuators B Chemical. In press. 
4. Rossi, A., Gomes, N., Ricci, P., Ricci, M., Cummings, J., & Gregory, O.J. “Trace Detection of Explosives 

Using Low-Mass Sensors.” IEEE Sensors. In submission. 

C. Peer Reviewed Conference Proceedings

1. Rossi, A., Gomes, N., Ricci P., Cummings, J., & Gregory, O.J. “Trace Detection of Explosives Using Low-
Mass Sensors.” IEEE Sensors 2017 Conference, Glasgow, Scotland, October 29, 2017.

D. Other Presentations

1. Seminars
a. Rossi, A., Ricci, P., Kelly, A., Ricci, M., Platek, M., & Gregory, O.J. “Trace Detection of Explosives: A 

Thermodynamic Approach.” Morpho (Rapiscan), Andover, MA, August 15, 2017.
b. Rossi, A., Ricci, P., Kelly, A., Ricci, M., Platek, M., & Gregory, O.J. “Trace Detection of Explosives: 

A Thermodynamic Approach.” Naval Undersea Warfare Center, Middletown, RI, November 16, 
2017.
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c. Rossi, A., Ricci, P., Kelly, A., Ricci, M., Platek, M., & Gregory, O.J. “Portable Calorimetric System for 
the Detection of Explosives.” University of Rhode Island, Department of Chemical Engineering 
Graduate Symposium, Kingston, RI, May 16, 2018.

2. Interviews
a. Interview with Steve Klamkin and the WPRO Saturday Morning News (99.7FM), April 21, 2018. 
b. Doiron, S., & Nielsen, S. “URI professor, students create ‘digital dog nose’ to detect explosives.” 

WPRI (Fox 12 News), Providence, RI, April 17, 2018. 
c. Crandall, B. “URI professor, students develop portable explosive detection device.” WJAR 10 

(NBC 10 News), Providence, RI, April 17, 2018.
d. Harrison, E. “URI Professor Creates Portable Bomb Detector.” NPR, Rhode Island Public Radio, 

April 17, 2018.
e. Gravelle, K. “URI Professor Creates Explosive-Detecting Prototype.” The Narragansett Times, Vol. 

L3, No. 32, p. A3, April 20, 2018. 
f. “URI Chemical Engineering Professor Creates Prototype to Detect Bombs.” South County Inde-

pendent, Vol. L3, p. B8, May 10, 2018.

E. Student Theses or Dissertations Produced from This Project

1. Gomes, N. “Trace Detection of TATP Vapor Using a Low Mass Thermodynamic Sensor.” PhD, MS 
Chemical Engineering, University of Rhode Island, August 2017.

F. Technology Transfer/Patents

1. Inventions Disclosed
a. Rossi, A., Ricci, P., & Gregory, O.J. “A Marijuana Metabolite Vapor Sensor.” September 19, 2017. 
b. Rossi, A., Ricci, P., Kelly, A., Fusco, S., & Gregory, O.J. “A Portable Trace Explosive Detection Sys-

tem.” September 1, 2017.
c. Rossi, A., Ricci, P., & Gregory, O.J. “A Breathalyzer for Diabetes Diagnosis.” December 19, 2017. 

2. Patents Awarded
a. Gregory, O.J., Caron, Z., Mallin, D., & Champlin, M. “Systems and Methods for the Detection of 

Compounds.” U.S. Patent 9,759,699B1. September 12, 2017.
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R2-B.3: Multi-Functional Nano-Electro-Opto- 
Mechanical (NEOM) Sensing Platform

I. PARTICIPANTS

Faculty/Staff 
Name Title Institution Email

Matteo Rinaldi PI NEU rinaldi@ece.neu.edu

Zhenyun Qian Post-doc NEU qian@ece.neu.edu

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Sila D. Calisgan PhD NEU 5/2022

II. PROJECT DESCRIPTION

A. Project Overview

The development of a new technology platform capable of performing multiple chemical analyses in a min-
iaturized footprint is needed for the implementation of portable, field-based analytical tools for rapid and 
reliable trace detection. A new multi-functional detector technology, which is the subject of this report, would 
enable a low-cost, portable, and high-performance trace detection platform. This project addresses the three 
most important challenges associated with the development of miniaturized nanoelectromechanical systems 
(NEMS), sensors suitable for the implementation of portable, field-based analytical tools for rapid and reli-
able trace detection: 

1. High resolution (100x that of conventional sensor technologies); 
2. Transduction efficiency (efficient on-chip actuation and sensing of vibration in ultra-low volume 

nanomechanical structures with a unique combination of electrical, mechanical, and optical prop-
erties); and

3. Selectivity (selective detection of a targeted group of chemicals with very low false positive and false 
negative rates). 

The aims of this project include:
• The development of multi-spectral and room temperature infrared (IR) thermal detectors that can far 

exceed the state-of-the-art performance of uncooled IR sensors, and rival those utilizing the bulky, heavy, 
expensive, and inconvenient cryogenically cooled semiconductor photodetectors in terms of detection 
speed and resolution: Time Constant, τ ≈ μs-ms, Noise Equivalent Power, NEP ≈ pW/Hz1/2, Noise Equiva-
lent Temperature Difference, NETD ≈ mK.

• The implementation of portable, field-based analytical tools for rapid and reliable trace detection. 
• The heterogeneous integration of this multi-spectral detector technology with state-of-the-art Quantum 

Cascade Lasers (QCLs) will lead to disruptive improvement in field-deployable systems for IR signature 
detection and imaging.

• Our technology overcomes fundamental scientific and engineering development challenges, enabling the 
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implementation of a new generation of multi-spectral uncooled IR detectors that provide near real-time 
detection, high sensitivity, and high specificity for a targeted group of explosives IR spectral signatures 
(e.g. Pentaerythritol tetranitrate (PETN), Cyclotrimethylenetrinitramine (RDX), and Trinitrotoluene 
(TNT)), resulting in very low false-positive and false-negative rates. 

• By leveraging a technology developed in the PI’s lab under the DARPA N-Zero program, we plan to demon-
strate IR digitizing microsystems that can remain dormant, with near-zero power consumption, until 
awakened by specific IR spectral signatures associated with a threat. These completely passive digitizing 
IR sensor microsystems can harvest the energy contained in a specific IR spectral signature (i.e. IR emis-
sion peaks of energetic materials) to produce a digitized output bit capable of waking up short-duty cycle 
powered electronics for further signal analysis and communications. The implementation of sensors that 
consume power only when useful information is present will result in a nearly unlimited duration of op-
eration for unattended sensors deployed to detect infrequent but time critical events (such as forest fires, 
earthquakes, territory intrusion, chemical warfare threats, etc.).

B. State of the Art and Technical Approach

The performance of a sensor system for multiple analyte detection can be improved by increasing the amount 
of chemically orthogonal information acquired by the sensor [1]. This can be achieved by recording the ana-
lyte induced variations of several independent physical, chemical, and electrical quantities such as mass, IR 
absorption spectrum, and temperature. Chemical sensors composed of multiple transducer modules have 
already been proposed. For example, chemical sensors based on gravimetric sensors such as Quartz Crystal 
Microbalances (QCMs) [2-4], have shown significant advantages over other sensor technologies (conduc-
tance-based sensors, chem-FET, or optical sensors [5-7]) since they use frequency as the output variable, 
which is one of the physical quantities that can be monitored with the highest accuracy [8]. Even though 
QCMs have been successfully employed as gravimetric sensors with limits of mass detection on the order of 
few nanograms, their large volume and inability to be directly integrated on silicon render them unattractive 
for the fabrication of sensor arrays composed of a large number of mechanical elements. NanoElectroMe-
chanical Systems (NEMS) beam resonators [9, 10] have also been exploited as transducers for the realization 
of extremely sensitive miniaturized gravimetric sensors. Although scaling the beam dimensions to smaller 
values inevitably yields a lower device mass and higher sensitivity, these enhancements are in most cases 
offset by the reduced stability and power handling of the nanomechanical device, which results in a limited 
gain in limit of detection or resolution [11], which is the minimum value of analyte concentration that can 
be detected and depends on both device sensitivity as well as signal to noise ratio. Furthermore, the greatly 
reduced dimensions of these beam resonators render their transduction extremely difficult, requiring the 
use of cumbersome, complex, and power inefficient read-out techniques, and limit the area dedicated to the 
absorption of the analyte in the environment.  
On the other hand, spectroscopy based optical sensors such as IR detectors have also been utilized for chem-
ical sensing thanks to their non-invasive nature and high selectivity. Among different IR sensing technologies 
(i.e. microbolometers, pyroelectric detectors, and thermoelectric detectors), uncooled IR detectors based on 
MEMS resonators have emerged as one of the most promising technologies due to their unique advantages 
in terms of high sensitivity to external perturbation (extremely reduced overall volume) and low noise per-
formance (intrinsically high quality factor, Q). MEMS resonant IR detectors based on gallium nitride (GaN) 
[12] and quartz [13] piezoelectric resonators have been recently demonstrated and have shown promising 
performance. However, volume scaling, performance, cost, and large scale production of these technologies 
are fundamentally limited by the lack of cost effective and low temperature deposition techniques capable of 
producing high quality piezoelectric quartz or GaN thin films on an arbitrary substrate (i.e. quartz and GaN 
thin-film production techniques are not compatible with conventional complementary metal oxide semicon-
ductor, CMOS, process).
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In summary, when a compact, portable, and low-power system is desirable, the current available solutions, 
composed of a multitude of different transducers, will be cumbersome and inefficient. In this context, the 
design of a multi-transducer sensor capable of efficiently transducing different physical, chemical, and elec-
trical changes induced by a gas sample would be groundbreaking.
We propose to develop an innovative, Nano-Electro-Opto-Mechanical (NEOM) sensing technology platform 
which integrates, in a small footprint, some of the fundamental chemical analyses typically performed in a 
laboratory, such as gravimetric analysis, IR spectroscopy, and thermal analysis (see Fig. 1). The core element 
of the proposed technology is a Graphene-Aluminum Nitride (G-AlN) NEMS resonant multi-transducer de-
tector coupled with an array of QCLs for chip-scale IR spectroscopy and integrated with a nano hot-plate for 
thermal analysis. The fundamental advantage of NEMS resonant sensors over other existing sensor technolo-
gies is related to the unique combination of extremely-high sensitivity to external perturbations (due to their 
very reduced dimensions) and ultra-low noise performance (due to the intrinsically high quality factor, Q, of 
such resonant systems). The proposed technology overcomes fundamental scientific and engineering devel-
opment challenges, enabling the implementation of a new generation of trace detectors that provide near 
real-time detection, high sensitivity, and high specificity for a targeted group of explosives (such as PETN, 
RDX and TNT), and resulting in very low false positive and false negative rates. Such disruptive improvement 
in field-deployable chemical sensor technology is made possible by key innovations made in gravimetric 
analysis, IR spectroscopy, and thermal analysis.

Figure 1: Schematic representation (not to scale) of the envisioned sensing technology platform.
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C. Major Contributions

C.1. Related Work Conducted Before Year 5:

C.1.a.  G-AlN NEMS Resonators 

In Year 3, we experimentally demonstrated the remarkable manner in which this atomically-thin conductor 
is able to mimic an ideal mass-less electrode, enabling piezoelectric NEMS devices to operate at theoretically 
“unloaded” frequency-limits with improved electromechanical performance and reduced volume over an 
unprecedented range of operating frequencies: 0.2 GHz < f0 < 2.6 GHz [14]. This represents a spectacular 
trend inversion in the scaling of piezoelectric electromechanical resonators, opening up new possibilities for 
the implementation of NEMS systems with unprecedented performance. We also demonstrated that G-AlN 
NEMS resonators have intrinsically high sensitivity to IR radiation without the need for additional absorbing 
materials (which eliminates the loading effects of the IR absorber conventionally integrated on top of the 
thermal detector) [15]. The achievement of high IR absorptance in NEMS resonant structures with reduced 
volume and improved electromechanical performance addresses one of the most fundamental challenges 
in the NEMS field, and could potentially lead to the development of fast (~ms) and high resolution (Noise 
Equivalent Power ~ 1 pW/Hz1/2, Noise Equivalent Temperature Difference ~ 1 mK) uncooled IR detectors 
suitable for the implementation of high performance, miniaturized, and power-efficient IR imaging systems. 
Furthermore, we demonstrated an innovative chemical sensing mechanism based on the effective transduc-
tion of the analyte-induced variations in the electrical conductivity of the graphene electrode employed to 
excite mechanical vibration in an AlN NEMS resonator [16]. Analyte-induced variations in the graphene elec-
trode conductivity can be efficiently detected by monitoring the corresponding induced variations in the de-
vice vibration amplitude without the need of direct electrical probing of the graphene sensing layer. Thanks 
to this unique feature, two chemically orthogonal quantities, such as mass and charge of the analyte, can be 
simultaneously acquired by the proposed G-AlN NEMS resonant sensor.

C.1.b. Narrowband MEMS Resonant IR Detectors

The integration of plasmonic structures in the design of AlN nano plate resonant thermal detectors has been 
recently proposed as a solution for achieving strong and narrowband absorption in such deeply subwave-
length thin resonant structures while maintaining high piezoelectric transduction and quality factor (hence 
low noise performance) [17] (see Fig. 2). With this approach, the IR radiation is absorbed by means of plas-
monic resonances whose frequencies/wavelengths are lithographically defined by the lateral dimensions of 
the patterned nanostructures. Therefore, multi-spectral narrowband IR detectors can be fabricated on the 
same substrate. The capability of fabricating arrays of high performance and miniaturized spectrally selec-
tive multi-color IR detectors is particularly appealing for IR spectroscopy-based standoff chemical detection. 
For example, the engine exhaust plumes of jets and vehicles contain several gases with emission spectra in 
the mid-wavelength infrared (3-8 μm, MWIR) range that can be used as specific signatures for detection: 
nitrogen monoxide (NO) molecules are characterized by absorption in the 5-5.7 μm spectral range and car-
bon monoxide (CO) molecules exhibit two adjacent absorption peaks located in the 4.4-5 μm spectral range 
[18] (see Fig. 3). In this context, narrowband (full width at half maximum, FWHM < 20%) IR detectors with 
a strong absorption (> 90%) in the MWIR range are highly desirable. Although a few prototypes of spectrally 
selective resonant thermal detectors have been demonstrated [17, 19, 20], none of them have shown IR ab-
sorption capabilities suitable for standoff chemical detection in the MWIR range (i.e. absorption > 90% with 
FWHM < 20%).
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In Year 4, a new type of ultrathin plasmonic absorber that features narrow bandwidth (FWHM ≤ 17%) and 
near-perfect IR absorption (η ≥ 92%) was proposed (see Figs. 2 and 4) and exploited for the first demonstra-
tion of narrowband AlN resonant infrared detectors suitable for standoff chemical detection in the MWIR 
range. An ultrathin (230 nm) plasmonic absorber (three-layer stack composed of a ground metal plate, a thin 
dielectric and an array of gold patches) is integrated on top of an AlN nano plate resonator (NPR) and used to 
confine the impinging IR radiation (in a narrow bandwidth around the wavelength of interest) in the deep-
ly subwavelength NEMS structure, while simultaneously guaranteeing confinement of the radio frequency 
transduction electric field across the thin piezoelectric transducer. Despite the integration of the ultrathin 
plasmonic absorber on top of the AlN NPR, high electromechanical performance (Q ~1600 and kt

2 >1.3%) is 
achieved (see Fig. 4). Moreover, an excellent thermal isolation (~1.6×10 6 K/W in vacuum) of the resonant 
thermal detector is achieved thanks to the use of carefully designed nanoscale (80 nm thick) metal anchors 
[18]. All these attributes lead to the demonstration of a narrowband (FWHM ~795 nm, ~17%) high-resolution 
(noise equivalent power, NEP ~130 pW/Hz1/2) uncooled IR detector tuned at 4.7 μm.

Figure 2: (a) Three-dimensional schematic illustration in layer view of the proposed narrowband MEMS resonant IR 
detector. The inset shows the material stack of the ultrathin plasmonic absorber. (b) SEM image of a fabricated narrow-
band MEMS resonant IR detector with narrow metallic anchors.

Figure 3: (a) Simulated absorption spectra of plasmonic absorbers and emission spectra of exhaust gas mixture from 
HITRAN database. (b) Measured absorption spectra of the fabricated devices. The inset shows the top view of the plas-
monic nanostructure along with critical dimensions.
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C.1.c. Ultra Narrowband IR Absorbers

The absorption bandwidth (FWHM) of spectrally selective IR detectors determines the spectral resolution 
when they are used for spectroscopy applications. Absorbers with narrower FWHM, ~5% at mid-IR range, 
would greatly improve the spectral resolution of our NEMS resonant IR detectors, hence the capability to 
identify more species of chemicals. In Year 4, we also demonstrated high absorptivity (η>91%) mid-IR ab-
sorbers with the narrowest absorption bandwidth reported to date (FWHM~225 nm, 4.29% at λ=5.23µm), 
while maintaining angle (θ=0~60°) and polarization insensitivity [21]. The unprecedented performance of 
such batch-microfabricated and lithographically-defined ultra-thin absorbers paves the way for the develop-
ment of new classes of plasmonically-enhanced multi-spectral sensing and imaging microsystems for non-in-
vasive chemical sensing and IR spectral signature detection.
Metal-insulator-metal (MIM) IR absorbers typically consist of an array of subwavelength metal structures 
and a ground layer separated by a thin dielectric layer. The dipole resonance of the top metal nanostructures 
and its image current in the ground layer (forming a pair of anti-parallel currents with a subwavelength gap) 
efficiently confine impinging electric and magnetic waves, respectively (see Fig. 5). This localized plasmonic 
resonance in the MIM absorbers, if sufficient intrinsic material loss is present, turns the incident electromag-
netic wave energy into heat, realizing near-perfect, narrowband absorption.
Different from previous demonstrations based on arrays of densely arranged plasmonic nanostructures (i.e. 
squared patches or disks), this work investigates the use of sparsely arranged cross-type nanostructure ar-
rays to sustain localized plasmonic resonances and achieve high Q-factor absorption in an ultra-thin MIM 
structure. Our proposed configuration minimizes capacitive coupling between neighboring plasmonic nano-
structures, enabling maximized field confinement within the top and bottom metal layers, while maintaining 
high absorptivity (see Fig. 5a and b). At the same time, the axial XY-symmetry of the cross-type nanostructure 
and the vertical field confinement in the sub-wavelength thickness of the structure guarantee angle and po-
larization insensitivity (see Fig. 5a).

Figure 4: (a) Measured admittance curve (in vacuum ~ 1×10-5 Torr) and corresponding modified Butterworth-Van Dyke 
(MBVD) fitting results of a fabricated narrowband microelectromechanical (MEMS) resonant IR detector. (b) Measured 
frequency response of the device when exposed to the 4.5-μm IR radiation modulated at 1 Hz.
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C.1.d. Ultra-fast NEMS IR Detectors Based on 50 nm Thick AIN Nano-plate Resonators

NEMS IR detectors based on AlN NPRs have shown great potential in replacing conventional microbolome-
ters for the next-generation high-performance uncooled IR detectors [2]. The performance of such resonant 
IR detectors in terms of thermal sensitivity, noise equivalent power (NEP) and response time (τ) can be 
improved by scaling the device volume while simultaneously maintaining high values of quality factor (Q) 
and transduction efficiency [22, 23]. In fact, thermal detectors based on 50 nm thick AlN NPRs have been 
reported by our group [24], showing two orders of magnitude improvement in the figure of merit compared 
to previous demonstrations (FoM=1/(NEP∙τ)∝η∙C0∙TCF∙Q/t2, where η, C0, TCF and t are the IR absorption 
coefficient, static electrical capacitance, temperature coefficient of frequency and thickness of the resonant 
structure, respectively). However, the smallest devices (28×30 µm2) in [20] show limited Q values below 300 
(~1/4 of the ones of larger devices), making them less capable in applications that require high resolution 
(due to the increased noise).
This issue is addressed in this work by mitigating anchor loss in such greatly scaled 50 nm thick AlN NPRs. 
Nanoscale metal anchors [22] are employed instead of conventional AlN and metal anchors used in [23] to 
introduce higher acoustic impedance mismatch between the resonant body and the anchors, and therefore 
reducing the energy loss through the anchors (see Fig. 6). Such optimization in anchors not only boosts the Q 
from less than 300 to 1157 for the same design of resonant body in [23, 24] (see Fig. 7), but also increases the 
thermal resistance (Rth) by ~2 orders of magnitude (due to smaller cross-sectional area of the anchors) (see 
Table 1), resulting in a high-performance IR detector with both high resolution (NEP ~466 pW/Hz1/2) and fast 
detection speed (τ ~164 µs) (see Fig. 8).
Moreover, a record small detector with an area of 20×22 μm2 (comparable to the ones of state-of-the-art mi-
crobolometers) and high performance (NEP ~656 pW/Hz1/2, τ ~80µs) is experimentally demonstrated thanks 
to the high quality factor preserved by the new anchoring scheme and the ultra-thin AlN employed (see Fig. 
6) [25]. It is worth noting that the capability of trading response time for higher resolution by increasing the 
Rth is particularly important for such small-pixel devices due to the higher requirement in resolution (less 
delivered IR power for a smaller pixel area given a fixed power density). Furthermore, we experimentally 
demonstrate that the resonant structures are capable of efficiently absorbing short- to mid-wavelength IR (η 

Figure 5: (a) Absorption spectra of the simulated and measured cross-type MIM absorber, showing an excellent agree-
ment. The absorptivity of 84.7% with 225nm (4.29%) FWHM was measured at λ=5.23μm. The insets (a) and (b) show 
that the magnetic field and electric field confinement allow for a high Q absorption. The insets (c) and (d) show the 
cross-section schematic and a top-view SEM image of the absorber, respectively. The tested structure is of the follow-
ing dimensions: a=200nm; b=1.7μm; Γ=3.5μm. (b) Experimental demonstration of tunability of the cross-type absorb-
ers. The inset shows the scanning electron microscope (SEM) images of an overview and a unit cell cross structure of a 
fabricated plasmonic absorber array. Smooth edges with no lift-off residue are shown. The dimensions (a, b and Γ) of 
each cross-type absorber array were individually optimized. (c) Emission spectra of three gases (CO2, CO, and NO), and 
the corresponding cross-type absorption spectra matching each infrared signature. FWHM <230nm allows for a supe-
rior spectral selectivity, leading to a reliable chemical detection of closely-located infrared signatures.
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~47%, for blackbody radiation at 625 °C) without any additional absorbers. These experimental results sug-
gest the great potential of the AlN NEMS IR detectors for the implementation of high performance IR cameras.

Figure 6: SEM images of fabricated 50 nm AlN NPRs with lateral dimensions of (a) 28×30 µm2 and (b) 20×22 µm2; (c) a 
close-up view of the Al anchor; (d) a cross sectional view highlighting the 20 nm platinum (Pt) and 50 nm AlN thin films 
deposited on the silicon substrate; and (e) A 3D schematic representation of the AlN NPR with nanoscale metallic (Al) 
anchors.

Figure 7: Measured admittance curves and MBVD fitting of the (a) 28×30 µm2 and (b) 20×22 µm2 devices; and (c) mea-
sured temperature coefficient of frequency (TCF) of the 20×22 µm2 device. The high TCF is due to the relatively large 
temperature coefficient of Young’s modulus of the metal electrodes.
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C.2. Work Conducted in Year 5:

C.2.a. Spectroscopic Chemical Sensing Based on Narrowband MEMS Resonant Infrared Detectors 

Screening for hazardous materials in airports, public places, and government facilities is important to home-
land security. The development of technology for fast standoff detection of highly explosive materials (HEMs) 
with high accuracy is decisive in early identification of terrorist threats. The implementation of chemical 
analysis methods based on molecular spectroscopy coupled to advance multivariate statistical methods to 
obtain chemical information from the spectrum is a powerful tool to detect chemicals at low concentrations, 
from gases and vapors to liquids and solids [26, 27]. The HEMs detection is based on their unique chemical 
signatures envelopes of their infrared (IR) absorption spectrum, be it via NO2, peroxide, or any other chem-
ical group marker. The molecules need to be exposed to a source of IR radiation, and a detector is used to 
quantify the intensity transmitted through these molecules in the spectral bands of interest.
The state-of-the-art IR spectroscopy technology (i.e. Fourier-transform infrared spectrometers) relies on so-
phisticated optical accessories, delicate motorized moving parts, and cooled IR detectors to acquire high 
resolution spectra. As a result, they are bulky, expensive, power hungry, and highly susceptible to movement, 
which makes them not suitable for fast screening of chemicals outside of lab environment. Therefore, to 
develop portable and low-cost chemical detection equipment based on IR spectroscopy requires a scheme 
intrinsically insensitive to movement, uncooled and high-resolution IR detectors, and a readily available 

Table 1: Thermal properties of the IR detectors.

Figure 8: Measured frequency responses of the two different size devices when exposed to a 625 °C blackbody radia-
tion modulated at (a) 1 Hz and (b) 200 Hz by a mechanical chopper. The unchanged frequency shift with higher chop-
ping frequency (chopper limit) suggests a response time shorter than 5 ms.
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source of radiation. Nondispersive infrared (NDIR) sensor technology is a suitable option since it uses low-
cost IR lamp and bandpass filters to create monochromatic lights and a broadband IR detector to quantify 
the transmitted light at each spectral band. However, the requirement of using filters not only limits the spec-
tral resolution in this approach, but also prevents any further miniaturization of the device. In this context, 
quantum cascade lasers (QCLs) are an ideal candidate to replace broadband IR source and filters in terms of 
increasing the spectral resolution, but the use of QCLs also comes with higher cost and increased complexity 
of the system due to the need for synchronization between the source and the detector. Most recently, spec-
trally-selective microelectromechanical system (MEMS) resonant IR detectors [17] have been demonstrated 
showing ultralow noise equivalent power operating at ambient temperature and narrow absorption band-
width with lithographically-controlled tunability. Such an emerging uncooled IR detector technology effec-
tively integrates the function of a bandpass filter in the microscale device level and simultaneously achieves a 
higher performance compared to conventional uncooled detectors, which has a great potential to be used for 
IR spectroscopy with a broadband source. Thanks to the elimination of bulky filters, multiple detectors with 
different targeting wavelengths can be placed at the focal plane of an IR beam transmitted through a chemical 
sample to measure its absorption in the spectral bands of interest at the same time. Such an approach is par-
ticularly useful for fast and preliminary screening of explosive or toxic chemicals with known characteristic 
absorption peaks, which is a task typically requiring a compact and low-cost tool to fulfill on site. 
We have previously demonstrated uncooled MEMS resonant IR detectors with narrow bandwidth (full width 
at half maximum, FWHM ≤ 17%) and near-perfect IR absorption (η ≥ 92%) based on Aluminum Nitride (AlN) 
nano-plate resonators integrated with metal-insulator-metal plasmonic absorbers [21, 28]. In this work, we 
show that it is possible to use such a spectrally-selective IR detector for chemical sensing in liquid phase with 
a simple experimental setup including a blackbody and a liquid cell. In particular, we demonstrate the detec-
tion of the presence of a nitrile functional group in a binary mixture of liquids through transmission spec-
troscopy (Fig. 9). A set of samples with increasing concentration from 0.5% to 100% of benzonitrile mixed 
with hexane are used for calibration. The experiment shows a detectable range up to 61% and a minimum 
detectable concentration change of ~0.01% (Fig. 10).

Figure 9: (a) Schematic illustration of transmission spectroscopy-based chemical sensing using spectrally-selective IR 
detectors and a broadband source. The transmission spectrum of the chemicals in the liquid solution shows specific 
spectral bands (λ1, λ2, λ3) where the transmission through the chemicals in the liquid cell is minimal. Each band can be 
a signature of a specific functional group which can be used to indicate its concentration. The absorption spectra of the 
detectors are designed to match these spectral bands. (b) Scanning electron microscope image of the AlN resonant IR 
detector with a plasmonic IR absorber integrated on top of the resonator. Lithographically-defined gold patches (with 
patch size 1.2 μm, and periodicity of 2.2 μm) define the absorption peak (~4.5μm in this work). Anchor width is scaled 
down to 5 μm.
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Absorption of specific wavelengths of IR radiation by chemicals depends on their constituent molecular bonds 
that have characteristic resonant modes of vibration at different wavelengths. For example, -C≡N has its 
characteristic stretching mode around 4.5 µm. When IR radiation matching this wavelength passes through 
a sample containing -C≡N bonds, the electromagnetic energy gets coupled to the vibrational resonant mode 
of the bond, resulting in reduced IR power exiting the sample at that wavelength. Thus, for a certain chemical 
bond and a fixed path length (0.108 mm in this work), the concentration can be determined by measuring 
the power transmitted through the sample. In this work we achieve this by using an AlN resonant IR detector 
with an integrated narrowband plasmonic IR absorber whose absorption wavelength is designed to match 
the targeted chemical bond’s resonance wavelength. In particular, as a proof of concept, we demonstrate our 
proposed sensor by measuring the IR detector’s response to varying concentrations of solutions containing 
the -C≡N bond. This bond is targeted since it is found in explosive materials such as dinitropentano nitrile 
(DNPD) and can be tested in a lab environment using safer and relatively non-toxic chemicals like benzo-
nitrile. For the experiments, different concentrations (by volume) of benzonitrile in a binary solution with 
hexane as the solvent are prepared. Hexane is chosen for its near-unity transmittance around the operation 
wavelength of 4.5 µm and its easy accessibility. 
The IR detector used in this work comprises an AlN nano plate resonator with a narrowband plasmonic IR 
absorber integrated on top of the resonator (Fig. 9). The absorber comprises a metal-insulator-metal (MIM) 
stack featuring polarization- and angle-independent absorption, narrow FWHM (<17%), and high absorption 
efficiency (>92%) at the center wavelength (4.7 µm): all of which are critical parameters for obtaining high 
performance of the proposed sensor. When IR radiation matching the absorption wavelength of the absorber 
is incident on the detector, the absorber efficiently confines the incident IR radiation in the sub-wavelength 
thickness of the structure, converting the electromagnetic energy into heat.
To test the sensor, the fabricated AlN nanoplate resonant IR detector is placed inside a vacuum chamber un-
der an IR-transparent calcium fluoride (CaF2) window with a calibrated broadband blackbody source posi-
tioned above (Fig. 10). An IR liquid transmission cell containing the solution of benzonitrile and hexane with 
known concentration is centered on the window above the detector. Chopped IR radiation (at 1 Hz) from the 
blackbody is used to irradiate the liquid sample and the transmitted radiation is then detected by the IR de-
tector as an induced Δf. The IR beam is aligned using converging CaF2 lenses to maximize the delivered power 
to the detector through the liquid cell.
The electromechanical characteristics of the resonant IR detector measured with a Vector Network Analyz-
er (VNA) show that despite the integration of the plasmonic absorber on top of the AlN nanoplate resona-
tor, a high electromechanical performance (Q ~1600 and kt² ~1.37 %) is achieved (Fig. 10b). Furthermore, 
improved thermal isolation (simulated Rth ~4.8×105 K/W in vacuum) of the resonant thermal detector is 
achieved by optimizing anchor geometry. The frequency noise spectral density fn of the device is extracted by 
monitoring the short-term (1 ms) frequency instability and found to be ~1.02 Hz/Hz1/2 with -20 dBm input 
RF power. The NEP is calculated to be ~463 pW/Hz1/2 by dividing fn by the responsivity (S=η.Rth.TCF.f0). All of 
these contribute to the demonstration of a narrowband (FWHM ~795 nm, ~17%) high-resolution (NEP) un-
cooled IR detector centered at 4.7 μm (offset from the target wavelength of 4.5 µm due to fabrication imper-
fections). It is worth noting that the FWHM of the plasmonic absorber can be further improved by employing 
cross-type absorbers as described in [21] for better rejection of noise from other wavelengths.
Fig. 10d shows the measured Δf of the detector in response to different concentrations of benzonitrile in 
hexane. Here, the VNA is set up to monitor the resonator’s admittance at 179.04 MHz where the high slope 
near resonance (at 178.95 MHz) (Fig. 10b) ensures maximum admittance shift when the curve shifts left on 
exposure to IR; this shift is due to the induced reduction in the resonance frequency (Δf). Using the value of 
slope around this frequency, the corresponding Δf is calculated. As shown in (Fig. 10d), there is a clear reduc-
tion in Δf as the concentration of benzonitrile is increased. This closely follows the predicted trend in relative 
IR power density (Fig. 10d) which was calculated for each concentration by integration of the blackbody’s, 
sample’s and absorber’s measured FTIR spectra. As expected, due to the exponential relation, concentration 
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changes at low concentrations (<4%) show a larger Δf. Using the slope at low concentrations (<4%) divided 
by the frequency noise spectral density, the minimum detectable concentration is calculated to be ~0.01%. Δf 
monotonically decreases up to 75% concentration, since beyond this, benzonitrile’s peak at 4.5 µm saturates 
(Fig. 10c) and IR transmittance is determined by hexane. The increase in transmitted power (and Δf) above 
75% as predicted by the power density curve, is due to the decrease in wide hexane absorption around 3.4μm 
which depends on the amount of C-H bonds. The maximum detectable concentration is limited to 61% since, 
Δf at 100% is the same as that at 61%, reliable measurements above 61% cannot be guaranteed.

In conclusion, a narrowband resonant IR detector with an integrated plasmonic absorber tuned to 4.7 µm 
wavelength was fabricated for use in spectroscopic detection of nitriles (R-C≡N). Compared to previous 
works, the detector used here features 2X improved sensitivity to IR owing to optimized anchor geometry. 
The spectral selectivity enabled by the ultrathin plasmonic absorber with narrow bandwidth (FWHM ≤ 17%) 
and near-perfect IR absorption (η ≥ 92%) coupled with the high IR detection capability (NEP ~463 pW/
Hz1/2) of the AlN resonator was exploited for the first experimental demonstration of a filter-free spectro-
scopic chemical sensor based on uncooled AlN resonant IR detectors with a minimum concentration detec-
tion limit of <0.01%. Future work is aimed at fabricating arrays of such detectors targeting different wave-
lengths to realize a highly sensitive and compact NDIR chemical sensor that can perform fast measurement 
and identification of a variety of chemicals.

C.2.b. Low Cost Thin Film Encapsulation for AlN Resonators

Miniaturized micromechanical sensors are found in a wide variety of applications, such as smart mobile 
devices, automotive, healthcare, and environmental monitoring. Resonant sensors based on piezoelectric 
Aluminum Nitride (AlN) MEMS resonators have attracted a great deal of attention due to their unique advan-
tages of high sensitivity to external perturbation, low noise performance and CMOS compatibility. A variety 

Figure 10: (a) Experimental setup with IR source, liquid cell, converging CaF2 lens and detector inside a vacuum cham-
ber. The insets show measured FTIR transmission spectrum of the benzonitrile and measured FTIR spectrum of the fab-
ricated resonator showing an absorptance of ~70% at the target wavelength. (b) Measured admittance curve around 
resonance with modified Butterworth-Van Dyke model fitting results; operating point for tests is marked in red. TCF 
of the device was measured as 27.9 ppm/K. (c) Transmission spectra of samples containing pure benzonitrile and pure 
hexane using a ZnSe IR liquid cell measured using a FTIR spectrometer. The prominent trough around 4.5 μm is due 
to the stretching mode of the C≡N bond. (d) Measured frequency shift of the resonant IR detector on exposure to IR 
transmitted through increasing benzonitrile concentrations. The relative power density represents the expected trend 
of frequency shift to increasing concentration.
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of sensor applications have been demonstrated using AlN resonators, such as mass sensors, IR sensors and 
fingerprint scanners. More recently, researchers have used these structures with functional materials, such 
as Metal-Organic Framework (MOF) thin films or magnetoelastic materials for extremely sensitive gas or 
magnetic field detections.
In order to employ AlN resonators for sensing applications in fluidic environments such as calorimetric mea-
surement, in-vivo tissue characterization, or electro-magneto-brain activity detection, the biocompatible 
packaging remains a challenge. Wafer level thin film encapsulation has been demonstrated using polyimide 
material and a vapor HF (VHF) release approach, however, complicated process steps are required and HF 
would degrade the performance of the AlN resonator. In this project, we propose and experimentally demon-
strate a low-cost encapsulation process using bio-compatible material SU-8 on XeF2 released AlN resonators 
[28].
Figure 11 shows the microfabrication process flow. First, AlN contour mode resonators are fabricated on a 
high resistive Si substrate (ρ > 20000 Ω·cm) with a platinum (Pt) electrode on the bottom and an aluminum 
(Al) interdigital electrode (IDE) on the top. The thickness of AlN, Pt, and Al layers are 1 μm, 100 nm, and 100 
nm, respectively (Figures 11a-c). The resonating nanoplate releasing trench is patterned by mixed Cl2/BCl3 
gas (Figure 11d), and then a sacrificial amorphous silicon a-Si is deposited to fill the trench and patterned 
on top of active AlN resonator region (Figure 11e). Sputtered a-Si exhibits better adhesion and film quality 
compared to PECVD a-Si due to less hydrogen concentration and the low temperature deposition process. 
A PECVD SiO2 layer with thickness of approximately 2 μm is deposited to cover the device as the structural 
CAP layer and then small releasing holes are patterned thru the SiO2 CAP layer to access the a-Si (Figure 11f). 
Thus, when the AlN resonators are exposed to an XeF2 gas environment, all sputtered a-Si under the PECVD 
SiO2 layer and the single crystal silicon around the AlN trench region was  etched and the AlN resonators are 
released by a time-controlled isotropic etch (Figure 11g). After releasing etch, a 4~8 μm thick SU-8 layer is 
spin coated and slowly cured on the device to seal the releasing holes and encapsulate the AlN resonators 
(Figure 11h). The post SU-8 exposure bake must ramp up and ramp down slowly to avoid crack formation on 
relatively thick SU-8 film. Finally, probing pad vias are etched thru SU-8 and SiO2 layers for electrical access.
Figure 11i compares the data of one encapsulated AlN resonator without and with DI droplets to wet the 
device surface. The plots show the AlN contour mode resonator exhibits a similar quality factor of over 1150 
and a resonant frequency of approximately 961 MHz in both dry and wet environment, indicating the AlN 
resonator does not degrade significantly on such an SU-8 encapsulation process and a DI droplet wetting 
surface. Therefore, our developed AlN resonator devices with encapsulation can be employed as a sensing 
platform for in-vivo applications. Further testing was conducted by comparing the same AlN resonator in 
wet conditions with a DI droplet on the top surface after a long period. As indicated in Figure 11j, after nine 
months, the same encapsulated AlN resonator still exhibited a very similar characteristic. No significant res-
onance and quality factor drift was observed, although the impedance and antiresonance have a slight shift, 
which could be attributed to the inconsistent calibration. Such AlN resonators with high performance and 
biocompatible encapsulation could be used in calorimetric, in-vivo, or other fluidic environment character-
izations.
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C.2.c. Effects of Bottom Electrode Topography in AlN Nano Plate Resonators on Quality Factor

AlN nano plate resonators (NPRs) have been extensively studied for the implementation of extremely sen-
sitive and miniaturized sensors such as uncooled infrared detectors, chemical sensors, and magnetometers, 
showing great potential for the realization of next generation integrated sensing platforms with multiple 
functionalities. In order to excite a high-order contour-extensional mode of vibration in the AlN piezoelectric 
layer, an interdigitated transducer (IDT) and a floating plate are typically employed as top and bottom elec-
trodes. In this case, it is preferable to use the unpatterned floating plate as the bottom electrode since the low 
temperature sputtering deposition yields higher quality polycrystalline AlN thin film with c-axis orientation 
on a flat surface. However, most of the proposed AlN resonant sensors rely on a functionalized top electrode, 
which is typically unpatterned or needs to be patterned differently than the shape of interdigitated electrode 
required for the excitation of acoustic resonance. Such design requirements result from the fact that the IDT 
has to be placed on the bottom of the AlN piezoelectric layer for resonant sensors based on AlN NPRs. On 
the other hand, a new class of AlN MEMS resonators that utilizes a pair of IDTs as both top and bottom elec-
trodes to excite cross-sectional Lamé mode of vibration has recently been proposed and demonstrated for 
the implementation of RF filters with lithographically tuned center frequency. It is worth noting that, a high 
quality factor guarantees a high performance for both resonator-based applications (i.e. low noise for sen-
sors and low insertion loss for filters). Therefore, it is important to investigate the effects of patterned bottom 
electrodes in AlN piezoelectric resonators on quality factor and optimization of the design and fabrication 
process.
Our recent work [23] showed ~5 times higher quality factors for AlN NPRs employing bottom plate electrodes 
compared to the ones with bottom interdigitated electrodes indicating that the deposition of ultra-thin AlN 
film (≤ 250 nm) on a plane electrode is essential for the implementation of resonators with high quality fac-
tors. In this work, we experimentally demonstrate that, with a carefully characterized fabrication process, it 
is possible to achieve high quality factors even when the bottom electrode is densely patterned as long as the 
edge of the electrode is tapered [30]. The work sets a stepping stone towards the development and optimiza-
tion of resonant sensors and RF filters based on AlN MEMS resonators with interdigitated bottom electrodes.

Figure 11: (a-h) Micro fabrication process flow of SU-8 encapsulated AlN resonators; (i) characterization of encapsulat-
ed AlN resonator results without DI droplet on the surface (dry) and with a small DI droplet on the surface (wet); and (j) 
characterization results of the same encapsulated AlN resonator (wet) with a duration of nine months apart.
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Over 40 devices (20 for each configuration) were fabricated on the  same type of high resistivity Si wafer. It 
is worth noting that, a carefully characterized lift-off process using lift-off resist was employed to avoid any 
fencing in the bottom electrode. A tapered edge with an angle of ~50º was verified through SEM imaging 
after the patterning of bottom electrode (Fig. 12). All the fabricated devices were tested at room tempera-
ture and atmospheric pressure in an RF probe station and their electrical responses were measured by a 
network analyzer. The result shows that despite the use of relatively thick (70 nm) bottom IDE, high quality 
factors (~1200) comparable to the ones of reference devices with bottom plates can be achieved in 200 nm 
AlN NPRs (Fig. 12). The fact that the quality factors achieved in this work are significantly higher than the 
previous work [23] for the same type of devices suggests that the smoothly transitioned topography of the 
bottom electrode, more specifically, the tapered edge of the patterned interdigitated electrode is crucial for 
the implementation of such resonators with high quality factors. The result also shows that although the 
quality factor is dependent on the width of anchor (due to the anchor loss), the devices with a bottom IDE 
are characterized with ~7% lower quality factors for all anchor dimensions compared to the devices with a 
bottom plate electrode.

Figure 12: (a) False-colored SEM image showing the cross-section of a 200 nm thick AlN film deposited on the tapered 
edge of a 70 nm thick Pt electrode. No crack or void is formed in the AlN layer during the growth thanks to the smooth-
ly transitioned topography of the bottom electrode. (b) and (c) Cross-sectional SEM images of a completed AlN NPR 
showing the thickness profile in one-pitch length of all three layers: top gold plate, AlN, and bottom Pt IDE. (d) Com-
parison of the average values of quality factor between the two electrode configurations. The data from our previous 
work [23] is included to show the effectiveness of the improved edge profile of bottom electrode. The upper and lower 
insets show cross-sectional SEM images of 200 nm thick AlN film deposited on bottom electrodes with and without a 
fence on their edges, respectively. The AlN grown on the fence clearly show a void at the substrate/AlN interface and 
not well aligned crystal orientation.
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D. Milestones  

In Year 5, the following project milestones were achieved: (1) demonstration of spectrally selective NEMS 
resonant IR detectors for transmission spectroscopy based chemical sensing. In particular, we demonstrated 
the detection of the presence of nitrile functional group in a binary mixture of liquids through transmission 
spectroscopy. A set of samples with increasing concentration from 0.5% to 100% of benzonitrile mixed with 
hexane were used for calibration. The experiment showed a detectable range up to 75% and a minimum de-
tectable concentration change of ~0.01%; (2) demonstration of biocompatible encapsulation of AlN MEMS 
resonators that could greatly expand the application scenarios of the sensor technology developed in this 
project in fluidic or intra-body environment. (3) demonstration of effects of bottom electrode topography 
in AlN nano plate resonators on quality factor. The findings potentially lead to increased performance of the 
sensor technology developed in this project.

E. Future Plans (Year 6)  

Although we have demonstrated IR detectors suitable for the detection of explosives, we have not tested the 
devices for gas sensing applications yet. Therefore, we plan to use our devices for transmission spectrum 
and concentration measurement of different gases of interest in Year 6. We expect to achieve sub-ppm level 
of resolution for carbon monoxide (CO) gas (the natural concentration of CO in air is around 0.2 ppm, and 
that amount is not harmful to humans). Vacuum packaging is another important aspect of our IR detectors 
since the ultra-high resolution can only be achieved in low-pressure (< 10 mTorr) environments (to eliminate 
the heat transfer through the air). Therefore, we plan to work with a MEMS packaging company to demon-
strate vacuum-packaged prototypes (~ 1 mTorr) for potential field-testing outside of a lab environment. The 
success of completing these two research tasks is crucial in improving the technology readiness level for a 
seamless transition. 
The obstacle for the demonstration of gas sensing capabilities of our IR detectors is the incomplete exper-
imental setup for the test, especially the missing gas source. We plan to purchase the Owlstone Vapor Gen-
erator (OVG-4), provided Year 6 funding is available, to perform testing on true explosives such as PETN, 
RDX, and TNT. The OVG-4 Vapor Generator is a compact, cost-effective calibration gas system, which can 
generate NIST traceable, precise, repeatable, and accurate concentrations of chemicals and calibration gas 
standards as well as gas mixtures representative of realistic operative conditions. On the other hand, the risks 
for vacuum packaging are in the achievement of a low-temperature packaging process that is compatible 
with our devices and the potential electrical parasitics associated with the package that may negatively affect 
the very high frequency (VHF) operation and readout. We have previously worked with a leading microbo-
lometer packaging company (INO, Canada) which offers packaging services with relatively low temperature 
(~170°C). We plan to retain them for the packaging of our resonant IR detectors. We will integrate the MEMS 
IR detectors and CMOS readout circuit in the same vacuum package to minimize the effect from the parasitics 
associated with the package.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

• A new uncooled multi-spectral IR detector technology, suitable for standoff chemical detection in the 
MWIR range. (The engine exhaust plumes of jets and vehicles contain several gases with emission spectra 
in the MWIR range that can be used as specific signatures for detection.)

• Heterogeneous integration of this multi-functional detector technology with state-of-the-art QCLs will 
enable the fabrication of ultra-miniaturized and power efficient frequency domain IR spectrometers, 
which will lead to disruptive improvement in field-deployable systems for trace detection and imaging.
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B. Potential for Transition

• Multi-spectral uncooled IR detectors that provide near real-time detection, high sensitivity, and high 
specificity for a targeted group of explosives IR spectral signatures (e.g. PETN, RDX and (TNT), resulting 
in very low false-positive and false-negative rates. 

• IR digitizing microsystems that can remain dormant, with near-zero power consumption, until awakened 
by specific IR spectral signatures associated with a threat. These completely passive digitizing IR sensor 
microsystems can harvest the energy contained in a specific IR spectral signature (i.e. IR emission peaks 
of energetic materials) to produce a digitized output bit capable of waking up short-duty cycle powered 
electronics for further signal analysis and communications.

C. Data and/or IP Acquisition Strategy

The PI holds intellectual property for the technology relevant to the project: United States Patent 9,419,583 
(awarded on August 16, 2016) and United States Patent 9,425,765 (awarded on August 23, 2016). These two 
patents include claims related to the NEMS technology developed under this program.

D. Transition Pathway 

• Potential commercialization partners (Pendar Technologies, Analog Devices, and Boeing) have already 
been engaged to performance testing and transition development work.

• The PI holds intellectual property of the technology relevant to the project. 
• Prototypes of the technology are being fabricated at Northeastern University for use and testing.
• The proof of concept will be shared with the identified potential customers to explore technology tran-

sition: the Department of Homeland Security (DHS), the Defense Advanced Research Projects Agency 
(DARPA), Analog Devices, Inc., Qualcomm, Pendar Technologies, Boeing, and Avago.

E. Customer Connections

• DHS
• DARPA Microsystems Technology Office: Troy Olsson and Dev Palmer
• Air Force Office of Science Research: Kenneth Goretta, Gernot Pomrenke, and Harold Weinstok
• Analog Devices, Inc.
• Qualcomm
• RF Micro Devices, Inc.
• Pendar Technologies 
• Avago
• Apple
• Google
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IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. 2017 Fall semester course: MEMS
b. 2018 Spring semester course: Nano and Micro Fabrication

2. Training to Professionals or Others
a. PhD student training

B. Peer Reviewed Conference Proceedings

1. Qian, Z., Rajaram, V., Kang, S., & Rinaldi, M. “NEMS Infrared Detectors based on High Quality Factor 50 
nm Thick AlN Nano-Plate Resonators.” Proceedings of the 2017 European Frequency and Time Forum 
& International Frequency Control Symposium (IFCS-EFTF 2017), Besancon, France, July 9–13, 2017. 
In press. [Nominated for Best Student Paper Award].

2. Wu, T., Qian, Z., & Rinaldi, M. “Low Cost Thin Film Encapsulation for AlN Resonators.” Proceedings of 
the 31st IEEE International Conference on Micro Electro Mechanical Systems (MEMS 2018), Belfast, 
UK, January 21-25 2018, pp. 1024-1027.

3. Qian, Z., & Rinaldi, M. “Effects of Bottom Electrode Topography in AlN Nano Plate Resonators on 
Quality Factor”, Proceedings of the 2018 IEEE International Frequency Control Symposium (IFCS 
2018), Olympic Valley, CA, May 21-24, 2018. In press. 

Pending-
1. Calisgan, S.D.,Villanueva Lopez, V., Rajaram, V., Qian, Z., Kang, S., Hernandez-Rivera, S.P., & Rinaldi, M. 

“Spectroscopic Chemical Sensing Based on Narrowband MEMS Resonant Infrared Detectors.” IEEE 
Sensors 2018 Conference. Submitted for review.
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C. New and Existing Courses Developed and Student Enrollment

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student  
Enrollment

Existing Course Nano and Micro 
Fabrication

This course provides an overview of 
integrated circuit micro/nano fabrica-
tion technology from the viewpoint of a 
process engineer. Students will fabricate 
micro and nanoscale devices in integrat-
ed lab sessions. The course focuses on 
the physics and technology of integrated 
circuit fabrication in the lecture portion 
of the course, while students face actual 
micro and nano fabrication challenges in 
the lab portion.

35

Existing Course Introduction to 
Microelectrome-
chanical Systems 
(MEMS)

This course introduces microelectrome-
chanical systems including principles of 
sensing and actuation, microfabrication 
technology for MEMS, noise concepts, 
and packaging techniques. It covers a 
wide range of disciplines, from electronics 
to mechanics, material properties, micro-
fabrication technology, electromagnetics, 
and optics. Students will study several 
classes of devices including sensors and 
RF components. The last third of the se-
mester will be largely devoted to design 
projects, involving design of MEMS devic-
es to specifications in a realistic fabrica-
tion process.

35
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R2-B.4: Mid-Infrared Photonic Integrated Circuits 
for Stand-Off Detection of Trace Explosives

I. PARTICIPANTS

Faculty/Staff 
Name Title Institution Email

Anthony Hoffman Co-PI University of Notre Dame ajhoffman@nd.edu

Michael Wanke Co-PI Sandia National  
Laboratories mcwanke@sandia.gov

Graduate, Undergraduate and REU Students
Name Title Institution Month/Year of Graduation

Ahmet Cagri Aydinkarahaliloglu Ph.D. University of Notre Dame 05/2021

Owen Dominguez Ph.D. University of Notre Dame 05/2018

Kaijun Feng Ph.D. University of Notre Dame 04/2018

Galen Harden Ph.D. University of Notre Dame 05/2019

Irfan Khan Ph.D. University of Notre Dame 05/2021

Junchi Lu Ph.D. University of Notre Dame 05/2020

Bryce Beddard B.S. Vanderbilt University 05/2018

Zhaoyuan (Andy) Feng B.S.E.E. University of Notre Dame 05/2020

II. PROJECT DESCRIPTION

A. Project Overview

This project aims to develop a mid-infrared photonic integrated circuit (MIR-PIC) and to use the device for 
the stand-off detection of trace explosives in the solid phase. The proposed MIR-PIC is a mid-infrared (mid-
IR) heterodyne receiver comprising a high-performance, mid-IR quantum cascade laser (QCL) with an inte-
grated Schottky barrier diode. This research addresses the void of high-performance, compact technologies 
capable of measuring the phase and amplitude of mid-IR light that has interacted with a sample under test. 
This novel, compact semiconductor transceiver operates by mixing light scattered off the sample under test 
and coupled back into the QCL waveguide with the internal field of the waveguide. Changes in the phase and 
amplitude of the scattered light are detected by measuring the voltage over the integrated diode. Compared 
to existing optical stand-off detection technologies, there is no need for an external detector or optics, the en-
tire sensor operates at room-temperature, and the sensitivity and detection limits are anticipated to improve 
by orders of magnitude. The proposed MIR-PIC is ultra-compact (~5 mm x 300 µm), low-cost, appropriate 
for commercial-scale production, and can be integrated into large format arrays for imaging. Single devic-
es will enable rapid stand-off detection of explosives, and arrays of these devices will enable imaging with 
phase, amplitude, and spectral content for improved detection.
This project addresses a near-ubiquitous limitation of stand-off detection using mid-IR QCLs, including the 
relative intensity noise (RIN) of the lasers. The RIN of QCLs is most often the limiting factor in sensor per-
formance and detection sensitivity. This project improves the sensitivity by orders of magnitude (approaching 
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the quantum limit) by shifting the signal into the radio frequency (RF) domain via nonlinear mixing in the 
integrated diode; in the RF domain, the RIN of the QCL is substantially lower. Additionally, the integrated 
diode allows the MIR-PIC to function as both source and detector, enabling the ultra-compact footprint while 
reducing complexity and cost.
The MIR-PIC represents a fundamentally new type of mid-IR semiconductor transceiver that will enable 
phase- and amplitude-sensitive imaging in the mid-IR via an ultra-compact device. This research will have 
significant impact on the Department of Homeland Security (DHS) enterprise due to the complementary 
sensing and imaging modalities the MIR-PICs enable, as well as the low-cost, small footprint, and improved 
sensitivity of these devices. Ultimately, the sensors can be used for detecting explosives residues on skin, 
clothing, personal items (travel bags, briefcases, etc.), containers, vehicles, and other substrates.  Additional-
ly, a myriad of other fields, including medicine, drug enforcement, and environmental monitoring, will also 
benefit. 

B. State of the Art and Technical Approach

Optical spectroscopy has played an increasing role in materials characterization and sensing over the past 
two centuries. The growing role of light in characterization and detection applications has been enabled by 
our access to and control over different regions of the electromagnetic spectrum. By monitoring the interac-
tion of light with matter, it is possible to gain qualitative and quantitative information about a sample under 
test [1]. Vibrational spectroscopy is concerned with interactions between light and vibrational and rotational 
modes of molecules.  These modes can be excited via photons, resulting in absorption spectra that are dic-
tated by the energies of the vibrational and rotational modes.  These absorption spectra are unique to the 
molecule, meaning that molecules possess a spectral fingerprint that can be differentiated using optics. Mid-
IR light interacts with the fundamental vibrational and rotational modes of many molecules, meaning that 
these light-matter interactions can be orders of magnitude larger than in neighboring spectral regions [2,3]. 
Prior to the demonstration of mid-IR semiconductor lasers, most mid-IR spectroscopy was performed using 
expensive and bulky Fourier transform infrared spectrometers (FTIRs) or dye lasers, drastically limiting ac-
cess to this portion of the spectrum. The QCL unlocked the mid-IR to the broader scientific and engineering 
communities, and enabled countless new applications—including explosives detection—across a myriad of 
fields.
Mid-IR QCLs have matured tremendously since their first demonstration in 1994 [4]. These electrically-in-
jected devices emit mid-IR radiation via engineered optical transitions for electrons in semiconductor het-
erostructures. QCLs are now capable of room-temperature operation in pulsed and continuous wave (CW) 
mode, with optical output powers greater than 1 W [5]. Much of this progress has been enabled by careful 
quantum engineering of the semiconductor heterostructure comprising hundreds of coupled quantum wells. 
The lasers are available commercially from several domestic and international companies including Thorlabs 
Inc. [6], Daylight Solutions [7], and Alpes Lasers [8].
Despite their maturity and commercial availability, large gains in performance were recently realized by 
more carefully considering the physics of electron transport in the quantum well superlattice and revisiting 
the design of the QCL active region (i.e. the portion of the QCL responsible for generating gain). In these so-
called “ultra-strong coupling lasers,” the gain provided by the active regions is many times larger than more 
conventional QCL active region designs [9, 10]. These new designs with improved gain have resulted in lasers 
with record wall-plug efficiency (electrical-to-optical conversion efficiency) and optical powers [10]. In addi-
tion to improved wall-plug efficiency and high output powers, the improved gain can also be used to enable 
lasing in devices with novel waveguides, such as those employed by the MIR-PICs in this project that might 
have larger optical losses than conventional waveguides.
QCLs have already been employed in a number of sensing setups. The most straight-forward incorporation 
of QCLs into infrared absorption spectroscopy (IAS) uses the QCL as a mid-IR source and a conventional  
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detector, typically HgCdTe (mercury cadmium telluride (MCT)), for monitoring the intensity of the mid-IR 
light after interacting with a sample under test [11]. More sophisticated sensing systems that improve the 
sensitivity and selectivity of the system have also been employed. These more sophisticated approaches in-
clude photoacoustic spectroscopy [12], cavity ringdown spectroscopy [13, 14], and Faraday rotation spec-
troscopy [15, 16], among others. These schemes have been used by a number of groups to detect explosives 
and precursors to explosives in the solid and gas phases [11, 17-19]. The detection sensitivity limit in all of 
these approaches is determined in part by fluctuations of the intensity of the QCL, that being the RIN.  
The RIN noise is determined by a number of factors, including the current source and the underlying physics 
of the laser. Even for extremely stable current sources, the RIN of a QCL is larger compared to more tradition-
al interband diode lasers due to the cascading of electrons in the active core. It has been demonstrated for 
QCLs that non-radiative losses out of the upper laser states dominate the RIN [20]. Since the RIN of the QCL is 
a fundamental impediment to the lasing physics, new strategies are needed to circumvent this limitation and 
to further improve the detection limit.
The three primary strategies to reduce laser noise are: 1) heterodyne detection, 2) active laser intensity sta-
bilization, and 3) balanced detection [21]. Active laser intensity stabilization requires custom equipment that 
increases the cost, complexity, and footprint of the sensor. Balanced detectors with differential amplifiers are 
only available in the mid-IR via custom design, and are therefore very costly. Heterodyne detection shifts the 
detection to the RF domain (about 14 GHz for the devices in the project), where the QCL RIN is much lower 
[21]. Heterodyne detection using QCLs has been demonstrated using discrete free-space optical components 
[21, 22]. For heterodyne-enhanced Faraday rotation spectroscopy, systems have been demonstrated at only 
5.6 times the ultimate theoretical sensitivity, demonstrating the significant improvements that can be real-
ized using heterodyne detection.
In addition to improving the sensitivity by reducing RIN, heterodyne detection also enables acquisition of 
both phase and amplitude information for detected scattered or transmitted light without the need for cali-
bration [21-23]. Phase sensitive detection or imaging is often used to distinguish between similar materials. 
In the context of explosives detection, it may be possible to use phase sensitive detection to sort out decoys 
from true threats. Furthermore, combined phase and amplitude information can improve the sensitivity and 
selectivity of detection.
Unfortunately, with all the benefits of heterodyne detection, the size and complexity of the system is a signif-
icant drawback. Numerous free-space optical elements, such as lenses, mirrors, and acousto-optic modula-
tors, are required to implement the technique. Our project advances the state of the art through the develop-
ment and demonstration of PICs that combine a high-performance QCL active region with a diode engineered 
for heterodyne mixing of the internal modes of the QCL with back-scattered light that has interacted with a 
sample under test. Our MIR-PIC is a single semiconductor device that serves as both source and detector.
Figure 1 is a schematic of a MIR-PIC deployed as a sensor. The device comprises a mid-IR waveguide (blue, 
horizontal line) with a mid-IR QCL active core (the active core resides inside of the waveguide), and an inte-
grated Schottky barrier diode (gold dot). The active core of the QCL generates mid-IR photons via electron 
transitions between the bound subbands of hundreds of coupled quantum wells, which are then guided in 
the waveguide. During operation, some of the generated photons are emitted from the facet of the waveguide, 
scatter off the sample under test, and re-enter the waveguide. These photons are then mixed by the Schottky 
diode with the internal field (photons) of the waveguide. This nonlinear mixing results in a voltage over the 
diode that oscillates at the difference frequency between the internal field and the light that re-entered the 
cavity, called the intermediate frequency (IF). For a multi-mode Fabry-Perot cavity, a mixing response in the 
diode is observed at the free spectral range (mode spacing) [24, 25].  For cavities ~ 3mm long, the IF is ~14 
GHz, a frequency that is easily accessible using common microwave equipment available in our laboratories.
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This project explores using the MIR-PICs in two configurations for stand-off detection: (1) with an external 
ZnSe lens, and (2) without an external lens. An external lens is useful for collimating the emitted beam and 
collecting more of the back-scattered light. Collimating the beam provides more power on target and collect-
ing more light will improve the sensitivity of the MIR-PIC. We anticipate that including the external lens will 
improve the stand-off distance. While the external lens introduces an external optical component, this could 
be integrated into the final MIR-PIC package; this is not true for the optical components used in stand-off 
detection with discrete sources and emitters. An integrated lens can be incorporated into the device pack-
age via our collaboration Adtech Photonics Inc. Such lenses are already incorporated into industry-standard 
high-heat load (HHL) mounts offered by Adtech Photonics. This single, integrated lens is in contrast to multi-
ple, free-space lenses, which would be needed when using discrete components. These free-space lenses are 
difficult to deploy in the field and ruggedize, as they require careful optical alignment.  We anticipate that for 
small stand-off distances appropriate for scanning fingerprints, handled documents, baggage, etc., an exter-
nal lens is not needed. 
We will systematically study stand-off detection using the MIR-PICs, including how the following parame-
ters affect the sensor: (1) incident angle on the sample, (2) sample substrate, (3) stand-off distance, 4) op-
eration mode of the LO (pulsed versus continuous wave and fixed-frequency versus tuning), (5) operating 
temperature, (6) LO power, (7) design and fabrication variations (cavity length, ridge width, diode design, 
diode location, facet coatings, etc.), (8) heterodyne integration time and amplifier chain, (9) LO tuning rate, 
and more. We will determine the MIR-PIC sensitivity by measuring the heterodyne signal versus the amount 
of solid trace explosive for a fixed integration time (1 s). For all measurements, we will compare the results 
with those obtained using a custom vacuum FTIR with a cooled HgCdTe detector that is available in our lab 
to verify that the measured heterodyne signal is from the trace explosive.

C. Major Contributions

This is a new project that was launched in January 2017.  This section details the major contributions that we 
have made in the past 1.5 years.  

C.1. Study Preliminary Devices

We have fabricated and characterized MIR-PICs that exhibit a heterodyne signal from 14 GHz (3 mm cavity) 
to ~21 GHz (2 mm cavity). A top view of a fabricated device is shown in Figure 2(a), and an exemplary diode 
response is shown in Figure 2(b). These preliminary measurements indicate that mixing in the Schottky di-
ode is possible at mid-IR frequencies. However, while these preliminary data indicate the heterodyne detec-

Figure 1: Schematic for stand-off detection of solid phase trace explosives using a MIR-PIC. The mid-IR waveguide is 
shown in blue, the RF Schottky diode is in gold, and the QCL active region resides below the waveguide. A DC bias is 
applied to the waveguide, and the RF voltage over the diode is monitored. Some of the light scattered from the sample 
under test is coupled back into the waveguide and mixed with the internal laser modes on the diode, with resulting 
voltage oscillating at the difference frequency over the diode.
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tion is possible, the IF amplitude should be increased to improve the signal-to-noise ratio (SNR) and detec-
tion limit of the MIR-PIC. The IF amplitude can be improved via several approaches, including increasing the 
internal field of the MIR-PIC, redesigning the waveguide, and engineering the Schottky diode.  Additionally, 
the tested devices only operate in pulsed mode. This is problematic since there is frequency chirp (i.e. a shift 
in the lasing frequency) over the duration of the applied pulse (200 nm to 2 µs in duration) due to heating of 
the active core. Our analysis of these initial devices indicates that a new, high-performance QCL active region 
with improved gain is necessary. To this end, we have established a collaboration with Adtech Photonics, 
Inc. Adtech Photonics employs state-of-the-art metal organic chemical vapor deposition (MOCVD) to grow 
high-performance QCLs and quantum cascade gain materials, and together with Hoffman they have demon-
strated world-record efficiency in QCLs [10].  MOCVD is a high throughput technology that is preferred for 
commercial products. Additionally, Adtech Photonics is able to grow high-quality InP which allows for supe-
rior thermal management and optical performance.

C.2. High-performance QCL Active Core 

The IF amplitude and SNR are related to the internal field of the MIR-PIC waveguide. From our preliminary 
measurements, we believe that the IF amplitude is limited by the internal field of the waveguide at the Schott-
ky diode. To increase the internal field, we designed a QCL active core that incorporates elements from state-
of-the-art, high-performance mid-IR QCLs. The active region is designed for detecting RDX at 6.25 µm and is 
depicted in Figure 3. In addition to increasing the internal field, a high-performance design will also enable 
continuous wave operation, which is needed to avoid frequency chirp observed in pulsed mode.

Figure 2: (a) Top-down image of a 2mm long MIR-PIC; and (b) generated RF spectra from mixing internal cavity modes 
at various voltages over the laser. Inset: focused-ion-beam image of a cross-section of a 2µm diameter diode. Measured 
by Sandia National Laboratories (SNL).
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For the design, we modified existing density matrix models in our laboratory to properly include coherent 
coupling and interface roughness scattering in the QCL. We have submitted a manuscript to the Journal of 
Optics related to these design efforts [26]. Compared to a conventional design at the same wavelength, our 
design is expected to exhibit gain more than five times larger. Figure 4 shows the results of a calculation of 
the QCL gain versus the coherent coupling between the upper-laser level and the electron injection level. By 
increasing coherent coupling between these levels, we improve electron injection into the optical transition 
and increase gain. Increasing the coupling too much would lead to spectral splitting of the optical transition 
and a reduction in the peak gain. Importantly, these models could be used for designing other high-perfor-
mance QCLs for ALERT projects or for projects with our external collaborators. 

C.3. Increasing Nonlinear Mixing

We also redesigned the waveguide of the MIR-PIC to increase the magnitude of the electrical field at the 
contact of the laser, which will ultimately increase the non-linear mixing on the diode. We did this because 

Figure 3: Portion of the conduction band of a QCL active region for lattice matched InGaAs/AlInAs on InP. The grey and 
red curves are the calculated single electron wave functions. The curves in red are most closely related to the designed 
optical transition. The applied field is 46 kV/cm, and the optical transition is 6.25 µm.

Figure 4: Calculated peak gain versus the coupling strength between the injector and upper-laser level. The gain is 
calculated using a three-level density matrix model that includes coherent coupling, photon scattering, and interface 
roughness scattering.
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our analysis shows that it should be possible to use the entire top contact of the laser as the Schottky diode, 
greatly simplifying the nanofabrication process. Since the waveguide we are employing is different than what 
is conventionally used for QCLs, we had to modify our custom design software. The redesigned waveguide 
and calculated field profile are shown in Figure 5.

Samples with the active region and waveguide designs shown above were grown via molecular beam epi-
taxy (MBE) through an unfunded collaboration with Princeton University. The samples were processed into 
standard QCL ridge waveguide lasers and are in the process of being characterized in Professor Hoffman’s 
laboratory. The characterization includes spectral measurements to determine the lasing wavelength and 
light-current-voltage measurements, as a means of ascertaining the electrical and optical properties of the 
lasers, such as peak power, threshold current density, temperature performance, etc. After the standard QCL 
characterization is completed, we will fabricate MIR-PICs using the same semiconductor material and char-
acterize the devices in the microwave domain. Dr. Wanke’s laboratory at Sandia National Laboratories (SNL) 
is already configured to measure these devices. Professor Hoffman will send the graduate student working on 
this project to Sandia to be trained on RF measurements of MIR-PICs. The setup will be duplicated at Notre 
Dame using equipment available in our laboratory.  

C.4. Improving Impedance Matching for Microwave IF Signal

We developed new MIR-PIC designs that provide better impedance mismatch between the MIR-PIC top con-
tact and the coaxial cable. This work was carried out because we identified a large impedance mismatch 
between the microwave coaxial cable and the top metal contact of the MIR-PIC that was responsible, in part, 
for the small IF signal. This impedance mismatch results in poor coupling of the microwave IF signal from the 
MIR-PIC to the external instrumentation, limiting the amplitude of the measured IF signal. To address this 
limitation, we first developed microwave models of the MIR-PIC based on the materials used. Using the mate-
rials model, we then simulated the impedance of the MIR-PIC using a commercial software package (ANSYS 
High Frequency: Electromagnetic Field Simulation). Our results indicated a strong impedance (c.a. 5MΩ) and 
a large attenuation of 10 GHz microwave radiation. Using these models, we developed a new device geometry 
where the MIR-PIC active region is embedded into a microwave coplanar waveguide.
The new MIR-PIC geometry is shown schematically in Figure 6. The top side is processed as a coplanar wave-
guide (CPW) with three terminals. The center contact pumps the active region and simultaneously serves 
as the center pin for the CPW. The side contacts, spaced approximately 10 µm from the center ridge, are the 

Figure 5: Waveguide design and the calculated mode intensity. At the Schottky diode/contact (shaded gold region), 
the mode intensity is about 30% of the peak mode intensity to increase nonlinear mixing on the diode. 
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ground plane for the CPW and serve as the current sink for the active region. The ratio of the center contact 
width to the bottom contact spacing is used to control the impedance.  Here, we design an impedance mis-
match of less than 5Ω assuming typical variations in fabrication. The bottom of the device is also coated with 
gold to improve the thermal contact with the heat sink. In addition to improving the impedance matching, 
these devices have the advantage of all-top contacts and a planar geometry.  This allows the use of standard 
microwave z-probes for contacting the device [27]. Professor Hoffman has extensive experience with the 
design, fabrication, and characterization of microwave coplanar waveguides from his previous work on su-
perconducting circuits and qubits.

C.5. High Performance Active Regions for InP Substrates

We designed and fabricated active regions based on InGaAs/AlGaAs ternary materials grown on an InP sub-
strate. There are two primary reasons for these new designs. First, due to complications with the MBE, our 
collaborator at Sandia National Laboratories, Dr. John Kelm, was not able to grow our most recent wafers.  We 
therefore pursued a collaboration with Adtech Photonics, Inc. to grow the samples needed to implement the 
new MIR-PIC design. Adtech Photonics, a commercial supplier of QCLs, uses metal organic chemical vapor 
deposition (MOCVD) as their growth technology. The growth kinetics of MOCVD allows epitaxial layers to be 
grown much faster than MBE.  While the quantum well interfaces in MOCVD can be inferior to MBE, some of 
the highest performance QCLs have been grown via this technology [5]. World-record QCLs were previously 
demonstrated by Professor Hoffman and several technical members of Adtech Optics (acquired by Adtech 
Photonics) [10]. Due to the change in the substrate and growth technologies, our samples had to be rede-
signed. We therefore designed samples for strain-compensated quantum wells and strain-balanced quantum 
wells. Those designs are shown in Figure 7.

Figure 6: Schematic of the new MIR-PIC design that incorporates the active region into a CPW structure.  Bottom con-
tacts indicated by arrows extend beyond the bounds of the image.  Typical dimensions are on the order of 500 µm.
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In addition to new active region designs, we also designed new waveguides that incorporate InP. The high 
index of refraction of InP allows for better confinement of the optical mode and improved heat dissipation.  
The new waveguide designs are depicted in Figure 8.

C.6. Characterization of InP-based Active Regions

We characterized the InP-based active regions using standard low-temperature and room temperature elec-
troluminescence techniques. These measurements give information on electron transport through the de-
vice, the emission wavelength, and an indication of the optical gain provided by the active region. Figure 9(a) 
is an optical microscope image of a typical electroluminescence structure. The sample is electrically-pumped 
and light is emitted from the front, cleaved facet; there is no back facet to prevent optical feedback and thus 
lasing. The emission from the front facet is coupled into a FTIR, Figure 9(b), and the spectrum is measured as 
various experimental parameters are altered, including temperature and operating voltage.  These structures 
emitted weakly at 80K. Emission levels are estimated at less than 1 µW, which is smaller than expected.  We 
fabricated many devices to rule out the possibility of the fabrication limiting the emission, but all devices 
displayed similar behavior.  

Figure 7: Conduction band diagram for the new MIR-PIC active region designs for growth on InP substrates based on 
(a) lattice-matched and (b) strain-compensated growth.

Figure 8: Schematic of the waveguide designed for the MIR-PICs grown on InP substrates.
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We also fabricated MIR-PIC devices and tested those devices for mid-infrared stimulated emission and 
sub-threshold amplified spontaneous emission.  The experimental setup for both of the measurements is 
similar to Figure 9(b).  Figure 10 shows voltage versus current density measurements performed at both 
80K and ambient conditions.  The measurements are for a device similar to that shown in Figure 9(a) and 
were taken using the setup shown in Figure 9(b).  At both low-temperature and room-temperature, the de-
vice exhibits a non-linear current-voltage curve which is indicative of current flow through the device as the 
engineered quantized levels align and support electron transport.

D. Milestones

• We have developed numerical code to model the quantum and optical properties of the MIR-PICs. Using 
these models, we have designed MIR-PIC devices that aim to address problems with the devices used for 

Figure 9: (a) Microscope image of a tested electroluminescence structure; and (b) setup for temperature-dependent 
electroluminescence measurements. The setup is similar for characterizing stimulated emission and amplified spon-
taneous emission.

Figure 10: Measured voltage versus current density for processed mesas at 80K (blue) and room-temperature (red).  
The measurements were taken using 100 ns pulses that were gated and averaged over 40 ns using the custom setup 
shown in Figure 9(b).
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our preliminary study that prevented the devices from operating in continuous wave mode.  Specifically, 
we have developed a quantum cascade gain region capable of providing double the gain of our 
previous design. These new active region designs employ ultra-strong coupling to improve the injection 
of electrons into the upper-laser level.

• We have used our optical models to design new optical waveguides, focusing on the optical loss, field 
strength at the metal contact, and confinement factor. We have reduced the optical loss by approxi-
mately 60% by modifying the field strength at the metal contact and the doping of the cladding layers. 
The field strength at the metal contact is now 20% of the peak field in the active region; we estimate that 
this will be sufficient for the MIR-PICs in this project. In order to improve gain, we have also increased 
the optical confinement factor by ~30% by adding additional active regions. We expect that these 
changes should enable continuous wave operation of the MIR-PIC.

• We have fabricated MIR-PIC devices and performed basic electrical and optical characterization. The de-
vices have been operated in pulsed and continuous wave mode.

• We did not achieve an improvement of >10x in the IF amplitude SNR, but we identified a problem related 
to the design of the MIR-PIC. This delay in this milestone results from two challenges: (1) wafer growth; 
and (2) design of the Schottky diode. Each is described in more detail in the following bullet points.

 ○ High quality semiconductor crystal growth is needed to fabricate quantum cascade laser heterostruc-
tures. We have had difficulty obtaining such high-quality material due to issues with our collabora-
tor’s molecular beam epitaxy growth chambers. These issues result in reactor downtimes that have 
limited somewhat our material supply. Since the device that we are creating is novel in design, itera-
tions on the growth are important. We have not been able to iterate the growth as originally planned.   

 ○ Through testing and modeling of our fabricated devices, we have determined the microwave output 
line is not properly impedance matched. This is resulting in strong attenuation of the IF signal. We are 
exploring other designs such as microstrip lines to recover the IF signal.

E. Future Plans (Year 6)

In Year 5, we developed new design tools for engineering the active region of quantum cascade heterostruc-
tures using the so-called “ultra-strong coupling” paradigm. These design tools also include new models for 
waveguides that incorporate Schottky diodes. We also fabricated and characterized MIR-PIC devices. During 
our testing, we identified a problem related to coupling of the IF signal off the MIR-PIC. We therefore de-
signed new devices to address this limitation. 
In Year Six, we will achieve the following milestones:
• Demonstrating an improvement in the IF amplitude is an important metric and will continue to be a 

quantitative outcome in Year 6.
• Demonstrate stand-off detection of a trace explosive or mimic in the gas or solid phase using a MIR-PIC. 

We are targeting a detection limit of better than 1 µg/cm2 of C4.
• Characterize stand-off detection on various substrates such as wood, cardboard, cloth, metals, painted/

coated metals, etc. 
• Explore the feasibility of using these devices for imaging. This has been a plan of ours from the onset of 

the project, but we received useful feedback in the review that it should be incorporated into this project. 
Therefore, we will explore several methods for imaging. The methods are described below.

 ○ MIR-PIC Arrays: Linear arrays of MIR-PICs will be studied for their feasibility in an imaging system. 
Here, we will explore different implementations for acquiring images. This is important due to the 
power consumption of QCL heterostructures, c.a. 15 W. Therefore, we will investigate long duty  
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cycle pulses supplied to the MIR-PIC array simultaneously and sequentially. PI Hoffman has a patent 
pending for sequential activation of QCLs as a quasi-continuous wave source for improved system 
efficiency. In principle, the same strategy can be used with these arrays.

 ○ MIR-PIC Scanning Imaging: Imaging using a single MIR-PIC will be explored by translating the sam-
ple or MIR-PIC or by scanning the output beam of the MIR-PIC. The advantage of this approach is a 
reduction in the imaging system complexity and cost. The disadvantage is that each pixel of the image 
is acquired serially.  

• Continue to pursue externally-funded collaborations with our contacts at Thorlabs and Northrup Grum-
man.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

This project addresses the need for ultra-compact, sensitive sensors for the stand-off detection of trace ex-
plosives in the solid phase (ng/cm2). Such capablilities could be integrated into handheld devices, unmanned 
aerial vehicles, remote operated vehicles, and existing security-screening infrastructure as primary or con-
firming sensors.  
• Stand-off detection of explosives is critical for the safety of Homeland Security personnel. We will demon-

strate stand-off detection at distances greater than 3 feet. Longer stand-off distances should be possible 
and can be investigated if additional time is allotted for this project.

• Compact sensors with high detection sensitivity are needed for the detection of trace explosives. We will 
demonstrate detection of an explosive in the solid phase. Our sensitivity targets are sub-ng/cm2; howev-
er, since this sensor is entirely new, these detection limits may not be achievable immediately or within 
the time frame of this project. A goal of this project is to study the relationship between the design and 
performance of the MIR-PIC and the detection limits when the MIR-PIC is used as a sensor.

• Sensitive, stand-off detection could have a transformative impact on the detection of explosives by en-
abling widespread screening of individuals, vehicles, and objects. The high sensitivity could enable the 
use of these devices as a primary or confirming sensor, and the ultra-compact footprint could enable 
handheld deployment.

B. Potential for Transition

Our vision for this technology within the DHS enterprise is to develop a linear array of MIR-PICs for rapidly 
scanning and imaging letters and packages in sorting facilities or baggage and personal items in screening 
stations at airports. The array of MIR-PICs would comprise devices that target different spectral regions, 
enabling preliminary detection of many different solid phase trace explosives or contaminants. We are now 
collaborating with Adtech Photonics, Inc., a leader QCL technologies.  Adtech Photonics employs state-of-the-
art growth using MOCVD.  Prof. Hoffman has collaborated with several members of the technical staff and 
together they have demonstrated world-record QCLs.  Mary Fong, the CEO of Adtech Photonics, has directly 
expressed interest in commercializing the technology in this project.  
Outside of the DHS enterprise, we envision that this technology will be used for imaging the margins of tu-
mors during breast cancer surgery. For such an application, rapid imaging is needed to determine if the entire 
tumor has been removed from the breast tissue. We are collaborating on this application with Dr. Jennifer 
Tseng M.D., Fellow of Surgical Oncology at the University of Chicago. We are continuing to seek seed funding 
for this application and will apply for funding from the National Institute of Health once we have preliminary 
data.
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C. Data and/or IP Acquisition Strategy

Possible IP and disclosures are in the area of device and use patents. We are working with Tim Joyce in the 
Technology Transfer Office at Notre Dame to disclose potential IP and to submit patent disclosures and ap-
plications as necessary.

D. Transition Pathway 

Ultimately, we aim to develop a MIR-PIC that can be transitioned for wide-scale deployment. To this end, we 
are pursuing a collaboration with Dr. Loan Li, Ph.D. of Northrup Grumman, who has expressed interest in the 
MIR-PICs being developed through this research. Dr. Li is interested in the possibility of developing mid-IR ul-
tra-compact sensors based on our MIR-PICs and ancillary technologies.  Dr. Li would help support our project 
via epitaxial growth and device processing.  Funding for graduate students might also be possible. 
We also have a collaborative relationship with Dr. Yamac Dikmelik, Ph.D., at Thorlabs Inc., a leading compa-
ny in mid-IR optoelectronics. Dr. Dikmelik  is interested in the impact our photonic integration could have 
on their existing line of QCL products. We published a manuscript with Dr. Dikmelik in 2017 related to the 
design of high performance quantum well active regions—a key component of our MIR-PICs and the mid-IR 
QCLs produced and sold by Thorlabs. We are also actively discussing new collaborations related to this proj-
ect.  Funding for this collaboration would come from joint proposals. The ultimate transition products also 
include students trained in technical areas relevant to the Homeland Security Enterprise (HSE), in addition 
to the MIR-PICs and derivative technologies developed in this program.  
Finally, we recently established a collaboration with Adtech Photonics, Inc.  Adtech Photonics is a leader in 
QCL technologies and is supporting this project through material growth using their state-of-the-art MOCVD 
reactors.  Mary Fong, CEO of Adtech Photonics, has indicated that she is interested in commercializing the 
technologies we are developing in this project.

E. Customer Connections

• Dr. Yamach Dikmelik, Ph.D., Thorlabs Inc.; Frequency of contact: Every other month; Level of involvement: 
We published a manuscript with Dr. Dikmelik as a coauthor and collaborate with him on QCL design.  

• Dr. Loan Li, Ph.D., Northrup Grumman; Frequency of contact: infrequent; Level of involvement: Has ex-
pressed interest in our work and a possible project with funding. Funding is not available at the moment 
due to budgetary priority issues within Northrup Grumman.

• Mary Fong, CEO of Adtech Photonics, Inc.; Frequency of contact: Currently, weekly; Level of involvement: 
Adtech Photonics, Inc. is now growing the MIR-PICs for our project and has directly indicated that they 
are interested in commercializing our technology.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development: Professor Hoffman developed and taught a 
new course for upper-level graduate students on quantum optics and nanophotonics. The course, 
EE87039 “Quantum Optics and Nanophotonics,” focused on current research in these fields, includ-
ing potential applications that are relevant to the Homeland Security Enterprise. The course was 
first offered in Fall 2017 and will be offered again in Fall 2018. The first offering of the course had 14 
enrolled graduate students and 8 students auditing or sitting in on the lectures for a total of 22 stu-
dents. Professor Hoffman also invited speakers performing research in these areas to give seminars 
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in the Solid State Seminar Series at Notre Dame.
2. Student Internship, Job, and/or Research Opportunities: During the summer of 2017, Professor Hoff-

man hosted Zhaoyuan (Andy) Fang in his research group.  At the time, Andy was a rising sophomore 
at the University of Notre Dame. Andy’s participation in the summer research was funded through 
the NDnano Undergraduate Research Fellowship (NURF). Andy’s research focused on engineering 
and characterizing optical modes on ultra-thin epsilon-near-zero materials. This work is part of a 
larger effort in the Hoffman group that aims at developing far-infrared optoelectronic devices for 
applications in spectroscopy and sensing. Currently, the state-of-the-art for this portion of the spec-
trum is a globar (essentially a glowing wire) or a bulky discharge lamp. If these so-called optopho-
nonic devices are successful, they could be used for a new generation of ultra-compact sources with 
applications in sensitive detection and sensing of explosives and other illicit materials. In addition 
to his research, Andy also worked closely with the other students in Hoffman’s group. He interacted 
with the students involved in this research project in the laboratory and in group meetings.

3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty: Professor Hoffman was invited to speak to ~30 5th graders participating in the 
Department of Defense STARBASE Indiana educational program. The educational program focuses 
on “hands-on, minds-on” activities in science, technology, engineering, and mathematics. Hoffman’s 
interactive presentation focused on light and nanophotonics. He taught the students about the dif-
ferences between visible and infrared light and how mid-infrared imaging can be used in the “real 
world.” The demonstrations included imaging hot objects in classroom and imaging in a completely 
dark room. All of the students had the opportunity to take images and video using a mid-infrared 
camera, giving the students hands-on experience with infrared imaging.

4. As the advisor of the Notre Dame SPIE Student Chapter, Prof. Hoffman helped organize a day-long 
outreach activity to Clay Middle School. Here, 8 graduate students (5 from Professor Hoffman’s 
group) visited Clay Middle School to introduce the students to basic concepts in optics and pho-
tonics. As part of the visit, the students were taught about topics in optics relevant to this program, 
mainly mid-infrared spectroscopy and imaging. Each of the students was given a mid-infrared pic-
ture as a souvenir of the event. Figure 10 is an example of one of the pictures that was given to the 
students.

Figure 11: Scaled image of the 4x6 inch “mid-IR selfie” souvenir that was given to students who participated in the out-
reach event. The image was captured using a mid-infrared camera and printed.

ALERT  
Phase 2 Year 5 Annual Report

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

Project R2-B.4

238



B. Peer Reviewed Journal Articles 

1. Cui, Y.I., Harter, M.P., Dikmelik, Y., & Hoffman, A.J. “Importance of Coherence in Models of Mid-infra-
red Quantum Cascade Laser Gain Spectra.” Journal of Optics, 19(9), 27 July 2017, 095201.  https://
doi.org/10.1088/2040-8986/aa7c75

C. Conference Proceedings

1. Hoffman, A.J. “Optical Engineering in the Reststrahlen Band: New Materials and Devices for the Mid- 
and Far-infrared.” Center for Translational Applications of Nanoscale Multiferroic Systems Annual 
Strategy Meeting, University of California Los Angeles, February 2018. (Invited talk at the Annual 
Strategy Meeting for a joint conference hosted by the Center for Translational Applications of Na-
noscale Multiferroic Systems, a National Science Foundation Engineering Research Center, and the 
Army Research Office.)

D. Other Presentations 

1. Briefings: 
a. Briefing to Army Research Office (Dr. James Harvey)

E. New and Existing Courses Developed and Student Enrollment

Professor Hoffman developed and taught a new course for upper-level graduate students on quantum op-
tics and nanophotonics.  The course, EE87039 “Quantum Optics and Nanophotonics,” focused on current 
research in these fields, including potential applications that are relevant to the Homeland Security Enter-
prise.  The course was first offered in Fall 2017 and will be offered again in Fall 2018.  The first offering of the 
course had 14 enrolled graduate students and 8 students auditing or sitting in on the lectures for a total of 22 
students. Professor Hoffman also invited speakers performing research in these areas to give seminars in the 
Solid State Seminar Series at Notre Dame.

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student  
Enrollment

New Course EE87039: Quantum 
optics and 
Nanophotonics

This course will introduce quantum op-
tics and nanophotonics, emphasizing 
the foundation of these two fields. The 
material will include quantization of the 
electromagnetic field, quantum states 
of light, light-matter interactions, plas-
monics, metamaterials, recent advances 
that merge the fields of quantum optics 
and nanophotonics, and the applica-
tions that are driving research in these 
areas. 

14

F. Technology Transfer/Patents

1. Other: 
a. We published a manuscript with Dr. Yamac Dikmelik at Thorlabs Inc. We are using this unfunded 

collaboration to pursue a collaboration that will (1) provide funding and/or resources for this  
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research beyond that provided by the DHS, and (2) to transition out technology to a leading  
company in mid-infrared optics, optoelectronics, and photonics.

G. Software Developed

1. Models
a. We developed new models for calculating the optical field inside of our MIR-PIC devices.  While 

the models are appropriate for our research, they are not ready to be released to the public due 
to the nuances involved with running the code. We are working on a graphical user interface that 
will significantly ease the user burden while running the code; however, this is a lower priority 
than our experimental work. We plan to release the code on our group webpage (www.photon.
nd.edu) and Github.
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R2-C.2: Multiplexed Mid-Infrared Imaging of 
Trace Explosives

I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email

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

Vijay Gupta Collaborator University of Notre Dame vgupta2@nd.edu

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation 

David Benirschke PhD University of Notre Dame 6/2019

Bernardo Cruz PhD University of Notre Dame 6/2022

Esther Harkness BS/REU Brigham Young University 6/2020

Zechariah Pfaffenberger BS/REU Indiana Wesleyan University 6/2018

II. PROJECT DESCRIPTION 

A. Project Overview

The overall goal of this project is to develop technology to enhance the ongoing work of ALERT by providing 
lower-cost, wide-bandwidth, mid-infrared (MIR) laser sources and to develop MIR laser-based imaging tech-
nology. The end-state of the research will be a new MIR imaging and detection platform that is field deploy-
able (small size, weight, power, and cost) and sensitive to trace explosives (on the order of micrograms per 
square centimeter). Other ALERT projects are already exploring the MIR region of the spectrum and identi-
fying features unique to explosives, and ALERT industrial partners are producing commercial MIR laser ar-
rays. However, these other existing efforts are restricted by technological questions such as: (1) How do you 
perform sensitive spectroscopic imaging in a wavelength range that lacks robust and widely available focal 
plane arrays and optical components; and (2) How do you combine several high-cost laser chips into a sin-
gle module for sensitive imaging and detection? This project seeks to answer these questions through novel 
semiconductor fabrication techniques and laser scanning with the use of time/frequency multiplexed imag-
ing technology. Additionally, this project is now exploring combining multiple MIR imaging techniques with 
brand-new, commercial, low-cost (<$300) MIR detector arrays for sensitive and specific imaging. Overall, 
this will enhance ongoing ALERT efforts by enabling lower-cost and higher-resolution imaging technology 
to detect signatures characterized by other ALERT projects, provide a technology to enhance the commercial 
offerings of ALERT industrial partners, and provide new low-cost spectroscopic explosive imaging platforms 
useful throughout the Homeland Security Enterprise (HSE). 
Due to the successful development of a low-cost MIR imaging platform, our project overview has expanded 
a bit to add translation. We are also asking the new research question: (3) Can applying probabilistic models 
to data acquired using low-cost MIR imaging platforms increase imaging speed, sensitivity, and specificity? 
Now that we can acquire spectroscopic images of explosives quickly at low cost, we are leveraging advances 
from “big data” to improve our performance.
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B. State of the Art and Technical Approach

This project is investigating three complimentary technical advancements: (1) On chip heterogeneous inte-
gration of widely disparate wavelength MIR lasers; (2) a low-cost vanadium oxide bolometer for explosive 
detection (which superseded the original goal of investigating MIR coded aperture imaging technology due 
to bolometer array’s superior size, weight, power, and cost profile); and (3) development of optical sensor 
selection algorithms to improve sensitivity and speed of complete sensor systems.

B.1. On Chip Heterogeneous Integration of Widely Disparate Wavelength MIR Lasers

The most commonly used and commercially available semiconductor MIR light source is a quantum cascade 
laser (QCL) [1]. QCLs are made into widely tunable devices that can have large ranges over the entire absorp-
tion band of explosives residues 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 partic-
ular interest recently, to detect trace explosives residues on various targets [2-4]. These systems require 
moving parts and manual assembly; integration would be preferred for simplicity, lower cost, and to improve 
mechanical reliability. Arrays of lasers can be fabricated in such a way that the lasing wavelength of adjacent 
lasers is slightly offset, thus producing a discretely tunable source by selectively turning on and off individual 
lasers [5]. This is the basis of the technology of Pendar Technologies. These lasers have a lateral offset, and 
thus can use external free space optics to combine the beams into a single output [6]. External beam combin-
ing, while not requiring moving parts, requires free space optics and alignment, which adds complexity 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, 
individual laser chips are fabricated with extending copper nodules. The chip with nodules is combined with 
similar chips to form a quasi-monolithic “quilt,” from which the name “Optical Quilt Packaging” (OQP) is de-
rived (see Fig. 1).

The proposed OQP leverages advances in electronic quilt packaging, a novel technique developed at the  
University of Notre Dame (UND) for high-speed electronic interconnections. Electronic quilt packaging in-
tegrates diverse electronic device technologies into a quasi-monolithic module by connecting separate die 
with solid metallic contacts along the vertical faces for both mechanical and electrical connection (see Fig. 2). 
Research at UND has 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.

Figure 1: Illustration of “Optical Quilt Packaging.”
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B.2. MIR Spectroscopic Imaging of Trace Explosives

To increase signal-to-background detection of trace samples of explosives, we will employ MIR spectroscopic 
imaging. MIR imaging arrays are prohibitively expensive, so we are exploring time and frequency multiplexed 
imaging with the laser modules developed in this project to improve speed (frame rate) and sensitivity (min-
imal detectable concentration) of differential reflection spectroscopy by replacing the relatively high-noise 
infrared detector array with a more sensitive (and less expensive) single element photodetector. MIR trace 
explosives imaging systems typically employ bolometer (i.e. thermal) or semiconductor detector (i.e. pho-
tonic) Focal Plan Arrays (FPAs). Semiconductor detector arrays exhibit a wavelength dependence on the ma-
terial; materials useful in the MIR tend to be prohibitively expensive for multipoint distributed sensing. Bo-
lometer-based FPAs can be prohibitively slow for many differential measurement schemes of moving objects; 
however, recent commercialization of bolometer-based FPAs have drastically reduced system cost by more 
than 100 fold, opening up new possibilities to investigate using distributed networks of explosive detection 
systems. To our knowledge, we are the first to explore leveraging these advances and have published the first 
papers demonstrating hyperspectral chemical imaging using low-cost, microbolometer arrays. 

B.3. MIR Chemometric Analysis of Trace Explosives

MIR spectroscopic imaging has been demonstrated to be a powerful tool for trace explosives detection by 
several groups (e.g. [2-4], [8]RDX, and tetryl), including ALERT researcher, Professor Samuel Hernandez-Ri-
vera of  the University of Puerto Rico at Mayagüez (Project R3-C). Professor Hernandez-Rivera employs QCL 
systems that have been used to deliver high-spectral-energy-density radiation onto highly energetic mate-
rials (HEMs) deposited on complex substrates. Through standard preprocessing (second derivative, stan-
dard normal variate, and multiplicative scatter correction) and principal component analysis (PCA) or lin-
ear regression analysis, pentaerythritol tetranitrate (PETN) and trinitrotoluene (TNT) can be detected on 
wood, cardboard, and aluminum substrates. An example of an explosive detection signature is shown in Fig-
ure 3. We leverage previous advances by employing the successful techniques within our imaging systems.  
Additionally, we explore extending these techniques to include elipsometry [8] or polarimetric imaging [9].

Figure 2: SEM micrograph of interlocking quilt packaging nodule structure.
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To improve sensitivity and specificity, we are developing a new trace explosive technique based on imaging 
the thermal relaxation of chemical film residue. MIR explosive residue detection sensitivity and specificity 
(and therefore accuracy and speed) are limited by the ability to differentiate between the spectral absorption 
features; however, in real-world environments, substrate and chemical confusants can dramatically reduce 
performance. Traditionally, this is overcome by imaging samples at many different illumination wavelengths 
simultaneously; however, such an approach increases system cost and complexity. Our new approach is to 
not only image the reflected light spectrum, but to also measure the speed at which thermal energy is dissi-
pated in each point of the image. This added data dimension gives chemical information on the matrix (i.e. 
binder) of explosive residue, and is different for explosives compared to other compounds. We are, to our 
knowledge, the first to explore this method. It is based on the PI’s extensive work on biomedical fluorescence 
lifetime imaging, which is used to quantitatively measure the environment of trace biomedical compounds.
Finally, to assist translation, we have begun developing optical sensor selection algorithm development with 
Professor Vijay Gupta of the University of Notre Dame. We are exploring both probabilistic detection models 
and machine learning models to use our hyper-dimensional data to increase detection sensitivity and speed 
while decreasing system cost and complexity.

C. Major Contributions

C.1. Summary

One student was involved in the project during Year 4: David Benirschke. The project is supported by ALERT 
funds, a graduate-student fellowship external to ALERT, and internal support from the Notre Dame Center 
for Nanoscience and Technology.

C.2. Year 5

Two major accomplishments were achieved in Year 5: (1) 5x improvement in imaging speed of our low-
cost microbolometer platform while maintaining the same signal-to-noise ratio, and (2) development of a 
wireless, solar powered, MIR imaging system to leverage the distributable, low-cost microbolometer array 
imaging platform.
We characterized and published results demonstrating that the low-cost microbolometer arrays are capa-
ble of achieving performance required for trace explosive detection [10]low-cost, uncooled vanadium ox-
ide microbolometer array, the Seek Compact, in accordance with common infrared detector specifications: 
noise-equivalent differential temperature (NEDT. As published, we reported that a ~90x decrease in imaging 

Figure 3: Demonstration of detection of Semtex film on plastic substrate.
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speed was required to achieve the same performance as a system that cost 50x more; however, this decrease 
in speed was not unreasonable since the resulting frame rate were on the order of 1-3 seconds, and there-
fore still useful for field applications. Furthermore, we have subsequently improved the imaging speed by 
a factor of 5 through software and hardware modifications to the commercial microbolometer system. We 
have increased maximum frame rate from ~7 frames per second to more than 30 frames per second without 
negatively affecting the signal-to-noise ratio.
To leverage the low-cost, low-power performance of our imaging system, we collaborated with Prof. Jon Chi-
sum and the Army Research Lab to integrate our MIR imaging platform in wireless, solar-powered, distribut-
able hardware platforms. Real-time spectroscopic data is streamed to custom control software developed by 
our group for analysis. A flow chart and images of the wireless platforms, and the control GUI are presented 
in Figure 4. This platform is currently being used as our primary imaging platform in our current work.

C.3. Year 4

C.3.a. On Chip Heterogeneous Integration of Widely Disparate Wavelength MIR Lasers

In Year 4 we recorded low array-to-array mid-infrared coupling between chips, and published the results in 
IEEE Photonics Technology Letters [11]. This work built upon Year 3 results, presented below, and demon-
strated a record low 4.1 dB coupling loss for Ge on Si wafers with arsenic trisulfide chalcogenide glass clad-
ding as seen in Figure 5.

Figure 4: Flowchart of wireless MIR spectroscopic imaging platform (top) and resulting representative data (bottom) 
collected for analysis using custom-built control software.
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C.3.b. MIR Spectroscopic Imaging of Trace Explosives

C.3.b.i.  New, Low-cost MIR Imaging Platform

We characterized and published work on using low-cost (<$250) imaging arrays to perform spectroscopic 
MIR imaging of nitride films with thicknesses of 1-2 μm. Thorough noise analysis and spectroscopic imaging 
of nitride films were published in Optical Engineering [12] and depicted in Figure 6. These results proved 
that low-cost MIR imaging arrays are capable of sensitive spectroscopic measurements of trace chemical res-
idues, and we are leveraging these results to develop distributed MIR spectroscopic imaging for explosives 
detection: low cost complete detection systems that can be used throughout an environment.

Figure 5: Coupling loss for an array of three waveguides of varying waveguide length coupled using Optical Quilt 
Packaging (OQP).

Figure 6: Silicon nitride films in the shape of an “N” (1 μm) and “D” (2 μm) are deposited on a germanium substrate 
(left). Differential absorption imaging was performed by using the low-cost MIR imaging arrays as detectors in a Fouri-
er-transform infrared (FTIR) spectrometer (right). Results above show subtle difference in relative transmission through 
the “N” and “D” due to subtle differences in nitride deposition conditions.
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C.3.b.ii. Multiphoton Microscopy Detection of Trace Explosive Particles

In collaboration with Dr. Melissa Sweat, Transportation Security Laboratory (TSL), we have begun investi-
gating the use of multiphoton microscopes to detect trace explosive residues. Specifically, we are looking to 
aid TSL studies on hand-to-hand and multiple fingerprint transfer of explosive residues. Current techniques 
have difficulty accurately identifying small, micron-scale explosive particles that are mixed within binder. 
Our preliminary results show that multiphoton microscopy can resolve particles of energetic material > 1 μm 
in size, in three-dimensions, inside of binder material.

C.4. Year 3

C.4.a. On Chip Heterogeneous Integration of Widely Disparate Wavelength MIR Lasers

C.4.a.i. Improved Fabrication of OQP Packaged Modules

In the initial OQP fabrication, there is a high risk of surface damage during the chemical mechanical polishing 
(CMP) process. In a modified fabrication process, copper nodules are fabricated via sputter deposition in 
order to eliminate the surface damage due to CMP. The aligned Ge-on-Si OQP sample (with sputter deposit-
ed copper nodules) is shown in Figure 7 (left). In the OQP sample, where copper nodules are fabricated by 
sputtering, the inter-chip gap is reduced more from the previously fabricated OQP sample. The inter-chip dis-
tance is 1.4±0.3  in the new OQP sample. According to the finite-difference time-domain (FDTD) simulation 
(see Fig. 7, right), the expected coupling loss for the sample is ~7 dB. In addition to protecting from surface  
damage, this new process is compatible with fabricating nodules on existing commercial laser arrays. 

C.4.a.ii. Demonstration of Optical Coupling Between MIR Laser Arrays Using OQP

A QCL source (8.1 μm wavelength) is used to measure the optical coupling loss of the fabricated Ge-on-Si 
OQP sample. The optical transmission through the Ge waveguide is difficult to distinguish from the optical 
transmission through the transparent Si substrate in the OQP sample. To overcome this problem, a bend in 
the waveguide structure after optical coupling is proposed. The OQP sample with sputter deposited copper 

Figure 7: OQP sample with sputter deposited copper nodules (left). Coupling loss variation with inter-chip gap for Ge-
on-Si to Ge-on-Si OQP structure (for λ=8 μm) (right).
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nodules is fabricated with a bend in waveguide structure. Coupling loss is measured as the ratio of the light 
passing through the OQP Ge-on-Si sample and the light passing through an undivided waveguide sample of 
the same length and shape of the combined Ge-on-Si OQP chip. The optical measurement scheme is shown in 
Figure 8. The measurement setup with QCL is shown in Figure 9.

In the optical measurement, the QCL beam is focused to the input facet of the first OQP waveguide. The 
light emitting from the second waveguide is measured with a liquid nitrogen cooled photoconductive mercu-
ry-cadmium-telluride (MCT) detector. Then a similar measurement is done with a reference Ge-on-Si wave-
guide sample of same length and shape of the combined Ge-on-Si OQP waveguide. The linear fitted measured 
data is shown in Figure 10 on the next page. The coupling loss is measured ~9 dB for the OQP sample fabri-
cated with sputter deposited copper nodules. The loss is nearly the same for each laser in the array, demon-
strating highly uniform alignment across the array. The slope of the fitted line is the propagation loss of the 
Ge-on-Si waveguide. The propagation loss is measured ~3dB/cm for both the samples.

Figure 8: Coupling loss measurement scheme of Ge-on-Si OQP sample with QCL MIR source. 

Figure 9: Optical setup for OQP coupling loss measurement.
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C.4.b.  MIR Spectroscopic Imaging of Trace Explosives

C.4.b.i.  New, Low-cost MIR Imaging Platform

In the past few years, inexpensive thermal cameras have 
become commercially available. This is primarily due to 
advances in uncooled vanadium-oxide microbolometer 
technology. The limiting factor of this technology is that 
it suffers from high thermal background noise. This proj-
ect aims to use one of these inexpensive thermal detectors 
to detect explosives. The detector chosen for this project 
is the SEEK Thermal Compact, available off-the-shelf for 
$250 (see Fig. 11). 
 
In order to predict the minimum detectable quantity of 
explosives, one must determine the signal to noise ratio 
(SNR) of the detector. To do this, the Allan Variance was 
computed for pixels of this camera. The SNR of the camera 
is shown in Figure 12 for five different pixels. The SNR was calculated by taking images of a room temperature 
scene and computing the ratio of the mean pixel value to the square root of the Allan variance (i.e. Allan devi-
ation). It is assumed that the temperature of the scene changed negligibly over the course of the experiment. 
From the plot, we can see that all of the pixels have similar noise characteristics, and starts off with an SNR of 
~100. Below 100 frames, the SNR smoothly increases, suggesting that this region is dominated primarily by 
white noise, which can be averaged away through integration. Beyond 100 frames, the SNR changes rapidly 
as one increases the number of integration frames. This is common of Allan variances, and shows that the 
SNR is being affected by the random-walk nature of the flicker noise in a system. The frame rate of the SEEK 
Thermal Compact is reported as < 9 Hz. Therefore, 100 frames would take ~11 seconds if ran close to 9 Hz. 
This suggests that, for rapid scan uses, one would not integrate much longer than 100 frames and the flicker 

Figure 10: Optical measurement result with QCL.

Figure 11: SEEK Thermal Compact detector.
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noise is a non-issue. Using this data, and the following hyperspectral imaging studies, we now can evaluate 
and predict imaging sensitivity and speed for various targets.

C.4.b.ii. New MIR Image Analysis Software Tool

Application of PCA to discriminate thermal changes seen by the SEEK Thermal camera was tested by imaging 
a piece of cardboard illuminated by a QCL. Images were taken with the QCL and ran at multiple currents, thus 
changing the wavelength and power. The results are shown in a tool developed to rapidly investigate the PC 
space (see Fig. 13). The x and y axes are the first and second PC scores, respectively. The circle selects data 
having those PC scores and highlights them in the corresponding image. The first PC (PC1) explains ~94% 
of the variance in the data and, thus, explains almost all the change. PC1 has been attributed to the power 
change of the QCL, as it very cleanly discriminates the spot from the rest of the scene. The first figure selects 
the points on the negative side of PC1 and correspondingly highlights all the points outside of the spot. The 
second figure does the exact opposite, selecting those on the positive side of the axis and highlighting the QCL 
spot. The third image shows that there is very little change in accordance with the second PC axis. Now that 
this has been shown to be capable of detecting changes in images, the next step is to apply this to explosives 
imaging.

Figure 12: SNR versus number of frames integrated for low-cost vanadium-oxide microbolometer array.
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C.4.b.iii.			Differential	Absorption/Diffuse	Reflection	Imaging	with	Low-cost	Arrays

As a surrogate for explosives residues, petroleum jelly was smeared on a 1 cm2 area on a piece of cardboard. 
Each sample was illuminated by 1192 and 1190 cm-1 QCL laser radiation, and imaged by the low-cost vanadi-
um oxide bolometer array. The ratio of absorption of these two wavelengths is presented in Figure 14. Each 
figure represents the ratio of diffuse reflection when no laser illumination (left) and laser illumination (right) 
is incident on a very weak absorption feature of petroleum jelly. The first image shows that at ~175mg, 
the jelly is almost indistinguisable from the background while the second of ~250mg is visible. While these 
masses are considerably large, the wavelength of interogation corresponds to absorption that is ~30x weak-
er than would be used for explosives imaging. Using this data and the previous SNR experiments, we are now 
predicting explosives detectivity levels to determine whether this system is feasible. We are also investigating 
additional surrogate targets with stronger absorption characteristics for higher confidence measurements.

Figure 13: Demonstration of custom image analysis tool. Hyperspectral images of an MIR laser illuminating a piece of 
card board are analyzed; individual pixels can be selected based on PCA components and identified in the image.

Figure 14: Diffuse reflection images of weakly absorbing petroleum jelly taken by the low-cost vanadium oxide mi-
crobolometer array system. Each image represents the ratio of 1190 to 1192 cm-1 QC laser illumination. The blue dots 
on the diagonal are artifacts of the system that do not carry useful readout information.
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C.5. Year 2

C.5.a. On Chip Heterogeneous Integration of Widely Disparate Wavelength MIR Lasers

C.5.a.i. Fabrication of OQP Packaged Modules

Ge-on-Si waveguide structures were coupled via OQP with a chip-to-chip distance of ~10 µm. To reduce the 
chip-to-chip distance, a new design was proposed and Ge-on-Si waveguide OQP modules were fabricated and 
aligned via OQP with inter-chip distance, and was reduced from 10 μm to 4.6±1.1 μm and lateral misalign-
ment of 920±150 nm (see Fig. 15). Waveguide facets were prepared by deep reactive ion etching (DRIE), 
which, at the same time, releases the extended part of the Cu nodules used for the alignment. Cu nodules 
show great stability in the etching process, with 50.2±0.7 μm in width (designed as 50 μm) and 52.9±0.7 μm 
spacing between nodules (designed as 54 μm).

C.5.a.ii. OQP Characterization

To experimentally determine the optical coupling efficiency of an aligned Ge-on-Si OQP chip, we used a Fouri-
er-transform infrared (FTIR) system as the MIR source of light. The FTIR has a broadband MIR global source, 
and the emission coming out of it could be coherently guided from one of the side ports of the system. We 
used ZnSe plano-convex lenses to focus the MIR beam to the facet of the Ge-on-Si waveguides. A 3-axis man-
ual translation stage was used to move the OQP sample so that the FTIR beam can be aligned properly to the 
facet of the waveguide. An MCT detector was used to collect the light coming out of the other facet of the OQP 
chip, and the response of the detector was fed back to the FTIR system. The beam we used was a Gaussian, 
with a full width half maximum spot size of ~350 µm. To ensure we were only collecting coupled light, a 
90-degree bend was incorporated in the Ge-on-Si waveguide so that scattered light and guided light exit the 
waveguide array perpendicular to each other. The bend loss has been modeled (see Fig. 16), and the device is 
currently under testing to determine OQP coupling loss across arrays of waveguides.

Figure 15: Separate Ge-on-Si waveguide chips aligned via OQP into a quasi-monolithic integrated chip.
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C.5.b. MIR Spectroscopic Imaging of Trace Explosives

Last year, we began MIR characterization and spectroscopic imaging of trace explosives samples. To begin 
developing the MIR imaging system, we first sought to optimize our system for peak sensitivity by perform-
ing MIR spectroscopic imaging using FTIR. Spectral analysis of the complete explosive (energetic material, 
binder, and plasticizer) yields the required laser spectra, tuning ranges, power spectral density, and imaging 
speeds for a required sensitivity and specificity.
Trace samples (gloved thumbprints) of C4 (91% RDX) and Semtex-1A (76% PETN, 4.6% RDX) were deposit-
ed on bare car-body aluminum, car-body aluminum with car paint and clear coat, and low-reflectivity plastic. 
Samples were provided by ALERT thrust leader Professor Steve Beaudoin of Purdue University (Projects 
R2-A.1, R2-A.3, and R2-D.1). While the HEM components of C4 and Semtex (PETN and RDX) are commonly 
characterized in the MIR [4] on similar substrates [13], and C4 is well characterized in laboratory settings [8], 
we sought to establish performance parameters of composite explosives on realistic substrates.
The experiment was set up so that the sample was illuminated at 45° by the FTIR and collected onto the MCT 
detector. Alignment was done by maximizing the output of the analog-to-digital converter (ADC) from the 
MCT. The sample used was C4 on a substrate of aluminum covered in automobile paint. The incoming beam 
from the FTIR was focused by a 1.5’’ lens to an elliptical spot with a major axis length of ~450 μm and minor 
axis length of ~350 μm. The FTIR spectrum was then obtained for the sample and normalized to bare alumi-
num. Results were consistent with identical experiments previously published (see Fig. 17), and was the first 
step towards developing an imaging platform.

Figure 16: Normalized transmission for varying waveguide width.
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C.6. Year 1

C.6.a. On Chip Heterogeneous Integration of Widely Disparate Wavelength MIR Lasers

C.6.a.i. Fabrication Process

In Year 1, we established the fabrication process for MIR OQP; a simplified wafer-scale fabrication flow for 
alignment only is presented in Figure 16. Deep wells formed at the die boundaries were filled with elec-
troplated copper (see Fig. 18a-b). The copper overburden was removed via chemical mechanical polishing 
(CMP) (Fig. 18c). Ridge or rib waveguides were lithographically defined and etched (Fig. 18d), and then die 
boundaries were defined using DRIE (Fig. 18e), exposing metallized contacts protruding from the edge facets 
(Fig. 18f). A second deep etch pattern forms narrow perforations along which subsequent die cleaving will 
occur, forming optically flat waveguide facets (Fig. 18g). The 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 [14], and has been done successfully at 
UND. The cleave line was positioned such that the nodules extend past the optical flats, enabling a nearly 
perfect coupling of the waveguides between sensor components. This was the central innovation of this pro-
posal, and to our knowledge is unique to the UND process. 
Sensor die components were then mated to each other for optical coupling and soldered for mechanical 
stability (see Fig. 18h). All processing steps were compatible with conventional semiconductor processing 
technologies that were already available at the Notre Dame Nanofabrication Facility (NDNF).

Figure 17: C4 on bare aluminum car door from this project (left), and screenshot of custom MIR explosives chemomet-
ric analysis and imaging tool developed by this project (right).
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Proof-of-concept devices on Si have been fabricated to determine minimum experimental tolerances. Figure 
19a shows a top-down view of two combined OQP modules. Lateral alignment between waveguides on sep-
arate chips resulted in a tolerance of ~ 1 micron. Processing Ge-on-Si waveguides and deep (> 50 micron) 
etched facets (Alcatel 601E inductively coupled plasma reactive ion etch (ICP-RIE)) has been demonstrated 
in Figures 19a and b.

C.6.a.ii. OQP Simulations 

Optical waveguide coupling requires precise lateral, vertical, and axial alignment for high efficiency 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 FDTD method [15]. This was achieved using MEEP, a freely available software package [16]
a popular free implementation of the finite-difference time-domain (FDTD. The results of these calculations 
are presented in [17] and summarized further herein.

Figure 18: Process flow for OQP: (a) Define trenches; (b) electroplate copper; (c) CMP copper; (d) lithographically de-
fine and etch optical components; (e) expose nodules via DRIE; (f) place perforation for cleave with DRIE; (g) cleave to  
separate die; and (h) mechanically combine chips.

Figure 19: Example proof-of-concept microfabricated OQP structures fabricated at UND: (a) Two separate OQP wave-
guide modules combined into a single quasi monolithic integrated device (see Fig. 16h for reference); (b) front facet 
of a Si-on-Ge waveguide structure; and (c) demonstration of Si wafer surface (dark) and DRIE etched facets (light) with 
surface roughness << λ.
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C.6.a.iii.	Dependence	of	Waveguide	Coupling	Efficiency	on	Axial	Gap	Distance

Transmission between a typical QCL ridge waveguide [18] and  a 
single-mode Ge-on-Si rib waveguide [19] was simulated for λ = 
8 μm light. The inter-chip separation varied from 0 (contact) to 10 
μm. Coupling efficiency was defined as the ratio of flux 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 reflections at all interfaces, modal mismatch 
between waveguides, and beam divergence. The results of the cal-
culations are shown in Figure 20. Transmission, as a function of 
the inter-chip gap, shows a sharp decrease in coupling efficiency 
as the waveguide separation increases from 0 to 2 μm. Please note 
that even with a gap of up to 4 μm, which we expect to be easily 
achieved, the worst loss will be 6 dB, a value that is at least as good 
as conventional off-chip coupling schemes that are sensitive to me-
chanical instabilities and require external free-space optics [20]. 
Coupling efficiency can be further increased by filling any gap with a material that reduces the air-semicon-
ductor index of refraction mismatch. Arsenic trisulfide (As2S3) chalcogenide glass (index of refraction of ~2.4 
in the MIR [21]) is a popular optical material in the MIR  [22-27], and is compatible as a spin-on material. Cal-
culations show filling a 10 μm gap between a QCL and Ge-on-Si waveguide with As2S3 glass results in a 600% 
improvement in coupling efficiency. As2S3 spin-on glass is compatible with the OQP process and provides a 
conformal coating on waveguides. Combining these two technologies yields highly-efficiency, direct coupling 
between two different waveguides on separate die.

C.6.a.iv.	Dependence	of	the	Waveguide	Coupling	Efficiency	on	the	Lateral/Vertical	Alignment

Conventional QP offers the precise lateral alignment neces-
sary for OQP. Calculations show that the lateral alignment  
tolerance between a QCL and silicon-on-insulator (SOI) wave-
guide may be as high as ~3-4 μm and should be similar for 
other types of waveguides. This is easily within the range of 
QP, which recent unpublished results at UND have demonstrat-
ed alignment on the order of 0.5 μm. Although the alignment 
tolerance of OQP is already acceptable for the project, wave-
guide mode shaping can render the coupling efficiency less 
sensitive to alignment issues. For example, Figure 21 shows 
simulations of a λ = 8 µm QCL waveguide coupled to a Ge-on-
Si ridge waveguide normalized to zero lateral offset. With no 
mode shaping, a lateral offset of ~2.5 µm would produce 1 dB 
of loss, while a horn-shaped geometry has a tolerance of 3.5 
µm for 1 dB of loss. Both are within the tolerance limits for 
sensors based on OQP, and waveguide mode shaping serves as 
a complementary strategy to decrease coupling loss. Vertical 

alignment is also crucial to high coupling efficiency. 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.

Figure 20: Coupling efficiency versus gap 
distance from a λ=8 µm InP QCL to a Ge-on-
Si waveguide.

Figure 21: Coupling efficiency versus horizontal 
misalignment for a λ=8 µm InP QCL to a Ge-on-Si 
waveguide.
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D. Milestones

To achieve the project’s final objective, we need to demonstrate explosive residue imaging on the order of mi-
crograms per square cm with an acquisition time of less than 10 seconds. To achieve this performance metric, 
we targeted the following Year 5 milestones as identified in the Year 5 Work Plan for this project:
• A milestone from Year 4 will be addressed in the remainder of Year 4 and in Year 5. We will demonstrate 

imaging of trace explosives using a MIR bolometer arrays and laser illumination; baseline sensitivity lev-
els will be quantitatively characterized.

• Hyperspectral, thermal emission, thermal time constant, and polarization-based imaging techniques will 
be characterized to establish improvements over baseline and to evaluate minimum sensitivity levels.

Both Year 5 milestones were accomplished. We demonstrated spectroscopic imaging of trace explosive films 
using MIR bolometer arrays and laser illumination using hyperspectral, thermal emission, thermal time con-
stant imaging techniques. While performing this analysis, and after communications with both industry part-
ners and review of the academic literature, we decided to pursue our new probabilistic approach to detection 
since the real-world samples would not be as clean as the baseline measurements in the lab. As such, we did 
not perform baseline sensitivity measurements but instead performed measurements classifying the distri-
bution of explosive trace residues to act as a Bayesian prior in our new approach.
In Year 6, the major milestone would be the incorporation of probabilistic models in our imaging platform that 
distinguishes trace energetic material residue from common confusants. This first proof-of-concept demon-
stration would significantly enhance the value of our imaging platform. Our goal is to perform pre-scanning 
to identify potential hot-spots to be investigated with established techniques (swab and MS, Raman detec-
tion). As such, we aim for image acquisition time of films on the order of 100 microgram/cm2 in ~1 second 
with < 5% Type I and II error rates. These results are intended to be baselines on which further translation 
work would improve since we are incorporating new algorithms with a new, low-cost imaging platform.

E. Future Plans (Year 6)

The research plan for Year 6 focuses on derisking the existing prototype system to increase the effectiveness 
of translation as well as investigate and develop innovative detection techniques to further the state-of-the-
art of MIR explosive residue imaging. The programmatic risk lies in the ultimate system speed and sensitiv-
ity. To address this risk, we are carefully characterizing system performance at each step to ensure the final 
system will still achieve the required DHS end-user performance levels. We are also pursuing two parallel 
research tracks: (1) Standard MIR hyperspectral reflection imaging; and (2) new experimental methods for 
trace detection by imaging thermal time constants. The first track, on its own, will provide a usable chemical 
imaging system, and the second track is designed to further enhance system speed, sensitivity, and spec-
ificity. Both of these tracks will also use probabilistic detection models using both Bayesian and machine 
learning approaches in collaboration with Professor Vijay Gupta of the University of Notre Dame. We have 
collected baseline hyperspectral imaging data of various trace explosive films on different substrates using 
our MIR platform, and are using these dense, multi-dimensional data sets to determine majority-rule criteria 
for detection and sensor selection as well as to use as training sets within the TensorFlow machine learning 
framework.
Over the next year, we will investigate additional contrast mechanisms to improve trace explosive detection 
speed and sensitivity. Nearly all MIR explosive imaging and detection techniques used in the field are based 
on comparing standard differential reflection measurements to library spectra of known explosive reflection 
signatures, or by performing principle component analysis on a sample to differentiate energetic materials 
from background material. Additional contrast mechanisms, such as thermal time constant and polarization 
sensitive optical activity imaging, have the potential to open up entirely new methods of residue detection. 
By combining the information obtained using these multiple contrast mechanisms, more selective and sen-
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sitive detection is possible. We will modify our current imaging system to incorporate a homodyne detection 
technique to measure thermal decays in explosive residues. This data will measure thermal time constants 
with sub millisecond resolution and give extra insight in to chemical properties of the films that is currently 
unavailable for analysis and detection.
The final deliverable is the design and characterization of a complete MIR spectroscopic imaging system 
using low-cost microbolometer arrays that will enable distributed MIR spectroscopic explosive imaging. The 
system will incorporate “conventional” hyperspectral imaging techniques as well as be used to explore novel 
techniques, such as thermal time constant imaging, and be used to generate large data sets for developing 
advanced probabilistic detection models to increase detection speed and accuracy.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Detection of trace explosive residues by hyperspectral imaging: image residues at > 10 distinct wavelengths 
with a total data acquisition and analysis time faster than 10 seconds/frame. Detectable limits should be 
evaluated for sample residues to be less than 1 mg/cm2. Total system cost should be <$15k and be field-de-
ployable (size, weight, and power restrictions). Our unique position for transition comes from the fact that 
we are using off-the-shelf commercial components that cost 50-100x less than typical approaches. However, 
that alone is not enough to successfully translate the technology, as the technology develop space is crowded 
and detection is difficult in complex systems. Our unique tack is to combine the low-cost sensors with new 
probabilistic detection models that include the complexities: we consider both absorption and sample emis-
sivity, utilizing broadband emitters and detectors, on real substrates that include confusants. To accomplish 
this, we have just began collaborating with experts in detection and estimation algorithms, and have already 
made advances by demonstrating that hyperspectral imaging data does not follow the normal distribution, 
but instead a generalized extreme value distribution (GEVD). Traditional probabilistic models based on nor-
mally distributed samples do not work for MIR microbolometer imaging data, but can successfully discrim-
inate samples when considering a GEVD distribution. We have also shown why a GEVD distribution is what 
should be expected from microbolometers. This work is currently in preparation for publication. Finally, we 
are developing new ways to increase the available data in order to discriminate samples in complex envi-
ronments in either machine learning or probabilistic model detection methods. Specifically, we have modi-
fied our imaging system to not only image reflectance, absorption, and emissivity, but also the thermal time 
constant of chemical residue films. This additional information is unique to the environment of the film (e.g. 
plastic explosive binder, or hand cream surfactant) and therefore give an additional variable to investigate to 
identify and differentiate residues. The thermal time constant imaging system is currently being evaluated 
and will be used along with our probabilistic and machine learning models. 

B. Potential for Transition

End-user applications include the incorporation of both the laser module and imaging systems in a variety 
of screening locations. Portable (deployed with security personnel) and fixed devices (e.g., integrated with 
document scanners, cargo/luggage processing) are being developed to both quickly identify potential threats 
and to aid in the detailed diagnostic of potential threats. 

C. Data and/or IP Acquisition Strategy

Transition is being led by the new Notre Dame IDEA Center, which is filing provisional patents, funding pro-
totype development, and performing initial market research and validation. The IDEA Center is a brand new 
center started to transition University IP across the technology “valley of death.” The low-cost imaging plat-
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form is one of the first technologies to participate in the Notre Dame IDEA center. A patent on the integrated 
optical laser module has been granted and licensed to Indiana Integrated Circuits, LLC, who is a contractor 
for AFOR and ARL. The end users would be those maintaining screening points within the security enter-
prise, and can be used in both field-deployable (e.g. portable inspection of vehicles) or fixed-platform (e.g., 
document scanning, cargo/luggage processing). This project will be evaluated on the new trace analysis test-
beds developed by ALERT at Purdue University. Project staff has been interfacing with two customer-facing 
companies, Indiana Integrated Circuits (several DoD contracts) and Pendar Technologies (ALERT industrial 
collaborator), to develop business platforms to transition the project outputs. Project staff have submitted a 
pending white paper for technology translation to the DHS Standoff Explosives Detection on Vehicles (SED-V) 
BAA in collaboration with Tanner Research, Inc. Initial imaging platform prototypes have been built, once 
validated in our lab we will begin external validation in DoD/DHS laboratories (1-2 years).

D. Transition Pathway 

Research will reach the end-users through the commercialization of both the MIR laser sources as well as in 
the MIR imaging platform technology. We are currently collaborating with three commercialization partners 
that are in the defense and homeland security space: Indiana Integrated Circuits, Pendar Technologies, and 
Rapiscan Systems. Indiana Integrated Circuits is licensing the OQP technology and has submitted several DoD 
SBIR/STTR calls to further commercialize OQP for a variety of defense and security applications. We antic-
ipate integration of OQP with the Pendar Technologies laser arrays for MIR characterization of explosives. 
Because of our existing partnerships, OQP MIR modules can be provided within a relatively short time frame 
(< 2 years) upon successful demonstration and characterization. Scanning imaging systems require more 
development and have additional technical risk, and thus require additional time before being available to 
end-users (>5 years).
Over the past year, the Notre Dame IDEA Center has performed dozens of market-evaluation interviews with 
stakeholders in airport checkpoint operations, checkpoint security technology vendors to develop a thor-
ough understanding of the market landscape. In the coming months, they will present their report and pro-
posed strategy to pursue translation. Preliminary results indicate a high desire for the technology, but absent 
regulatory requirements to use our technology, facilities may be less likely to invest in new platforms.

E. Customer Connections

• Jason Kulic (jason.kulick@indianaic.com), Indiana Integrated Circuits, LLC: Monthly meetings.
• Charles Dietlein, Sensors and Electron Devices, Army Research Laboratory: Indirect contact through Pro-

fessor Jonathan Chisum, Notre Dame Wireless Institut, which consists of preliminary collaboration de-
veloping distributed devices

• Kevin Jim, Oceanit, DoD Contractor: New collaboration evaluating MIR imaging systems on aerial drones 
with Navy contract. We are currently under contract, and have commenced work.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Student Internship, Job, and/or Research Opportunities: Two students that have worked on ALERT 
projects graduated in the past year with PhDs. Genevieve Vigil is now a post-doctoral fellow at NASA 
Marshall Space Flight Center and Tahsin Ahmed is a process development engineering at Intel.

2. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution  
Students or Faculty: In June, 2017, the Howard Research group collaborated with the Wyandanch 
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Union Free School District (Wyandach, NY) to host two high school students and two teachers to 
participate in a program to introduce students from under-represented groups to future education-
al and career opportunities in STEM. Students and teachers worked together on projects learning 
about optical sensing of chemicals as well as how college admissions and financial aid works. Stu-
dents and teachers lived in dorms, ate in dining halls, and participated in campus activities available 
to Notre Dame students to help give a perspective on academic and social life at college. Over the 
past year, we have continued to follow up and plan the next program with this school, which will 
occur in the late summer/early fall.

B. Technology Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents): Douglas C. Hall, Gary H. Bernstein, Antho-
ny Hoffman, Scott Howard, Jason M. Kulick. “Inter-Chip Alignment,” 2017/8/10, US Non-Provisional 
Patent Application 15/493,753.

V. REFERENCES

[1] Y. Yao, A. J. Hoffman, and C. F. Gmachl, “Mid-infrared quantum cascade lasers,” Nat. Photonics, vol. 6, no. 
7, pp. 432–439, Jun. 2012.

[2] C. Bauer, U. Willer, and W. Schade, “Use of quantum cascade lasers for detection of explosives: progress 
and challenges,” Opt. Eng., vol. 49, no. 11, p. 111126, Nov. 2010.

[3] F. Fuchs et al., “Imaging standoff detection of explosives using widely tunable midinfrared quantum cas-
cade lasers,” Opt. Eng., vol. 49, no. 11, p. 111127, Nov. 2010.

[4] J. D. Suter, B. Bernacki, and M. C. Phillips, “Spectral and angular dependence of mid-infrared diffuse scat-
tering from explosives residues for standoff detection using external cavity quantum cascade lasers,” 
Appl. Phys. B, vol. 108, no. 4, pp. 965–974, Sep. 2012.

[5] B. G. Lee et al., “DFB quantum cascade laser arrays,” IEEE J. Quantum Electron., vol. 45, no. 5, pp. 554–565, 
May 2009.

[6] B. G. Lee et al., “Beam combining of quantum cascade laser arrays.,” Opt. Express, vol. 17, no. 18, pp. 
16216–24, Aug. 2009.

[7] D. Kopp et al., “Quilt Packaging: A Coplanar Chip-to-Chip Interconnect Offering Ultra-Wide Bandwidth,” 
in Proc. of 2010 International Conference on Compound Semiconductor Manufacturing Technology, 2010, 
p. 309.

[8] C. S. C. Yang et al., “Spectral Characterization of RDX, ETN, PETN, TATP, HMTD, HMX, and C-4 in the 
Mid-Infrared Region,” Tr-1243, no. April, Apr. 2013.

[9] J. L. Pezzaniti, “Mueller matrix imaging polarimetry,” Opt. Eng., vol. 34, no. 6, p. 1558, Jun. 1995.
[10] D. Benirschke and S. Howard, “Characterization of a low-cost, commercially available, vanadium oxide 

microbolometer array for spectroscopic imaging,” Opt. Eng., vol. 56, no. 4, 2017.
[11] T. Ahmed et al., “Mid-Infrared Waveguide Array Inter-Chip Coupling Using Optical Quilt Packaging,” IEEE 

Photonics Technol. Lett., vol. 29, no. 9, pp. 755–758, May 2017.
[12] D. Benirschke and S. Howard, “Characterization of a low-cost, commercially available, vanadium oxide 

microbolometer array for spectroscopic imaging,” Opt. Eng., vol. 56, no. 4, p. 040502, Apr. 2017.
[13] M. C. Phillips, J. D. Suter, B. E. Bernacki, and T. J. Johnson, “Challenges of infrared reflective spectroscopy of 

solid-phase explosives and chemicals on surfaces,” in Proc. SPIE, 2012, vol. 8358, p. 83580T–83580T–10.
[14] J. E. Bowers, B. R. Hemenway, and D. P. Wilt, “Etching of deep grooves for the precise positioning of 

cleaves in semiconductor lasers,” Appl. Phys. Lett., vol. 46, no. 5, pp. 453–455, Mar. 1985.
[15] A. Viljanen, A. Pulkkinen, R. Pirjola, K. Pajunpää, P. Posio, and A. Koistinen, Recordings of geomagnetically 

induced currents and a nowcasting service of the Finnish natural gas pipeline system, vol. 4, no. 10. Artech 
House, 2006.

ALERT  
Phase 2 Year 5 Annual Report

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

Project R2-C.2

262



[16] A. F. Oskooi, D. Roundy, M. Ibanescu, P. Bermel, J. D. Joannopoulos, and S. G. Johnson, “Meep: A flexible 
free-software package for electromagnetic simulations by the FDTD method,” Comput. Phys. Commun., 
vol. 181, no. 3, pp. 687–702, 2010.

[17] T. Ahmed et al., “FDTD modeling of chip-to-chip waveguide coupling via optical quilt packaging,” in SPIE 
Optical Engineering + Applications, 2013, vol. 8844, p. 88440C–88440C–7.

[18] S. S. Howard, Z. Liu, D. Wasserman, A. J. Hoffman, T. S. Ko, and C. F. Gmachl, “High-performance quantum 
cascade lasers: optimized design through waveguide and thermal modeling,” IEEE J. Sel. Top. Quantum 
Electron., vol. 13, no. 5, pp. 1054–1064, 2007.

[19] Y.-C. Chang, V. Paeder, L. Hvozdara, J.-M. Hartmann, and H. P. Herzig, “Low-loss germanium strip wave-
guides on silicon for the mid-infrared.,” Opt. Lett., vol. 37, no. 14, pp. 2883–5, Jul. 2012.

[20] Y.-C. Chang et al., “Cocaine detection by a mid-infrared waveguide integrated with a microfluidic chip,” 
Lab Chip, vol. 12, no. 17, p. 3020, Sep. 2012.

[21] J. a. Savage and S. Nielsen, “Chalcogenide glasses transmitting in the infrared between 1 and 20 μ — a 
state of the art review,” Infrared Phys., vol. 5, no. 4, pp. 195–204, Dec. 1965.

[22] C. Tsay, E. Mujagić, C. K. Madsen, C. F. Gmachl, and C. B. Arnold, “Mid-infrared characterization of solu-
tion-processed As2S3 chalcogenide glass waveguides.,” Opt. Express, vol. 18, no. 15, pp. 15523–15530, 
2010.

[23] C. Tsay, Y. Zha, and C. B. Arnold, “Solution-processed chalcogenide glass for integrated single-mode 
mid-infrared waveguides.,” Opt. Express, vol. 18, no. 25, pp. 26744–26753, 2010.

[24] C. Tsay, F. Toor, C. F. Gmachl, and C. B. Arnold, “Chalcogenide glass waveguides integrated with quantum 
cascade lasers for on-chip mid-IR photonic circuits.,” Opt. Lett., vol. 35, no. 20, pp. 3324–6, Oct. 2010.

[25] T. Kanamori, Y. Terunuma, S. Takahashi, and T. Miyashita, “Chalcogenide glass fibers for mid-infrared 
transmission,” J. Light. Technol., vol. 2, no. 5, pp. 607–613, Oct. 1984.

[26] A. Seddon, “Chalcogenide glasses: a review of their preparation, properties and applications,” J. Non. 
Cryst. Solids, vol. 184, no. null, pp. 44–50, May 1995.

[27] C. Gmachl, F. Capasso, D. L. Sivco, and A. Y. Cho, “Recent progress in quantum cascade lasers and applica-
tions,” Reports Prog. Phys., vol. 64, no. 11, pp. 1533–1601, 2001.

ALERT  
Phase 2 Year 5 Annual Report

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

Project R2-C.2

263



This page intentionally left blank.

ALERT  
Phase 2 Year 5 Annual Report

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

Project R2-C.2

264



THRUST R3 
BULK SENSORS & SENSOR SYSTEMS

Project 
Number Project Title Lead Investigator(s) Other Faculty 

Investigator(s) 
R3-A.2 Computational Models & Algorithms for 

Millimeter Wave Whole Body Scanning for 
Advanced Imaging Technology (AIT)

Carey Rappaport
Jose Martinez-Lorenzo

Mohammad Tajdini
Ann Morgenthaler

R3-A.3 Multi-Transmitter/Multi-Receiver Blade 
Beam Torus Reflector for Efficient Advanced 
Imaging Technology (AIT)

Carey Rappaport
Jose Martinez-Lorenzo

Dan Busuioc
Spiros Mantzavinos

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

Jose Martinez-Lorenzo Juan Heredia Juesas

R3-B.2 Advanced Imaging & Detection of Security 
Threats Using Compressive Sensing

Jose Martinez-Lorenzo Juan Heredia Juesas

R3-C Standoff Detection of Explosives: Infrared 
(IR) Spectroscopy Chemical Sensing

Samuel P. Hernández-
Rivera

Ricardo Infante- 
Castillo
Jose L. Ruiz-Caballero

R3-D.1 Anomaly Detection in Advanced  
Imaging Technology Systems Based on 
Graph Theory

Venkatesh Saligrama
David Castañón
Lorenzo Orecchia

Jelena Diakonikolas

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems

265



This page intentionally left blank.

266



R3-A.2: Computational Models & Algorithms for 
Millimeter Wave Whole Body Scanning for  
Advanced Imaging Technology (AIT)

I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email

Carey Rappaport PI NEU c.rappaport@northeastern.edu

Jose Martinez Faculty NEU j.martinez-lorenzo@northeast-
ern.edu

Mohammad Tajdini Post-Doc NEU mmtajdini@gmail.com

Ann Morgenthaler Consultant Ann Morgenthaler Consulting 7bradford@gmail.com

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Mohammad Nemati PhD NEU 12/2018

Guanying Sun PhD NEU 5/2019

Mahdiar Sadeghi MS NEU 5/2018

Daniel Castle BS NEU 5/2021  

Kurt Jaisle BS NEU 5/2019

Jacob Londa BS NEU 5/2021

Nikhil Phatak BS NEU 5/2021  

Elizabeth Wig BS NEU 5/2020

II. PROJECT DESCRIPTION

A. Project Overview

Two main projects are described in the following description: the general ray-based inversion algorithm for 
the Smiths eqo CW (single frequency, 24 GHz) raster scanned mm-wave AIT scanner system; and a novel ac-
celerated electromagnetic computational modeling method which for the first time allows for arbitrary wave 
excitation of any axisymmetric structure. The former extends the focused ray analysis undertaken last year 
to accurately predict the range displacement of the focal peak relative to the position of bare skin, along with 
the differential phase, and while establishing a unique dielectric constant and thickness determination for 
infinitely wide slabs. The second project couples to the first by providing a means of analyzing, with extreme 
accuracy, the scattering variations present for finite slabs as the focal point approaches an edge. It extends 
the axi-symmetric Finite Difference Frequency Domain (FDFD) to a more general Quasi Axisymmetric FDFD 
method (QAFDFD), which is applicable to off-axis point source or inclined plane wave excitations.
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B. State of the Art, Technical Approach, and Major Contributions in the Year 5

B.1. Inversion Algorithm

Faster and more efficient security checkpoints are required to effectively prevent airplane terrorist attacks 
while minimizing the inconvenience of long security lines. This research  project develops an algorithm for 
the characterization of weak dielectric slabs that might be explosive threats, using a focused continuous wave 
(CW) radar system, like the Smiths Detection Inc. eqo [1]. The eqo focuses mm-waves on a raster-scanned 
set of pixels in 3D space and measures scattered signal at each point by adjusting the phase (0 or π) of each 
array element. We consider the responses received from focal points along the axis perpendicular to the ar-
ray as a function of distance from the array. It is assumed that dielectric slab is smooth with small variation 
in thickness and perfectly attached to the body, with no gaps, and that the highly conductive skin surface is 
reasonably approximated as being a planar metal ground plane. 
The Virtual Source model was previously developed by Sadeghi [2] to predict the expected return signal from 
weak dielectric slabs on the surface of the human body. This paper presents an inverse model. By comparing 
the measured return signal for focal points along the range axis for a bare metal plane (or skin) versus for a 
dielectric slab on a metal background, two observable parameters related to the signals’ shapes are identified 
and used to determine the basic characteristics of the dielectric slab: its thickness and permittivity. 

Figure 1 is the schematic of the simulation geometry, with Figure 1(a) showing rays focused on a bare metal 
ground plane parallel to the transmitter/receiver array, and Figure 1(b) showing rays focused inside a dielec-
tric slab with thickness of d, lying on the metal ground plane at a distance H from the array. The transmitted 
continuous wave is iteratively focused on a set of focal points along the range axis (z axis), and the receiver 
coherently combines the returning rays from each focal point to give the magnitude and phase of the reflect-
ed response. The response will have a distinct peak at the range corresponding to the focal point of maximum 
reflection.
Based on the VS model [2], the magnitude and the phase of the reflected continuous wave responses over the 
z axis can be modeled as a function of H, d, and dielectric permittivity. Two defined observables are: (i) the 
range displacement of the dielectric covered response peak from the bare metal peak, and (ii) the mean of the 
differential phase between the covered peak and the bare peak.
Ideally, for lossless dielectric objects, we expect the magnitude peak height ratio between the bare metal and 
metal covered with dielectric to be close to one (energy conservation). Any decrease in peak height with the 
dielectric response is most likely due to be the dissipated power inside the dielectric.

Figure 1: The setup of the simulation. The ray paths (red arrows) focusing on (a) bare metal, and (b) dielectric layer on 
metal. 
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For this simulation setup, the 1.0m by 1.0m  array is located at a nominal distance of H = 80cm from the 
ground plane. Figure 2 is the illustration of the two observables (Fig. 2(a) is the displacement and Fig. 2(b) is 
the phase difference) as a function of dielectric slab thicknesses and permittivity derived from three-dimen-
sional version of the VS model. The ripples in the displacement are due to the constructive and destructive in-
terference of reflections from dielectric front and back interfaces, and the rapidly changing phase difference 
is due to the natural wrapping behavior of the phase.
The inversion algorithms work based on Figure 2, using observable pairs: peak displacement and phase dif-
ference, to solve for the dielectric slab thickness and permittivity. 

The first step is to find the overlap of the observed displacement with the observed phase difference. This 
pair of observables will have multiple solutions, due to the multi-valued nature of the phase plot and the os-
cillations of the displacement values.
To avoid the multiple solutions, we considered that the thickness of the dielectric is likely to be changing 
slightly over its surface. Therefore, there are multiple thicknesses with the same dielectric permittivity that 
result in multiple observable pairs and different solution regions. Using the fact that each of the solutions for 
different pairs should result in the same dielectric permittivity but similar thickness, the non-realistic solu-
tions can be discarded. 
This method is implemented for example, when the correspondence test with three pairs of observables for 

Figure 2: Observables from simulation of bare metal and metal covered with dielectric for different dielectric thick-
nesses and permittivities: (a) displacement of the magnitude of the response peaks and (b) mean phase difference of 
responses between the peaks of the magnitude responses.
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the dielectric with �r = 2.9 and thicknesses say of d = 3.6, 3.7 and 3.8cm. The displacements and wrapped 
phase differences for these three thicknesses are: (0.9, -2.1), (1.8, -3), and (2.2, 2.9). Figure 3(a) shows all the 
possible combinations of thickness and relative permittivity that generate the same pair of response observ-
ables in blue, red and green respectively.

To find the unique solution of each observable pair e.g. (1.8, -3), corresponding to d = 3.7cm and �r = 2.9 two 
more binary masks based on other two observables are formed (without knowing a priori the true values of 
the different d). Each mask is built by extending the solution dots for the two different d values in Figure 3(a) 
±2mm in thickness. If the original observable lies within both binary masks, all three solutions are declared 
to be physical. Figure 3(b) shows the results of the inversion algorithm by multiplying each individual ob-
servable pair solutions to the masks derived from other two observable pairs.
The improvement due to using multiple pairs of observables over a single pair for a dielectric slab with thick-
ness d = 3.7cm and relative permittivity �r = 2.9 for our proposed inversion algorithm is illustrated in Figure 
3(b). Note that all the non-physical solutions have vanished, with reconstruction accuracy of about 3%.
Using observable values for a high explosive as a nominal case for a low loss dielectric slab, we were able 
to isolate its exact and unique relevant parameters: thickness and relative permittivity through exhaustive 
search. The same procedure can be used for various objects like silicone sealant, different kinds of plasticine, 
bees wax, powder soap, candle wax, and explosives like Semtex with different thicknesses. The variation of 
the inversion parameters over different thicknesses of the same object plays a key role.
This research has direct relevance to the Smiths Detection eqo system and could be applied to many other 
scanning systems to characterize detected anomalies and rule out innocent objects that currently generate 
false alarms. This can lead to more informed decisions about potential threat objects, which means shorter 
lines and heightened security for all parties involved.

Figure 3: Inversion algorithm solutions for (a) single pairs of observables for d = 3.6, 3.7, and 3.8cm thicknesses and 
�r = 2.9 separately in blue, red, and green respectively; and (b) three corresponding pairs of observables for different 
thicknesses d = 3.6, 3.7, and 3.8cm with the same �r = 2.9.
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B.2. Quasi Axisymmetric Finite Difference Frequency Domain Method

Modeling the scattered fields created by a single frequency dipole scanning array intended to image a TNT lay-
er on top of skin is a challenging problem. The Year 4 project description considered approximating the field 
using geometric optics ray-based algorithms. In this project, we are interested in computing the full 3D fields 
for this difficult geometry which in general requires a 3D FDFD algorithm that is computationally expensive 
and storage prohibitive. For the special case where the underlying problem geometry is axisymmetric, the 3D 
FDFD algorithm may be replaced with an equivalent 2½D FDFD code which can accommodate any distribu-
tion of sources with any polarizations, which we have named the Quasi Axisymmetric Finite Difference Field 
Domain (QAFDFD) algorithm. A geometry is defined as axisymmetric with respect to an axis, which we desig-
nate to be the z axis, such that 𝜕/ 𝜕𝜙 = 0  for all material parameters within the problem under consideration. 
The QAFDFD algorithm differs from the “strict” 2D axisymmetric FDFD code which not only requires that the 
material geometry be axisymmetric, but also requires that all sources be composed of 𝜙-polarized axisym-
metric electric or magnetic current loops (which by duality can also describe z polarized on-axis dipoles). 
These strict 2D sources are very limited and unable to model most of the interesting real-world problems; 
plane waves, for example, are automatically excluded under strict axisymmetric conditions.
The QAFDFD code makes the ansatz that all fields can be expressed as superpositions of modes such that

where the sum over m is infinite and each mode m requires an inversion of a 2D FDFD matrix of size  
3NρNz × 3NρNz . (The factor of 3 in each dimension of the FDFD matrix results from the need to solve for Eρ  
and Ez  simultaneously with E𝜙. By contrast, TE and TM results are obtained in the strict 2D algorithm from  
E𝜙 or H𝜙  alone, and the other components are found secondarily from these azimuthally-directed fields.) In 
practice, the modal expansions converge because the computational area is finite. The QAFDFD code does 
not require large amounts of computational storage because the linear matrix equations to be solved remain 
two-dimensional and can be solved sequentially. However, the code can be somewhat slow, because each one 
of a (possibly large) number of modes requires its own 2D FDFD computation. The QAFDFD analysis is meant 
to probe the limits of simpler, quicker methods such as geometrical optics and ray-based algorithms and help 
develop intuition for the underlying scattering problem. 
The canonical sources for the QAFDFD code are single-mode right hand circularly polarized (RCP), left hand 
circularly polarized (LCP), and z directed dipole rings located at specific radii ρ and height z. In last year’s R3-
A.2 Project Report (Year 4), we described on-axis (axisymmetric) focusing from a y-polarized dipole array, 
completely specified by two-mode QAFDFD using only sources with m = ±1. In this year’s project report, we 
relax the focusing condition on the array and allow it to focus anywhere along the x axis, which we will show 
requires the full multimodal QAFDFD computation. This problem is important because it is valuable to know 
how the focused response changes as it is scanned away from the center and approaches the edge of a finite 
slab.

F(ρ, 𝜙, z) = �m  F
~( ρ, z; m) exp(im𝜙)
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This problem seeks to model scattering from a 
37 mm thick and 50 mm radius cylindrical slab 
of TNT of dielectric ε = ε0(2.9 + 0.001i ) placed 
on the skin, where the skin layer is modeled as 
a perfect electrical conductor. A 24 GHz y-polar-
ized circular dipole current sheet array, with ra-
dius 125 mm sits 200 mm above the skin surface 
and focuses along the x axis from 0 mm to 40 mm 
(not getting too close to the edge of the TNT). We 
choose the smallest geometry possible that pre-
serves the essential information to be extracted 
from the scattered fields in order to minimize 
the computational time, particularly critical 
in the off-axis focusing case. The circular array 
source is a ¼ scaled version of the 1000 mm X 
1000 mm eqo reflect-array. It is positioned ¼ as 
far from the target as the nominal eqo scanner. 
Table 1 lists the parameters that are used in the 
test problem. Although the experimental array 
is 800 mm from the skin and the TNT layer is 
actually a 200 mm radius slab, we see in Figure 

4 that reducing the dimensions by a factor of four in both ρ and z preserves the general appearance of the 
background and scattered fields for the case of focusing at  zF = 37 mm (on the front of the TNT layer) and xF 
= 0 mm (axisymmetric focusing). Although there are slight differences between the two simulations, visible 
particularly in the magnitude plots, they are not expected to be significant and the savings (by over a factor of 
25) in computational speed in reducing the computational grid make the tradeoff worthwhile.

Table 1: TNT + skin computational parameters at a glance
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The source has a non-axisymmetric current distribution given by

where KS is a surface current with units of A/m and h = 200 mm. The array is designed to focus at the Carte-
sian point (x, y, z) = (xF , 0, zF) so the current distribution is given in Cartesian coordinates by

where the path length phase is chosen to vanish at (x, y) = (0, 0) and k0 is the wavenumber in free space, equal 
to 503 m-1 at 24 GHz. Switching to cylindrical coordinates, we find

Figure 4: Columns 1 and 2 are the background fields from the dipole array in air while columns 3 and 4 are the scattered 
fields. Columns 1 and 3 cover the full experimental set up spanning 500 mm in rho and 800 mm in z (though only a 
portion of the fields are shown) while columns 2 and 4 simulate the fields only over the 125 mm x 200 mm computa-
tional grid. From top to bottom, the rows are the magnitudes in dB, phases, and real parts of the fields. Note that the 
amplitudes are 4 times greater for the 4 times larger array.
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where the constant and the mode coefficients cmR and cmL  precede expressions for the RCP 
and LCP dipole ring sources, respectively. There are no z-polarized dipole sources included in (1) as these are 
orthogonal to the y-polarized current sheet. The mode coefficients may be found taking the dot product of 

both sides of (1) with the unit vectors  , and then performing the usual Fourier inversion process of mul-

tiplying both sides by exp(-im' 𝜙) and integrating over 𝜙:

For on-axis focusing, xF = 0 and the term in the 
square root in (2) is independent of 𝜙 so only the 
m = 1 and    m = -1 modes survive the cmR and cmL 
integrals, respectively; this two-mode QAFDFD al-
gorithm was the basis of last year’s work, as pre-
viously mentioned. For off-axis focusing, all mode 
coefficients are nonzero and sufficient numbers of 
modes must be kept to ensure convergence of the 
scattered electric fields.
The QAFDFD algorithm starts by computing the 2D 
FDFD results for the m = 0 mode and then adds the 
results for the m = 1, m = -1, m = 2, m = -2 modes 
and so forth, checking for convergence at each 
step. Because the modal expansion is essentially 
a superposition of spherical Hankel functions, the 
underlying modes in spherical geometry, the scat-
tered fields essentially go as m3/2�(ek0R2 / (2r0m)�m 
for large values of m. Figure 5 shows how the scat-
tered field magnitude converges as a function of 
m and demonstrates excellent agreement with 
the simple asymptotic model. For the example de-
scribed above, it takes about 50 modes (|m| ≤ 26) 
to reach a truncation error of 0.001% with conver-
gence coming quickly after a relatively long plateau 

as shown in the figure. From the asymptotic expansion, we expect that the mode truncation limit mmax to be 
approximately mmax ≈ ek0R2 / 2r0, which is 17 in this case where r0 ≈ RF / 2. 
Figure 6 shows the magnitude of the electric field |Ey| plotted on a dB scale and taken on a slice in the x-z 

(1)

(2)

Figure 5: Convergence of the maximum magnitude of the 
scattered electric field as a function of mode index m plot-
ted on a dB scale. The dashed blue line is the asymptotic 
formula applied for  m > mmax.
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plane through the y axis for two different focuses: xF = 0 mm and xF = 40 mm; in both cases zF = 22 mm so 
the array focuses at the range of maximum reflection from the ground plane at the back of the TNT slab. 
The axisymmetric focusing simulation is quick – taking less than a minute – because the dipole sheet can be 
described with only two modes (m = ±1). The second simulation takes about 12 minutes (about 50 times 
longer) because 2D simulations of the fields from all sources with mode index |m| ≤ 26 must be summed. 
The displacement of the range peak when the antenna focus shifts from 0 to 40 mm is quite clear in Figure 6. 
Additionally, strong standing waves from the PEC reflection are observed within the TNT layer (but not in the 
air region, as this is scattered field).

We would typically like to model the output of the observed scattered field at the array antenna. For the eqo 
system, the received field is captured by the reflect-array with the same phase weighting used when it acts 
as a transmitter. This is accomplished by integrating the scattered fields received over the entire surface of 
the array, being careful to weight the scattered fields by the transmitter pattern, including its polarization:

Here, the ρ integral is just a summation over all the dipoles in the array. This received signal is now a com-
plex number which can be plotted as a function of the focusing parameters. Figure 7 shows how the received 

Figure 6: Electric field Ey taken on an x-z slice at y = 0. The array antenna is located 200 mm above the ground plane and 
the focusing in the z direction is at 22 mm, in the middle of the TNT slab at the virtual focal point corresponding to the 
point with maximum reflection from the PEC ground plane. The figure on the left focuses on axis at xF = 0 mm while the 
figure on the right focuses off axis at xF = 40 mm. Note the asymmetry in the fields on the right (off-axis focusing) while 
the fields in the on-axis focusing case are symmetric as expected.
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signal varies with focusing distance xF and focusing depth zF for both the TNT-skin case described above and 
also the “bare skin” case where the TNT target is replaced with air. The range focusing depth zF ranging from 
‒73 mm to 87 mm where the back of the TNT is located at 0 mm and the front at 37 mm. Three transverse 
focusing offsets are shown in solid (xF  = 0 mm), dotted (xF  = 25 mm) and dashed (xF  = 40 mm) linetypes. In 
all cases, the TNT + skin case is shown in blue and the bare skin case in red. The “bare skin” axisymmetric 
curve (xF  = 0) has a maximum at z = 0 and adding the TNT layer shifts the curve to the right by approximately 
22 mm, which is essentially identical to experimental results provided by Smiths Detection. The differential 
between the skin only and skin + TNT curves is approximately the same for the two choices of  xF . All curves 
have roughly a point spread function (sinc function) shape. Note that a 3 dB amplitude taper has been added 
to the transmitter array (and hence the receiving array as well) for the results in Figures 7 and 8 which re-
places KS0 by KS0 cos(πρ / 3RA)) where RA is the antenna radius so that the amplitude drops from 1 at the array 
center to 1 / √−2 at its edge (ρ = RA); this taper is expected to model the physical radar system more exactly 
than an array with no taper.

Figure 8 shows the phase difference for the same received electric field simulated in Figure 7. Here, the phase 
from the skin alone case is subtracted from the skin + TNT case and unwrapped.
Because the y dipole array is created by superposing RCP and LCP arrays, the same simulations can be trivi-

Figure 7: The scattered electric field magnitude (linear intensity scale) accumulated at the receiving antenna as a func-
tion of focusing depth (range) zF, where zF ranges from -73 to 87 mm; zF = 0 at the ground plane. The on-axis focusing 
case (xF = 0) is shown in solid linetype while the two off-axis cases (xF = 25 mm and xF = 40 mm) are shown in dotted and 
dashed linetypes, respectively. TNT + ground plane results are shown in blue while ground plane only (“bare”) results 
are given in red. The QAFDFD results are given for 24 ppw (rather than 12 ppw, previously used for other figures) to en-
sure accuracy at the receiving antenna; the bare results are essentially indistinguishable from analytically-generated 
results using image theory at this grid fineness.
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ally used to construct an x-polarized array instead. Since the focusing has been defined to be along the x axis, 
we can then consider the two distinct cases: (1) the focusing and the array polarization are the same; and (2) 
the focusing and array polarizations are orthogonal. The received fields are of course identical for the axisym-
metric case where xF = 0. Interestingly, the received fields are only subtly different in the two off-axis focusing 
cases. The minor differences are sufficiently uninteresting that the equivalent plots to those in Figures 7 and 
8 are omitted. Therefore, there appears to be no particular advantage or additional discrimination ability 
possible by considering x-axis focusing from both x-dipole and y-dipole arrays; on the positive side, however, 
alignment of the dipole array with respect to the focusing direction is not particularly critical.

C. Milestones

We have optimized the transmitter and receiver positions along the torus feed arc to avoid overlapping of 
circuit boards, while maximizing the coverage for multistatic sensing. 
We have tuned and validated the dielectric characterization algorithm for focused spot imaging radar. Our 
approach is well suited to the Smiths Detection eqo system, and we have used their experimentally generated 
measurements to confirm our inversion results. The performance of the algorithm indicates that the dielec-
tric constant of a slab can be accurately predicted to within 5%. 
Also in Year 5, we tested the QA-FDFD on useful representative target bodies of revolution. This high accuracy 
computational model supports the dielectric characterization algorithm by generating scattered fields due to 
focusing at off center points, thereby predicting the effects of edge scattering. 

Figure 8: The scattered electric field phase difference  between  TNT-covered ground plane and bare ground plane, 
at the receiving antenna as a function of focusing depth (range) zF where zF ranges from -73 to 87 mm;  zF = 0 at the 
ground plane. The axisymmetric case ( xF  = 0) is shown in solid linetype while the off-axis cases (xF = 25 mm and xF = 40 
mm) are shown in dotted and dashed line types, respectively. Once again, the QAFDFD calculations are based 24 ppw 
gridding in air.

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-A.2

277



In Year 5, we successfully extended the ultra-fast time of flight body surface reconstruction algorithm to 3D 
surfaces. The work was published at the EuCAP conference in April 2018. 

D. Future Plans (Year 6)

• In Year 6, we will explore the application of the Total Variation Method to the torus-based mm-wave radar 
sensor to accelerate reconstruction. As this algorithm works well with large datasets and sparse target 
objects, it is well-suited to the general multistatic inversion problem, and may be applicable to other 
fielded monostatic systems.

• Our toroidal reflector antenna scanning system modeling will be extended from stacked 2D modeling to 
out-of-plane scattering for more accurate 3D imaging. 

• We will implement surface reconstruction algorithms on GPU-based parallel processors to accelerate 
computation to approach real-time imaging. 

• We will develop a general theory of signal response from arbitrarily shaped dielectric material volume on 
realistic curved body surfaces (rather than uniform thickness and planar slabs).

• We will attempt to test our wideband dielectric characterization algorithm using measured experimental 
data collected by the PNNL 30 GHz bandwidth AIT system. This data was used for the Kaggle AT Chal-
lenge, which ended in December 2017. Assuming we can obtain ground truth information on the foreign 
objects attached to human subjects, we will be able to test the accuracy of our predictions of their mate-
rial composition.

• We will support the sub-project as part of Project R3-A.3’s “On-the-Move” hallway nearfield radar detec-
tion systems for scanning at speed implementation with modeling and reconstruction algorithms. This 
modeling would include performance analysis of the antenna; 3D scattering of the body and objects at-
tached to it; and the most challenging aspect, stitching together reconstruction of various views of a 
moving, walking subject with changing pose.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

We have been working collaboratively with Smiths Detection PLC on the AIT dielectric “material-on-skin” 
characterization algorithm. Our effective partnership includes semi-monthly international telephone meet-
ings with chief scientists at Smiths Detection, and free exchange of measured data and modeled responses. 
The algorithms developed in this project are specifically tuned to existing scanning focused beam mm-wave 
portals systems. They will provide greater characterization of concealed threats, thereby reducing the prob-
ability of false alarms. This concept, which was described in previous project reports, has been approved as 
a two-year DHS Task Order. The science and implementation of the algorithm will be transferred to Smiths 
Detection. 

B. Potential for Transition

The modeling effort is of great interest to Smiths Detection. During our biweekly meetings, the company has 
benefited from our ray-based modeling and dielectric object characterization. Although it appears that the 
eqo system may no longer be supported, the computational modeling applies to Smiths Detection’s latest 
mm-wave scanning system, and we are in discussions for further collaboration.
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C. Data and/or IP Acquisition Strategy

We have received a provisional patent for the CW raster scanned focal point (eqo-like) system.

D. Transition Pathway 

Smiths Detection is in the process of generating a white paper that will suggest a path forward for collabora-
tion with ALERT for modeling and target reconstruction for wideband mm-wave portal scanning. This collab-
oration is based on more than one year of discussions and brainstorming, facilitated with biweekly telephone 
meetings with groups in Edgewood, Maryland; Cork, Ireland; and Wiesbaden, Germany.

E. Customer Connections

Biweekly telephone meetings are held with Christopher Gregory, Claudius Volz, Christoph Weiskopf, Martin 
Hartik, and Michael Jenning of Smiths Detection (Edgewood, MD, USA and Wiesbaden, Germany).

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Student Internship, Job, and/or Research Opportunities
a. Three ALERT Research Experience for Undergraduates (REU) students conducted research as 

part of Project R3-A.2: Daniel Castle, Jacob Londa, and Nikhil Phatak.

B. Peer Reviewed Conference Proceedings

1. Morgenthaler, A., & Rappaport, C. “2.5D Quasi-Axisymmetric Finite Difference Frequency Domain 
Modeling.” 2017 IEEE International Symposium on Antennas and Propagation, San Diego, CA, July 
2017.

2. Jaisle, K., & Rappaport, C.  “Ray-Based Reconstruction Algorithm for Multi-Monostatic Radar in Im-
aging Systems.” 2017 IEEE International Symposium on Antennas and Propagation, San Diego, CA, 
July 2017 (Best student paper runner-up).

3. Jaisle, K., &Rappaport, C. “Processing the Output of a Ray-Based Reconstruction Algorithm for Use 
With Multi-Monostatic Portal-Based Scanners.” European Conference on Antennas and Propagation, 
London, England, April 2018, pp. 1-3.

4. Sadeghi, M., & Rappaport, C. “Virtual Source Model for Ray-Based Analysis of Focused Wave Scatter-
ing of a Penetrable Slab on PEC Ground Plane.” 2017 IEEE International Symposium on Antennas 
and Propagation, Boston, MA

5. Sadeghi, M., Wig, E., & Rappaport, C. “Determining the Dielectric Permittivity and Thickness of a 
Penetrable Slab Affixed to the Human Body Using Focused CW Mm-Wave Sensing.” 2017 IEEE Inter-
national Symposium on Antennas and Propagation, Boston MA.

6. Wig, E., & Rappaport, C. “Modeling Focused Ray Scattering by a Penetrable Dielectric Slab over Skin 
Surface with a Finite Air Gap for Millimeter-Wave Person Scanning.” 2017 IEEE International Sym-
posium on Antennas and Propagation, Boston, MA.

C. Other Presentations 

1. Seminars:
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a. Rappaport, C. “A High Gain Toroidal Reflector Antenna for Multistatic 3D Whole Body Millime-
ter-Wave Imaging.” Queenstown, New Zealand, November 8, 2017.

b. Rappaport, C. “Advanced Millimeter-Wave Radar Concealed Threat Person Scanning System – or, 
How to Design an Airport Scanner that is so Accurate that We Won’t Need Humans to Look at 
Images.” Ronald E. Hatcher Science on Saturday Lecture Series, Princeton Plasma Physics Labo-
ratory, February 10, 2018.

c. Rappaport, C. “Advanced Imaging Technology: Why you are Always Patted Down, and How Tech-
nology Will Fix it.” DHS TSA CREATE Workshop, June 13, 2018.

D. Student Theses or Dissertations Produced from This Project

1. Sadeghi, M. “Characterization of Penetrable Dielectric Slab affixed to the Human Body Using Focused 
CW Mm-Waves.” MS, Northeastern University, April 2018.

2. Ghazi, G. “Modeling and Experimental Validation for 3D mm-wave Radar Imaging.” PhD, Northeast-
ern University, August 2017. Advisor: J.A. Martinez.

E. Technology Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. INV-18047: Rappaport, C., & Martinez-Lorenzo, J.A. “On-the-Move hallway Focused mm-Wave 

Concealed Object Detector.” March 13, 2018. 

F. Software Developed

1. Models 
a. Virtual Source (VS) ray-based method for focused CW raster scanned characterization of dielec-

tric slabs on the body (May 2018).
b. Quasi Axisymmetric Finite Difference Frequency Domain computational method (June 2018).

2. Algorithms
a. Inverse Virtual Source algorithm, based on VS model and exhaustive search using range peak 

displacement and differential phase observables (on-going).

V. REFERENCES

[1] K. Roe and C. Gregory, “Wave-based Sensing & Imaging for Security Applications,” European Conf. Ant. 
Prop. (EUCAP), Lisbon, 2015, pp. 1-5.

[2] M. Sadeghi, E. Wig, A. Morgenthaler and C. Rappaport, “Modeling the response of dielectric slabs on 
ground planes using CW focused mm- waves,” EUCAP, Paris, 2017, pp. 759-763.
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R3-A.3: Multi-Transmitter/Multi-Receiver Blade 
Beam Torus Reflector for Efficient Advanced  
Imaging Technology (AIT)

I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email

Carey Rappaport PI NEU c.rappaport@northeastern.edu

Jose Martinez Faculty NEU j.martinez-lorenzo@northeast-
ern.edu

Dan Busuioc Consultant NEU db.ipaq@gmail.com

Spiros Mantzavinos Consultant NEU smantzavinos@gmail.com

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Mohammad Nemati PhD NEU 12/2018

Muhammad Ghafoor BS NEU 5/2021  

John Harrington BS NEU 5/2021

Alessandro Mendola BS NEU 5/2019  

Nick Pelepchan BS NEU 5/2018

Kamila Wawer BS NEU 5/2022

Molly Wheeler BS NEU 5/2022  

Anthony Englert BS/REU UMass Amherst 5/2021

Samuel Kebadu BS/REU George Mason University 5/2021

Jacob Londa BS/REU NEU 5/2021  

II. PROJECT DESCRIPTION 

A. Project Overview

This project has developed and is continuing to test an advanced millimeter wave (mm-wave) radar whole 
body (AIT) imaging system using a custom-designed elliptical toroid reflector, which allows multiple over-
lapping beams for focused wide-angle illumination to speed data acquisition and accurately image strongly 
inclined body surfaces. For the primary subproject, we have extended the Blade Beam Reflector concept de-
veloped previously in Project R3-A.1 [1-3], from a single illuminating antenna into a multi-beam Toroidal Re-
flector, with multiple feeds both for transmitted and received waves. Each feed generates a different incident 
beam with different viewing angles, while still maintaining the blade beam configuration of narrow vertical 
slit illumination in the vertical direction. The entire antenna is translated vertically and the images in each 
vertical slice are stacked to form a 3D reconstructed body surface. 
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B. State of the Art and Technical Approach

Since the toroidal reflector antenna only translates in one dimension, it acquires signals faster and is prone 
to fewer mechanical alignment, ruggedness, and wear operation than 2D raster scan systems [4, 5]. Having 
multiple transmitters provides horizontal resolution and imaging of a full 120 degrees of a body. In practice, 
a second reflector and feed array would be used for the other side of the subject under test. Each reflector can 
simultaneously be used for receiving the scattered field with high gain, overlapping, high vertical resolution 
beams for each transmitting or receiving array element. The multistatic transmitting and receiving array 
configuration sensing avoids dihedral artifacts from body crevices and reduces non-specular drop-outs that 
are present with existing fielded AIT systems [6-8]. 

C. Major Contributions

C.1.	 Torus	Reflector	AIT	System	

C.1.a.	 Configuration	Improvements

The toroidal reflector-based system transitioned from a single fixed transmitter (Tx) on the focal arc in con-
junction with a swinging arc receiver (Rx) design to a multiple fixed transmitter array and swinging receiver 
in order to simulate the overall fixed array design.  
By Year 6, the goal was to have 7 Tx and 48 Rx in a fixed array, which could operate with all receivers receiving 
simultaneously with 48 channels, or in a switched configuration with 48 sequentially acquired signals. The 
former is 48 times faster than the latter, but would require 48 A/D conversion channels—at a considerable 
cost since this conversion at 500 MHz is expensive. With 7 fixed Tx and a swinging Rx, we can sample 48 dis-
crete receiver positions along the swinging arc and determine the imaging degradation associated with un-
der-sampling the array and imaging improvements with multiple Tx. These measurements can be compared 
to computational models developed in Project R3-A.2 to both validate the models and optimize the receiver 
element positions.
In the computationally optimized Tx/Rx array configuration, the intent is to alternate Tx and Rx elements 
in order to form a rapid scanning multi-static radar with high parallel processing abilities. The overall con-
figuration is illustrated in Figure 1. The challenge has been to fill the toroidal focal arc with both Tx and Rx 
feed elements so there is a minimum amount of element overlap and blockage. This figure illustrates the ar-
rangement of the Tx and Rx elements over the focal arc. There are four Rx modules on each custom-designed 
and fabricated RF circuit board, spaced every 17 mm. The seven Tx modules are mounted on thin RF circuit 
boards, with a minimum amount of blockage or Rx. Figure 1 shows the Tx as blue dots on the green nominal 
torus focal arc, as well as six four Rx module boards on the arc. Six additional four Rx module boards are also 
indicated on an arc that is 5 mm smaller that the nominal arc (farther from the reflector). Four individual Rx 
are blocked by Tx boards and will be inactive.
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During Year 5, a miniaturized Generation 4 (Gen4) Transmitter circuit board module design was completed.  
The first Tx design of the third generation (T-shaped Tx board) was compacted for an easier inclusion in the 
final array configuration.  Dimensions decreased from Gen3 Transmitter (100 x 75 mm) to Gen4 Transmitter 
(68 x 18 mm), for an equivalent 83% footprint reduction.
Note that the requirements to reduce the transmitter size were multi-fold:
• The Gen1 transmitter was a prototype system, which was unscalable. Gen2 and Gen3 systems consisted of 

very low-cost FR4 substrate and an integrated chipset and antenna package. In Gen4, there was a change 
to an off-the-shelf chipset with no antenna and therefore we had to design an ALERT-specific antenna.

• In order to obtain best performance of the ALERT antenna for each Tx and RX, a higher performance 
Rogers 4350B substrate was required. To maintain the relatively low cost, a smaller circuit board has 
been implemented. The design characteristics of the antenna are shown in Figure 2, with the resulting 
computed radiation pattern illustrated in Figure 3.

• The scalability of the 100 x 75 mm Gen4 transmitter for physical layout in the large array shown in Figure 
1 is not sustainable since transmitters need to be placed as close as possible, with a target inter-element 
spacing of 17 mm. This could not be achieved without complex mechanical compromises and overlap 
mounting.

Figure 1: Tx and Rx element arrangement over the focal arc.
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A comparison of the Gen3 and Gen4 TX RF circuit boards are shown in Figure 4. Note that the Gen4 board 
requires additional low frequency supporting circuitry connected through a ribbon cable. The active portion 
of the Gen4 board is six times narrower, allowing for much easier placement in front of the receiver array 
with minimal blockage.

Figure 2: Antenna geometry (left) and specifications (right) compatible with Gen4 transmitter.

Figure 3: Impedance matching (left) and radiation pattern (right) for the custom designed differential patch antenna 
used in the Gen4 Tx.
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Considering the miniaturized size of the new board, the quality of the assembly of the circuit boards was 
inspected carefully in order to ensure reliability for the large array system. As the number of elements in the 
array increases, the intent is to have higher quality components with less failure probability in order to en-
sure reliability and longevity of the overall system. A number of inspection and verification activities on the 
Gen4 transmitter are shown in Figure 5.

Figure 6 shows the toroidal reflector with three Tx boards mounted on the feed focal arc that are facing the 
reflector and between the reflector and the swinging Rx arc. The orange Tx board holders are inclined at the 
precise angle to face the mid-plane of the toroidal reflector (indicated by the horizontal line drawn on the re-
flector). As such, the reflected beams will have maximum intensity along the focal line lying on the horizontal 
plane, which illuminates the target at the secondary focal arc. This secondary focal arc has a radius of 15 cm, 
lying about 10 cm above the white circular target platform to the right.  

Figure 4: The Gen4 final transmitter design (right) is six times smaller than the Gen3 transmitter design (left). 

Figure 5: Improving reliability of transmitter chipset via reflow and microscope inspection.
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C.1.b.	 Imaging	Results	

Using two Gen3 Transmitters and a single rotating Gen2 Receiver, along with the SAR algorithm developed 
in Project R3-A.2, a number of targets were imaged as seen in Figure 7. Each of these images represents a 2D 
horizontal slice of the middle of the respective targets (as seen from above).  Note the y-axis represents range 
and x-axis represents cross-range, with illumination coming from below.  
The image of the metal corner bracket (Fig. 7a) indicates the unique effectiveness of our multistatic imag-
ing. Valleys are particularly challenging to image accurately because rays reflect from first one face, then the 
perpendicular one, returning exactly in the direction they were incident from. The resulting response for 
monostatic radar scanners (such as the L3 Provision) is not a corner, but instead a strong isolated point at 
the position of the corner vertex. Clearly, our multistatic scanner avoids this deficiency, showing both faces 
of the corner bracket.
Figures 7b and 7c show imaging results for a metal channel and a paraffin explosive simulant block mounted 
on a metal box. The image of the metal anomaly protrudes, as expected, while the weak dielectric block slows 
incident waves down, and presents an image with the anomaly appearing as a depression in the box surface.

Figure 6: Three TX modules mounted in orange 3D printed holders, facing the toroidal reflector. Each TX board is con-
nected to its own motherboard with the blue ribbon cable. Note the Rx board on the vertical swinging arm, between 
the second and third transmitters
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Stacking 2D images of different reconstructed slices will result in a 3D surface reconstruction of the tar-
get. Figure 8 shows 3D surface reconstruction of a complex target simulating a torso with a dielectric and 
metal bar present. The images are plotted based on the range position of the maximum reflectivity for each 

Figure 7: Reconstructed images for various targets based on measured data. The overlaid light blue line represents the 
ground truth of the target.
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cross-range point. The color scale represents range, lighter being closer to the front of the target, and darker 
towards the back. Please note that a depression forms wherever the dielectric is placed on the metal plate.

C.1.c.	 Receiver	Board	Design	(Gen3)

As illustrated in Table 1, Year 5 was spent completing manufacturing of the Gen4 transmitter (also shown in 
Figure 4), as well as the design of the Gen3 Receiver. The target is that the Gen4 Tx and Gen3 Rx will be the 
final hardware iterations, bringing the system design to a pre-industrialization beta-level prototype phase.

Figure 8: Metal torso simulant with white dielelectric explosive simulant bar and metal bar (top left); 2D slice (top 
right); and two different views of the 3D reconstructed image (bottom).
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The advantages of the Gen4 Tx and Gen3 Rx starts from the underlying components (HMC6300 and HMC6301 
vs. the earlier predecessors HMC6000LP711E and HMC6001LP711E, respectively), which have been covered 
in project reports from previous years. The Gen3 Rx has the same footprint as the Gen4 Tx (68 x 18 mm) 
which make both easy to integrate together in the reflector-array shown in Figure 1. The top side of the Gen3 
receiver is illustrated in Figure 9. The design maintains the same polarization as the Gen4 transmitter when 
aligned with the long sides parallel. The 3D view of the receiver is shown in Figure 10.

Table 1: High-level specifications of the transmit/receive components.

Figure 9: Receiver design (68 x 18 mm) with key features labeled.
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Due to the complexity and reduced footprint of the new Gen3 transmitter component, the board design illus-
trated in Figure 9 has a 75% increase in stack-up complexity, as shown in Figure 11.

In the Year 4 Project Report, we discussed the main- and daughterboard concept for setting up the multi-
transmit-multi-receive system. Each of the Tx and Rx daughterboards shown in Figure 4 (Tx) and Figure 9 
(Rx) are connected to a main board supporting up to four transmitters or receivers; the main board contains 
basic support components and circuitry to power up and transmit information to the computer system that 
creates the imaging. As previously maintained, this implementation reduces the prototyping cost by up to 
80% while maintaining the reliability and reducing the risk. An equivalent motherboard-daughterboard con-
cept is illustrated in Figure 12.

Figure 10: 3D view of receiver. 

Figure 11: Circuit board layer stack-up.
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C.1.d.	 Overall	System	Configuration

The proposal for the arrangement of the Tx and Rx configuration is shown in Figure 13. With the alternating 
Tx and Rx, the spacing between the Tx and Rx antenna phase centers is maintained at an optimum of approx-
imately 17 mm. The same spacing is achieved if either multiple Tx or multiple Rx are arranged sequentially 
next to each other, and this ensures full flexibility for multiple Tx and multiple Rx configured side by side 
while maintaining the design spacing.

In Figure 14, the system block diagram of the entire configuration is shown. Transmitters and receivers are 
linked together via a common clock. Optionally, a high frequency IF can add additional flexibility in the sys-
tem configuration at the expense of additional circuitry. Note that the AWG (waveform generator) and digi-
tizer are inside the PC that is also used for imaging. The Cytec switches are used for switching one Tx and one 
Rx at any one time for combining each multi-static signal path (transmitter m to receiver n).

Figure 12: Motherboard-daughterboard concept showing low frequency board (left) and high frequency daughter-
board (right).

Figure 13: Tx-Rx configuration arrangement, aligning antennas (yellow patches), but keeping cable connections on 
opposite sides to minimize blockage and entanglement.
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C.1.e.	 Receiver	Antenna	Design

In order to support the required antenna for the Gen3 circuit board, an on-board antenna was designed. The 
patch antenna, which is most appropriate for this configuration, requires a 56.5 – 64GHz bandwidth, which 
is approximately 11% fractional bandwidth. With typical patch designs having 2-5% bandwidth and a gain of 
approximately 8 dB, the requirement was to increase the bandwidth. This can be achieved via:
• Low permittivity substrate(s) – compatible with the daughterboard concept since lower permittivity 

substrates are typically more expensive;
• Increased height of the substrate;
• Noncontact feeding methods (difficult fabrication, hence out of scope of our investigation); and
• Multi-resonator stack configuration (create large thickness prototype, hence considered out of scope for 

our designs).
As the Rx has a single-ended input for the antenna, the best configuration was to use a balun to convert a 
differential patch to the single-ended Rx input as shown in Figure 15.
Differential patch advantages included: 
• Reduced noise
• Reduced feed line radiation which is important for the antenna
• Thinner feed lines compatible with the chipset input

Figure 14: Overall configuration system diagram.
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The S11 input matching parameter to the antenna graph is illustrated in Figure 16. A -10 dB matching is 
shown for 55 – 65 GHz, which is a good metric for a robust antenna design.
The antenna patterns for 57, 60, 65 GHz are illustrated in Figure 17. They are uniform across the operating 
bandwidth of the antenna, which will result in even performance across the entire frequency set of the sys-
tem. The approximate ±25 deg. E- and H-plane beam width fills the toroidal reflector efficiently with a mini-
mum amount of wave spill-over.

Figure 15:  Differential patch to single-ended Rx design.

Figure 16: S11 input matching of single-ended balun-loaded differential patch.
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C.2.	 Walk	Through	Hallway	On-the-Move	Scanner	Configuration

In support of the APEX Screening at Speed effort, we studied the feasibility of cooperating dual-sided hallway 
mm-wave array detection. Of particular concern is how to illuminate and sense scattered field from the full 
360 degree extent of a subject, without requiring the subject to stop, turn, or alter their gait. The conven-
tional two-sided multi-monostatic (or even limited multi-bistatic) scanning wall array systems cannot image 
the front or back of a subject as they walk between the walls because incident rays from these parts of the 
body reflect specularly away from the transmitters. In order to capture these rays, they must be received on 
the opposite wall. There must be transmitters on both walls, and independent receivers on both walls of the 
hallway. This requires a full multistatic configuration with considerably more cabling and processing than 
conventional multi-monostatic systems; however, it is the only way to accurately image body surfaces that 
are 90 degrees away from the transmitting wall.
An analysis was conducted to determine the available sensing performance for planar array antennas and co-
operating transmitters/receivers on both sides of the hallway. By modeling the human subject as a circle—as 
seen from above—the sensing performance can be approximated by the fraction of the nominal illumination 
field of view that returns to the receivers on the same hallway side as the transmitters, along with that frac-
tion that is picked up by receivers on the other wall. Simplistically, this fraction corresponds to angular extent 
from one edge of the array to the subject surface and then back to the other edge of the array, with the proviso 
that the surface reflection point must be the one for which the surface normal is the angle bisector of the two 
array edge rays. Figure 18 shows these points and rays for the nominal 0 degree position on the right side 
wall; for 45 degrees if the subject is further back from the array (blue); and for 65 degrees relative to the per-
pendicular for the greatest distance between subject and antenna array (red). In each case, the array is 1 m 
wide, the subject is 0.15 m in radius, and 0.85 m from the right wall. Note that the radial normals each bisect 
the edge ray angles. About half the angular field of view is available for the 45 degree position for the same 
physical size array, whereas for the 65 degree case, the subtended angle is about 1/5 the angle at the subject 
as the 0 degree case. We can thus expect 1/5 the resolution for this sensed portion of the subject. Performance 
falls off quickly for greater angles.

Figure 17: (Left to right) Antenna patterns for 57 GHz, 60 GHz, and 64 GHz.
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To image the subject’s front and back, rays must be reflected from the subject and extended to the other 
side. This situation is demonstrated in Figure 19. In this case, the limiting factor is less the projection from 
a tangent line onto the circle, and more a matter of extreme specular reflection. The black rays indicate the 
relative position of the full array aperture for which the reflection from the front subject surface (at 90 de-
grees from perpendicular) can be received on the full array on the left wall, with one edge having extreme 
glancing incidence, while the other edge reflects at the same angle as incident. A 50% smaller portion of the 
aperture is reflected for 80 degrees, with the first edge ray at glancing incidence to the subject circle. Finally, 
the green ray shows the limit of zero width aperture capturing only the extreme glancing ray. Here, it is as-
sumed that the arrays are symmetrically positioned on each side, which is why the green case allows only a 
single glancing incident ray from the trailing edge of the right scanner array to intersect the leading edge of 
the left scanner array.

Figure 18: Reduction of field of view (and sensing performance) as distance from sensor array increases.

Figure 19: Ray paths for full array aperture specular reflection to opposite side wall (black); half aperture reflection 
(red); and zero aperture reflection (green). 
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Combining the angular extent measures for both same wall responses and opposite wall responses yields 
Figure 20. The leftmost curve plots the relative response of the same wall receivers for three positions with 
corresponding dot colors to Figure 18: black for nominal perpendicular illumination; blue for 45 degrees 
(0.78 radian), and 50% illumination and reception; and red for 65 deg. (1.13 radian), and 20% illumination 
and reception.
The rightmost curve plots the opposite wall response for three angles corresponding to the same color-coded 
values in Figure 19: black for 90 degrees and 100% aperture illumination; red for 65 degrees and 50% illumi-
nation; and green for the limit of zero illumination. In practice, one would choose the curve with the greatest 
illumination with a cross over between same and opposite walls at about 65 degrees. Of course, the precise 
values for illumination efficiency depend on the size of the subject and their distance from the walls, as well 
as the subject’s particular non-ideal shape.

The plot in Figure 20 indicates that the greatest reduction in performance (resolution) would be expected to 
be about 20% over a small portion of the full 360 deg. extent of the body. This is comparable to the reduction 
present in the commercially fielded L3 ProVision system at the edges of the portal openings. This analysis 
indicates that while not perfect, a hallway system with cooperating opposite wall sensing is viable.

D. Milestones

• We completed most of the planned measurements and reconstructions in Year 5. This represents the 
culmination of almost seven years of effort: identifying ways of improving the general AIT portal concept, 
reducing imaging artifacts, speeding up data acquisition and image reconstruction, and improving the 
materials characterization of concealed foreign objects.

• Working in the retooling delay, we have implemented low-cost RF hardware and successfully tested and 
optimized its performance. The sparse array support structure has been designed, built, and fitted with 
RF boards. Measurements and reconstruction (with the help of Project R3-A.2) are ongoing. 

Figure 20: Illumination response efficiency for same wall sensing (leftmost curve) and opposite wall (rightmost curve) 
with particular angles color-coded to correspond to cases presented in Figures 18 and 19.
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• For the parallel plate 2D hallway experiment, we have reassembled the hardware with an improved 
graphite-based lubricant, which will promote easier sliding of the torso and arm cross section sheet 
through the “hallway” mockup. RF hardware is working and will be attached by September 30, 2018. 
Experiments will begin immediately thereafter, continuing for 6 to 12 months, to test the full 360 degree 
reconstruction capability of the wideband mm-wave concept

E. Future	Plans	(Year	6)

• The full sparse array will be fabricated and fully tested for repositioning by October 2018. Fully automatic 
3D imaging with material characterization will be pursued during the summer and fall of 2019.

• Operational control software and self-contained reconstruction code will have to be developed to min-
imize operator intervention. The current form of the system requires numerous instructions from an 
operator. These must be streamlined with appropriate engineering, preferably with help from system 
vendors with experience in these aspects.

• Before the AIT portal system can be released for field testing and possible certification, it must be con-
figured for operation with minimal operator involvement. Error trapping and automatic correction must 
be implemented, and unusual body shapes and sizes, along with difficult object cases must be tested and 
evaluated. 

• The extension of the 2D On-the-Move hallway scanner to a full 3D version must wait until the next fund-
ing period, should it become available. It is a major project to develop this extension: conceiving the best 
radar module layout, optimizing 3D reconstruction algorithms, testing the system with computational 
simulation, purchasing radar and signal acquisition hardware, developing means of stitching together 
reconstructions from various poses, validation with phantoms, and eventual testing on walking humans.

III. RELEVANCE AND TRANSITION

A. Relevance	of	Research	to	the	DHS	Enterprise

• The multistatic radar configuration employed in Project R3-A.3 extends imaging performance by giving 
multiple views of each body surface pixel and helps eliminate dihedral artifacts. Reducing false alarms, 
improving resolution, providing material characterization, reducing scan time, and lowering costs are all 
important aspects of value to the Homeland Security Enterprise (HSE).  

• The On-the-Move hallway scanner is one of the most challenging security innovations. It requires exten-
sive modeling and algorithm development, but appears to be within reach in the foreseeable future. Our 
two dimensional proof of principle experiment will demonstrate the physical realizability of 360 degree 
image reconstruction with minimal disruption to subject motion: a substantial improvement over all 
current threat detection systems.

B. Potential	for	Transition	and	Transition	Pathway

• The new technology is of interest to the Transportation Security Administration (TSA), which has of-
fered to test a prototype at the Transportation Security Laboratory (TSL), hopefully after Year 6.  Should 
tests prove successful and the scanner is shown to be superior, we will offer to partner with existing AIT 
manufacturers, such as L-3 Communication and Smiths Detection, Inc., or companies that are exploring 
entering the AIT market, such as Rapiscan Systems or Morpho Technology.

• We are developing a joint project with Smiths Detection, Inc. on adapting a new product line using wide-
band radar as a means of implementing an On-the-Move sensing system. Using a cooperating two-sided 
nearfield radar imaging configuration will allow imaging of not only the sides of a subject walking by the 
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scanning antenna, but also their front and back. 

C. Data	and/or	IP	Acquisition	Strategy

The multistatic Blade Beam reflector concept, the radar realization of the 60 GHz radio chips, and the ras-
ter-scanned focused spot hallway scanner are protected by pending patents.

D. Customer	Connections

Biweekly telephone meetings are held with Claudius Volz, Christoph Weiskopf, Christopher Gregory, and Kris 
Roe at Smiths Detection, Inc. (Edgewood, MD, USA and Wiesbaden, Germany). 

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Student Internship, Job, and/or Research Opportunities
a. Three ALERT Research Experience for Undergraduates (REU) students conducted research as 

part of Project R3-A.3: Jacob Londa, Nikhil Phatak, Dan Castle, Anthony, Englert, and Samuel 
Kebadu.

b. Undergraduate researchers: Nick Pelepchan, Thurston Brevett, John Harrington, Molly Wheeler, 
Kamila Wawer, Alessandro Mendola, and Muhammad Ghafoor.

B. Peer	Reviewed	Conference	Proceedings

1. Nemati, M., Mantzavinos, S., Busuioc, D., Pelepchan, N., Brevett, T., Londa, J., Phatak, N., Castle, D., & 
Rappaport, C. “Experimental Validation of a Novel Multistatic Toroidal Reflector Nearfield Imaging 
System for Concealed Threat Detection.” European	Conference	on	Antennas	and	Propagation, London, 
England, April 2018.

C. Other Presentations 

1. Seminars
a. Rappaport, C. “A High Gain Toroidal Reflector Antenna for Multistatic 3D Whole Body Millime-

ter-Wave Imaging.” Queenstown, New Zealand, November 8, 2017.
b. Rappaport, C. “Advanced Millimeter-Wave Radar Concealed-Threat Person Scanning.” Airlines 4 

America Talk, July 19, 2017.
c. Rappaport, C. “Improving AIT by Using Cooperating Alternate Wall Hallway Sensing.” TSA Fu-

tures Workshop, September 26, 2017.
d. Rappaport, C. “Multistatic Nearfield Imaging for Portal Security Systems Using a Toroidal Reflec-

tor Antenna.” Raytheon, Inc., November 18, 2017.
e. Rappaport, C. “Advanced Millimeter-Wave Radar Concealed Threat Person Scanning System – or, 

How to Design an Airport Scanner that is so Accurate that We Won’t Need Humans to Look at 
Images.” Ronald	E.	Hatcher	Science	on	Saturday	Lecture	Series, Princeton Plasma Physics Labora-
tory, February 10, 2018.
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D. Student	Theses	or	Dissertations	Produced	from	This	Project

a. Ghazi, G. “Modeling and Experimental Validation for 3D mm-wave Radar Imaging.” PhD, North-
eastern University, August 2017. Advisor: J.A. Martinez.

E. Technology	Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. Provisional Patent: INV-18047: On-the-Move hallway Focused mm-Wave Concealed Object De-

tector,” Carey Rappaport and Jose A. Martinez-Lorenzo, March 13, 2018.
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R3-B.1: Hardware Design for “Stand-off” &  
“On-the-Move” Detection of Security Threats

I. PARTICIPANTS 

Faculty/Staff
Name Title Institution Email

Jose Martinez PI NEU jmartine@ece.neu.edu

Juan Heredia Juesas Post-Doc NEU j.herediajuesas@neu.edu

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Galia Ghazi PhD NEU 8/2017

Chang Liu PhD NEU 12/2019

Ali Molaei PhD NEU 6/2019

Richard Obermeier PhD NEU 12/2018

Luis Tirado PhD NEU 12/2018

Weite Zhang PhD NEU 12/2020

Anthony Bisulco BS NEU 6/2018

Alexis Costales BS NEU/REU 5/2021

Christopher Gehrke BS NEU 5/2021

Katherine Graham BS NEU 5/2021

Diego Rojas BS NEU/REU 5/2021

Joseph Von Holten BS NEU 5/2021

Diego Cachay High School Boston Latin School 5/2017

Nabil Kebichi High School Lexington High 
School 6/2018

Liane Xu High School Boston Latin School 6/2018

Alex Zhu High School Wayland High 
School 5/2017

II. PROJECT DESCRIPTION 

A. Project Overview

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 explosives residues or heat 
signatures on the outer surface of their clothing, and characterizing explosives using penetrating X-rays [1, 
2], terahertz waves [3-5], neutron analysis [6, 7], or nuclear quadrupole resonance (NQR) [8, 9]. At present, 
radar is the only modality that can both penetrate and sense beneath clothing at a distance of 2 to 50 meters 
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without causing physical harm. 
The objective of this project is the hardware development and evaluation of an inexpensive, high-resolution 
radar that can distinguish security threats hidden on individuals at mid-ranges (2-10 meters) using an “On-
the-Move” configuration, and at standoff-ranges (10-40 meters) using a “van-based” configuration (Fig. 1).

B. State of the Art and Technical Approach

As pointed out by the International Air Transport Association (IATA), being able to detect security threats 
without interrupting the motion of the person under scrutiny will be one of the most valuable features of 
the next generation personnel screening systems [10]. Current state-of-the-art millimeter-wave (mm-wave) 
imaging systems for security screening require people to stop and stand in front of the scanning system. Mm-
wave generation and acquisition is achieved with a static array of Tx/Rx [11,12], or movable arrays that cre-
ate planar [13,14], or cylindrical [15–17] acquisition domains. Most of them are based on monostatic radar 
and Fourier inversion [11–15]. Monostatic imaging system limitations are mainly related to the appearance 
of reconstruction dihedral artifacts as described in [17–19]. 
The outcome of this project would be the first inexpensive, high-resolution radar system with a special ap-
plication to detect and identify potential suicide bombers. Its uniqueness is based on its ability to deploy 

Figure 1: General sketch of the inexpensive, high-resolution radar system used for detecting security threats (a) at 
mid-ranges using an “On-the-Move” configuration, and (b) at standoff-ranges using a “van-based” configuration.
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multistatic configurations [20-23], in which the information from multiple receivers and transmitters are 
coherently combined by using a common local oscillator. This project has the potential to be the first radar 
system that is capable of functioning at multiple ranges for both indoor and outdoor scenarios. 
Table 1 shows a technology development road map, including the steps needed to go from a three-dimen-
sional (3D) mechanical scanning imaging system (Generation 1, Gen-1 [24]) to a 3D fully electronic scanning 
imaging system (Generation 3, Gen-3 [25,26]). An intermediate imaging system (Gen-2), capable of imaging 
small targets in a fully electronic fashion and large targets in a hybrid electrical/mechanical fashion, will be 
used to create a smooth transition between the Gen-1 and Gen-3 imaging systems.

The following activities related to the completion of the Gen-2 system and beginning of the Gen-3 system 
continued to be worked on from Year 4 and were completed in Year 5 for this project: 1) hardware design 
and integration of a multistatic imaging system (Tasks 2.1, 2.4, 3.1); 2) development of control firmware and 
software for the multistatic imaging system (Task 2.5); 3) calibration algorithm for coherent image formation 
in multistatic imaging system (Task 2.3); 4) experimental imaging results using the multistatic mm-wave 
radar system (Task 2.6); and 5) study of a new “On-the-Move” system configuration (Task 2.1 and 3.1). The 
additional activities expected to be started in Year 4, but actually began in Year 5 were: 1) hardware design 
and integration of a multistatic imaging system (Task 3.4); 2) development of control firmware and software 

Table 1: Roadmap towards a fully electronic radar imaging system; from Gen-1 [24] to Gen-3 [25, 26].
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for the multistatic imaging system (Task 3.5); 3) calibration algorithm for coherent image formation in mul-
tistatic imaging system (Task 3.3); and 4) experimental imaging results using the multistatic mm-wave radar 
system (Task 3.6, and 3.7). This project is intimately related to ALERT Project R3-B.2, “Advanced Imaging and 
Detection of Security Threats using Compressive Sensing,” in which the imaging algorithms for this hard-
ware system have been developed. Additionally, many of the technologies and techniques developed for this 
project are commonly used in near-field applications by other ALERT projects, including Projects R3-A.2 and 
R3-A.3.

C. Major Contributions

A summary of the Year 4 and Year 5 major contributions can be found in Table 2.

Table 2: Summary of this year’s major contributions.
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D. Milestones

D.1. Hardware Design and Integration of a Multiple-bistatic Imaging System (Tasks 2.1, 2.4, 3.1 and 3.4)

D.1.a. Mechanical Assemblage of the Radar System Working with 400 Channels and Enabling Mode-E and   
 Mode-EM Data Collection

In collaboration with our transition partner, HXI LLC, we have continued the design, integration, and testing of 
our mm-wave radar system for detecting security threats at mid-ranges. In particular, our current hardware 
systems make use of the following elements: 1) Five HXI #8302 Transmitter (Tx) Modules; 2) five HXI #8301 
Receiver (Rx) Modules; 3) one HXI #8303 Local Oscillator Module (LOM); and 4) ten HXI #HSWM41203 sin-
gle-pole four-throw (SP4T) 4-way antenna switches. The LOM has eight sync outputs, and it permits the use 
of eight Tx and Rx modules working in a fully-coherent multistatic mode of operation. 
The Gen-2 imaging system builds upon the functionality developed for our former Gen-1 system in order to 
increase the number of coherent channels, so that fully electronic imaging can be done for small targets. The 
four coherent channels of the Gen-1 system have been increased to 400 in the Gen-2 system by enhancing 
the hardware with the following elements: 1) The number of transmitters was increased from one to five; 2) 
The number of receivers was increased from four to five; 3) A SP4T switch was added to each transmitter and 
receiving module; and 4) LNAs and 4-way power dividers were added to the local oscillator module (LOM) 
intermediate frequency and multiplier outputs. The addition of the LNAs and power dividers enables concur-
rently utilizing the five Rx and five Tx modules at the same time. This configuration leads to a 400 coherent 
channel system, which results from multiplying the 20 transmitting ports (five transmitters x four ports/
transmitter) by the 20 receiving ports (five receivers x four ports/transmitter). Figure 2 shows a simplified 
schematic of the architecture of the Gen-2/Gen-3 radar imaging system, where only two receiving modules 
and one transmitting module are shown for the sake of simplicity.
The Gen-3 imaging system, tested this year, builds upon the functionality developed for our former Gen-2 
system in order to increase the number of coherent channels, so that fully electronic imaging can be done for 
extended targets. Toward this effort, an additional three Rx modules, three Tx modules, and six SP4T antenna 
switches are on-order from HXI. As delivered, the LOM has eight sync outputs, and it permits the use of eight 
Tx and Rx modules working in a fully-coherent multistatic mode of operation. In this year, to utilize addi-
tional radar Tx and Rx modules in the Gen-3 system, we have expanded the LOM sync outputs based on the 
addition of two HXI HLNA220-588 Low Noise Amplifiers (LNAs) and two Pulsar Microwave PS4-14-452/7S 
four-way SMA Power Dividers. This enables the use of five Tx and five Rx modules concurrently. This setup 
has been validated via 3D calibration measurements and reflectivity-based imaging of static and moving 
targets. The architecture is fully expandable, and by using an additional 22 SP4T switches, 14 amplifiers, and 
14 four-way power dividers, the system can operate with up to 64 (16*4) transmitting ports and 64 (16*4) 
receiving ports, leading to 4,096 coherent ports in the Gen-3 system, compared to 400 ports in the Gen-2 sys-
tem. Mini-Circuits ZX60 series amplifiers can be used in lieu of the HXI provided amplifiers for the expansion 
towards cost-effectiveness of the system.
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The designed Gen-2/Gen-3 system supports two modes of operation: 1) Mode-E—fully electronic static im-
aging of targets located in small reconstruction regions of about 0.2m x 0.2m x 0.2 m; and 2) Mode-EM—hy-
brid, electronic and mechanical, dynamic Synthetic Aperture Radar (SAR) imaging of targets located in large 
image regions of over 1m x 2m x 1m. The Gen-3 system leverages the Gen-2 architecture to be able to perform 
two-dimensional (2D) imaging of large reconstruction domains. This can be done by exploiting one or several 
of the following strategies: 1) using a Coded Compressive Reflector Antenna (CRA) [25, 26], in order to en-
hance the dispersion of the singular values of the sensing matrix; 2) using a higher number of low-cost trans-
mitters and receivers, in order to increase the number of non-zero singular values of the sensing matrix; and 
3) using image compression techniques, like wavelets, curvelets, or cosine-based basis, in order to “sparsify” 
the representation of the object under test.   
Figure 3a illustrates the Gen-2/Gen-3 mm-wave radar system modules. The Gen-2 imaging system is com-
posed of five transmitters and five receivers, each affixed with a four-port switch. Four of the transmitters 
and their associated switches are arranged to create a vertical linear array at a fixed position, while four of 
the receivers and their associated switches are arranged to create a horizontal linear array at a fixed posi-
tion. This configuration enables the fully electronic scanning mode (Mode-E). A transmitter and a receiver, 
and their associated switches, are located on a smoothly and precisely moved plate to enable a combined 
electronic and mechanical mode of operation (Mode-EM). This movement is controlled by two linear actua-
tors, allowing the transmitter and receiver to move up to 63 cm vertically and 88 cm horizontally. Moving the 
center transmitter and receiver pair during experiments can synthetically simulate many radar modules in 
a 2D plane. 
Figure 3 shows that our Gen-2/Gen-3 system enables the collection of data in Mode-E and Mode-EM. Note 
that Mode-EM is very important for understanding the limitations of the imaging system, in terms of the 
number of points required for imaging and predicting the expected signal to noise ratio (SNR) required for 
good imaging. As was done last year, the Gen3 system leverages the customized Mode-EM acquisition in or-

Figure 2: Basic architecture of the Gen-2 radar imaging system.
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der to enable the measurements of the fields in a 2D aperture located in front of the radar. In addition, to re-
duce phase mismatches between multiple receivers and transmitters, Micro-Coax UFA210A-0-0960-000000 
AM low loss phase-matched microwave cable assemblies have been used to replace the previously used Mi-
cro-Coax UT-085C-L cable assemblies. These changes were needed in order to perform the 3D calibration, 
which is described later in this report. Figure 3b and 3c show zoomed images of a mm-wave transmitter and 
receiver with a four-port switch attached.

D.1.b.	 Design	and	Fabrication	of	an	Active	Patch	Array	and	Reflect	Arrays

In order to be able to image more than one person with our system, an active Reflect Array (RA) has been 
designed. RAs are planar printed surfaces that are excited by an electromagnetic incident field and direct the 
field in a desired direction or point. RAs have the combined technological features and characteristics of par-
abolic reflectors and electronically scanned phased array antennas, including: low weight, small size, simple 
feeding system, and low feeding loss [27]. These features make RAs an attractive architecture for both near-

Figure 3: (a): Gen-2/Gen-3 mm-wave radar system modules. The transmitting vertical array is shown on the left of the 
image, while the receiving horizontal array is shown on the right. The 2D movable transmitter and receiver is shown 
in (b), and (c) shows the zoomed views of the Tx and Rx Modules with four-port switches. Pictures show the replaced 
powder-blue color Micro-Coax phase-matched microwave cable assemblies.
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field beam focusing and far-field beam steering applications. Dynamically controlled radiation in the RA can 
be achieved by the use of electronically tunable reflecting elements, such as PIN diodes [28], varactor diodes 
[29], and MEMS switches [30]. The family of patch antennas is a good candidate for radiating elements of 
RAs, due to their low cost, light weight, conformability to the host surface, and ease of manufacturing process 
[31]. Among the patch antenna configurations, the Aperture-Coupled Patch (ACP) [32] provides the benefit 
of isolating spurious feed radiation by adopting a common ground plane. 
In this section, we present the design and fabrication of a low cost electronically reconfigurable RA, which 
employs a 2x2 array of ACPs as its radiating elements. Each 2x2 ACP array is electronically controlled by a 
Single-Pole, Single-Throw (SPST) switch, to adjust the phase of the reflected field.
In the RA design presented below, instead of allocating a switch to every ACP element, each switch controls 
four ACPs through a micro-strip feeding network, as shown in Figure 4. By this means, the number of switch-
es and cost of the RA are reduced four-fold, while maintaining the same beamwidth as before in both cross-
range axes. The length of the open-ended transmission line L in the feeding network of the array is adjusted 
such that the phase of the reflected field changes approximately by π when the diode switches from the ON 
state to the OFF state, and vice versa.

Figure 4: (a) Perspective, (b) top, and (c) side view of the 2x2 ACP array used in the reconfigurable RA.
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The 2x2 unit-cell has been simulated using the Ansoft High Frequency Structure Simulator (HFSS) software. 
Periodic boundary conditions are defined along the XZ and YZ bounds of the 2x2 array to consider the mutual 
coupling between adjacent ASP elements. Table 3 shows the assigned values of the design parameters men-
tioned in Figure 4. The RO3003 laminate with dielectric constant of 3 and thickness of h1=0.254 mm is used 
as the top dielectric substrate to support the patches and the RO4450F laminate with dielectric constant of 
3.5 and thickness of h2=0.1 mm is used as the bottom substrate for the feeding network. Figure 5 shows the 
simulated S-parameters of the 2x2 unit-cell when it is excited by a normal incident plane-wave (port 1). In 
this simulation, it is considered that the SPST switch works as an ideal short copper strip in the ON state and 
the open-ended transmission line is connected to a 50 Ω lumped port (port 2). It can be seen from Figure 
4 that for the optimized unit-cell, both ports have a return loss better than 15 dB through the operational 
frequency range of the radar, which is 70-77 GHz. Also, the unit-cell has an insertion loss of less than 2 dB 
throughout the band. These results demonstrate that the optimized 2x2 unit-cell effectively couples the inci-
dent plane wave to the micro-strip port, as well as the SPST switch. 

Table 3: Optimized parameters of the 2x2 ACP array.

Figure 5: (a) Perspective, (b) top, and (c) side view of the 2x2 ACP array used in the reconfigurable RA.
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To evaluate the radiation performance of the RA, we have fabricated 15x15 arrays of the optimized 2x2 unit-
cell in two different configurations, as shown in Figure 6. In the first configuration (RA#1), the SPST switch 
is removed from the feeding line (ideal OFF state) and in the second configuration (RA#2) the SPST switch 
is replaced by a copper strip (ideal ON state). The length L is adjusted to have about a 180° phase difference 
for the reflected wave between the OFF and ON state. Figure 7 shows the experimental setup for measuring 
the magnitude and phase of the reflected field (S11) from the surface of the fabricated RA#1 and RA#2. First, a 
metal plate is mounted on the fixture to calibrate the magnitude and phase of S11 with respect to the position 
of the fixture. Then, the S11 of RA#1 and RA#2 are measured and plotted in Figure 8a and 8b, respectively. The 
results show that the phase difference between RA#1 and RA#2 are 226°, 165°, and 178° for the measure-
ments at 70 GHz, 73.5 GHz, and 77 GHz, respectively. In the future, SPST switches will be incorporated into 
the RA to enable performing dynamic beam-focusing in the near-field of the radar system.

Figure 6: (a) Top and (b) bottom view of the fabricated RA.

Figure 7: Experimental setup for measuring the frequency response of the fabricated RA.
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Figure 8: Magnitude and phase of S11 measured for the (a) RA#1 and (b) RA#2.
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As another example of active beam-focusing, we have incorporated the optimized 2x2 array in a linear 2x16 
active patch array, to enable beam-focusing in 1D. The schematic of the designed patch array is depicted in 
Figure 9a. Each 2x2 unit-cell is fed by a SPST absorptive switching network. Based on the ON or OFF state 
of the switch, the corresponding 2x2 unit-cell may or may not radiate the input electromagnetic wave. This 
feature enables a unique temporal wave-form coding by adjusting the ON/OFF state for each of the 2x2 unit-
cells. Figure 9a and 9b show the top and bottom view of the fabricated PCB for the active patch array, respec-
tively. In the future, flip-chip switching dies will be mounted on the board and near-field temporal wave-field 
coding of the array will be studied.

Figure 9: (a) Schematic of the multi-layer patch array. (b) Top and (b) bottom view of the fabricated patch array.
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D.2. Development of the Control Firmware and Software for the Multi-bistatic Imaging System (Tasks 2.5   
 and 3.5) 

D.2.a. Finishing the LabVIEW-, C-, and FPGA-based Firmware and Software to Operate the Commutation   
 Among Different Transmitted and Switched Receivers of the Gen-2 & Gen-3 System 

The control system associated with multi-channel multistatic systems is extremely complex, and it requires 
careful design, implementation, and validation. In Year 4, we have expanded the capabilities of the Gen-2 
imaging system by integrating two HXI HLNA220-588 Low Noise Amplifiers (LNAs) and two Pulsar Micro-
wave PS4-14-452/7S four-way SMA Power Dividers, which enables the use of five Tx and five Rx modules 
concurrently. The power output after using the SMA amplifiers and power dividers was verified using a Key-
sight U2022XA USB Wideband Power Sensor, in order to select the fixed attenuators necessary to drive the 
transmitter and receiver modules at the correct power levels. Following this approach for the remaining LO 
outputs, the Gen-3 imaging system can be expanded to use 32 (8*4) transmitting ports and 32 (8*4) receiv-
ing ports via an additional 6 SP4T switches, 4 amplifiers, and 4 four-way power dividers, resulting in 1,024 
coherent ports in the Gen-3 system. The control firmware and software of the Gen-2 imaging system has 
been updated to allow data collection using up to eight Rx modules by sequencing up to eight transmitters, 
as shown in Figure 3c. The Gen-2 imaging system includes an FPGA-based switching system based on an Al-
tera Cyclone V DE1-SoC board (see Fig. 10a). It is capable of driving multiple SP4T switches in parallel; this 
year, the FPGA output signal wiring to the SP4T switches has been cleaned up and modularized to allow for 
further expandability. Currently, up to eight switches can work in transmission mode and the remaining eight 
switches work in reception mode. An image of the FPGA board that is used in the Gen-2 and Gen-3 imaging 
system is shown in Figure 10a.
The DE1-SoC board has two general-purpose input/output (GPIO) headers, each of which provides 36 out-
puts or inputs. Two HSWM41203-262 SP4T switches are controlled via five Low Voltage Transistor Transis-
tor Logic (LVTTL) (3.3V) signals, and up to 20 HSWM1203-286 SP4T switches can be controlled via three 
LVTTL signals. When the 22 SP4T waveguide switches are connected to the FPGA, 70 out of the 72 available 
FPGA outputs are used to control the microwave switching system. For future expandability of up to 32 radar 
modules, a cost-effective Telesto MAX10 FPGA Module based on the Intel/Altera 10M50DAF484 FPGA chip 
can be used. This board uses the same software programming tools that were used to develop for the DE1-
SoC FPGA board, making it easy to transition the code. For the MAX10 FPGA, 32 switches can be controlled 
using 106 of the 150 available FPGA outputs.
This year, development was renewed for the modular FPGA VHSIC Hardware Description Language (VHDL) 
code for the DE1-SoC board, expanding it to control 16 SP4T waveguide switches, up to a maximum of 22 
switches. In addition to the existing version of the code that was previously developed, a new FPGA code 
has been finalized and validated with a single Tx and Rx SP4T switch, in which the scattered field data can 
be collected in only 168 microseconds. In this ‘fast-clock’ version of the code, a 10 MHz clock rate is used to 
control the faster switching frequency for the microwave switching system, as compared to the previous 3.05 
KHz clock rate. This updated FPGA code has been tested on-board with a logic analyzer for various configu-
rations, and was successfully used to control one Tx switch and one Rx waveguide switch using HXI’s Model 
8300 Radar Front End (RFE) to arrive at the fully-electronic 3D imaging experimental imaging results shown 
in this report on Section D.4.c.
A block diagram of the amplifiers and SP4T switches integrated in the RFE is shown in Figure 11. Additional 
power dividers and amplifiers can be added in the same manner to enable the use of up to 16 Rx and 16 Tx 
modules.
The FPGA code that controls the SP4T switches is composed of three separate modules: 1) a master module; 
2) a slave receiving module; and 3) a slave transmitting module. The master module drives to the slave mod-
ules; it acts as a finite state machine. Indeed, the master module controls the timing of events, thus indicating 
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which particular ports of transmitting and/or receiving switches are active at a given instant. The VHDL code 
has been written to be easily expandable to any number of connected transmitting and receiving modules. 
Currently, the code has been set to perform a switching pattern using up to eight transmitting modules and 
eight receiving modules, with three Rx and three Tx modules on-order from HXI.

Figure 10b depicts a logic analyzer output of the switching system, in which each transmitting switch is 
sequenced individually to actively illuminate the target at a precise point in time. The switching cycle for 
the previously designed “slow-clock” VHDL code and the newly developed “fast-clock” code is described for 
one transmitting module and five receiving modules in Table 4. The difference between the two codes is the 
switching frequency speed—the “slow-clock” code is based on a 3.05 KHz clock rate derived from the radar 
pulse repetition interval (PRI), while the “fast-clock” code is based on a faster 10 MHz clock rate. Figure 4b 
clearly shows that each port on the active transmitting module is sequenced individually to transmit the Fre-
quency-Modulated Continuous-Wave (FMCW) chirp signal, while all of the ports on the receiver modules are 
also sequenced individually to receive the scattered field.
This year, a 0.5m x 0.5m Coded Compressive Reflector Antenna (CRA) was manufactured and integrated with 
the HXI RFE. A transmitter and receiver module pair illuminate the center of the CRA, and it illuminates a tar-
get volume of interest at a distance of 1.5m. For the case of the CRA, WR-12 waveguide terminations are not 
required as used previously to restrict a single transmitter from actively radiating at a time. Both the “slow-

Figure 10: (a) Altera Cyclone V DE1-SoC FGPA-development board connected to clock input and switch outputs, and 
SP4T switch control output cables; and (b) VHDL logic analyzer output of FPGA-based SP4T switching system config-
ured with 6 Tx modules and 6 Rx modules, and detail for three outputs of a single Rx and Tx switch.
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clock” and “fast-clock” FPGA codes have been verified with the CRA configurations. Experimental imaging 
results utilizing the CRA are shown in Section D.4.c.

Figure 11: Block diagram showing the LOM port expansion of the Gen-2/Gen-3 mm-wave radar system. Two Pulsar 
Microwave PS4-14-452/7S four-way SMA Power Dividers and two HXI HLNA220-588 Low Noise Amplifiers are used to 
provide the necessary outputs for up to five receivers and five transmitters, fully expandable up to 16 receivers and 16 
transmitters. Diagram is shown with a configuration of five transmitters and five receivers corresponding to the Gen-2 
configuration.

Table 4: Pseudo-code of the switching cycle for one transmitter (Tx1) and multiple receivers (Rx1, Rx2, Rx3, Rx4, and 
Rx5) connected to multiple SP4T switches.
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The VHDL code is capable of operating in two modes: 1) Mode-E; and 2) Mode-EM. For Mode-EM, the moving 
transmitting module is active and switched between its four ports, while the remaining receiving modules 
are switched between their corresponding four ports of the SP4T switch. In fact, Mode-EM is the basis for 
capturing the calibration data that is used to compute the sensing matrix of the system. This is described 
further in Section D.3. In Mode-E, there are no moving receiving or transmitting modules. The switching 
method is the same except that after the first transmitting module switches throughout its four ports, the 
second transmitting module is enabled, and so forth, until the final transmitting module finishes switching 
throughout all the ports. To detect the start of the FPGA switching cycle, a single LVTTL state-line is used for 
the “slow-clock” version of the code. This state line is high when the first transmitter in the sequence be-
comes active, and it is acquired along with the measurement data in order to detect the clock cycles in which 
the respective transmitters are active. The “fast-clock” code version of the code is synced to the LOM clock 
output, thus no additional synchronization signal is needed to be sampled in this case. 

The LabVIEW Virtual Instrument’s (VI) back-end control flow has been updated this year in order to add a 
MATLAB-based radar-triggering and data capture of synchronized skeletal data of up to six human bodies 
to the mm-wave radar data via the Kinect for Xbox 360 (v1) sensor. The front-end Graphical User Interface 
(GUI) and digitizer channel configuration is also being updated to enable the capture of data from up to eight 
Rx modules. The VI GUI is shown in Figure 12. As designed, the LabVIEW VI contains an array of controls that 
store the positions and orientation of the SP4T switches relative to a fixed set of gantry center coordinates 
in cross-range, range, and elevation directions. The VI is adaptable to modular configurations with different 
numbers of switched transmitting and receiving modules. The LabVIEW VI also has fields to write the experi-
ment name, data acquisition parameters, and in the case of the moving Rx and Tx module, the distance moved 
by the linear actuator carrying the modules. The VI controls the linear actuators that move the transmitting 
and receiving modules to create a synthetic aperture, and it acquires the received data via two GaGe Octopus 
8284 PCI-E Digitizer cards in master/slave configuration, enabling 2D or 3D imaging via SAR or Compres-

Figure 12: LabVIEW VI front panel to control and define parameters in the FPGA-based switching system.

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-B.1

316



sive Sensing (CS) methods. A MATLAB-based processing code loads the data saved by the LabVIEW VI and  
reconstructs images based on the selected configuration parameters. 

D.2.b. Generation of the First Set of Static Images with the New Firmware Architecture

With the updated FPGA code, LabVIEW VI, and MATLAB code, we have tested the imaging capabilities of the 
Gen-2 and Gen-3 system in several experimental setups. One of these setups is the static coherent imaging 
setup which employs the sensing matrix computed with the calibration data described in the next section. 

D.2.c. Hardware and Firmware Development to Enable 3D Calibration

This year, we have also updated and revised the LabVIEW control VI for the FPGA system and the MAT-
LAB-based data processing code to incorporate the measurement of the electric field with the 2D scanner 
placed in front of the radar system. The LabVIEW code has been updated to load compiled FPGA code for two 
separate data collections which are needed to create the sensing matrix in the target region: 1) sequenced 
transmitting from the four static Tx modules, while receiving in a 2D aperture with the moving Rx module; 
and 2) transmitting from the single moving Tx module, while receiving in the same 2D aperture with the four 
static Rx modules. The data collection for both calibration measurements scans a 2D region in elevation and 
cross-range of 74 cm  88 cm, respectively, spanning past the extent of the static Rx/Tx apertures in the Gen2 
gantry. The MATLAB data processing code has been updated to account for the orientation of the moving Rx/
Tx apertures on the 2D scanner and processing of static measurements. A combination of MATLAB scripts 
and compiled C MATLAB executable (MEX) code was developed to process the calibration measurements, 
and calculate the sensing matrix used to image extended targets. Mode-E (static) measurements of extended 
targets are taken with the updated LabVIEW code, utilizing up to four static transmitters (12 transmitting 
ports) and four static receivers (12 receiving ports). 

D.3. Calibration Algorithm for Coherent Image Formation in Multiple-bistatic Imaging System (Tasks 2.3   
 and 3.3)

This year we have extended our 3D calibration algorithm to work with the Gen-2 and Gen-3 systems, which 
measures the electric field in a 2D aperture in front of the radar system in order to create the sensing matrix 
in the target region. The results of this imaging can be seen in the Section D.4.a.

D.4. Experimental Imaging Results Using the Multistatic Millimeter Wave Radar System (Tasks 2.6 and 3.6)

This year, we have continued to test the imaging capabilities of the Gen-2 and Gen-3 system in several exper-
imental setups.  Representations of all the experiments are the 3D fully-electronic images at the 1-2 m range 
using the modular Gen-2 and Gen-3 mm-wave radar system.

D.4.a. Fully-electronic 3D Imaging at the 1-2 m Range Using the Modular Gen-2 Mm-wave Radar System

Last year’s experimental results were in 2D. In order to realize a full 3D reconstruction of a static target, a 
new experimental framework has been devised. Figure 13a (on the next page) shows the experiment model 
for the 3D imaging. The Region of Interest (RoI) has a size of 450 mm in x-axis (cross-range), 300 mm in 
y-axis (depth), and 900 mm in z-axis (elevation). The center of the reconstruction domain is located at [190, 
1400, 1010] mm. The pixel resolutions are 16 mm, 8 mm, and 30 mm in the x-, y-, z-axis, respectively. Figure 
13b shows the static metallic plate under detection with a size of 302 mm × 457 mm.
The reconstruction algorithm used in this experiment is based on Tikhonov regularization, which is often 
used in ill-posed inverse scattering problems. It is given by:

,
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where g is the measured vector having 4320 elements (9 Tx apertures × 12 Rx apertures × 40 frequencies); r 
is the reflectivity vector; Γ is the Tikhonov matrix chosen as a multiple of the identity matrix, αI, and α is the 
regularization parameter. To further mitigate the spatial noise, a 2D cross-section averaging is applied to r. 
The averaging processing for the y0-th cross-section reconstruction plane can be expressed as

where the length of the 2D averaging process is N +1 in each dimension, N being an even number.

Figure 13c shows the experimental reconstructed images of the plate with 5-pixel 2D averaging (N = 5). 
Figure 13d is the recorded image by an X-box One Kinect Sensor for fusing of the static mm-wave and ste-
reo-camera Kinect images. As can be seen, the profile of the metallic plate as well as its location is well imaged 
and similar to that recorded by the Kinect Sensor, which verifies the effectiveness of the 3D imaging ability 
of the established radar system.

,

Figure 13: (a) Experimental setup including 9 Tx apertures and 12 Rx apertures for static 3D reconstruction; (b) the 
target under test is a static metallic plate with a size of 302 mm × 457 mm; (c) Reconstructed target profile with 2D 
averaging; (d) Reference Image with Kinect (ground truth)
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D.4.b. Fully-electronic 3D Imaging at the 1-2 m Range Using the Modular Gen-3 Mm-wave Radar System

This year, we have realized the first experimental results of our 3D millimeter-wave Compressive-Reflec-
tor-Antenna imaging system. The addition of a CRA to the HXI RFE-based imaging system improves the sys-
tem sensing capacity by adding spatial and spectral diversity.
The CRA is 3D-printed and coated with a metallic spray to easily introduce pseudo-random scatterers on the 
surface of a traditional reflector antenna (TRA). The CRA performs a pseudo-random coding of the incident 
wavefront, thus adding spatial diversity in the imaging region and enabling the effective use of compressive 
sensing (CS) and imaging techniques. The CRA is fed with a multiple-input-multiple-output (MIMO) radar, 
which consists of four transmitting and four receiving apertures. Consequently, the mechanical scanning 
parts and phase shifters which are necessary in conventional physical or synthetic aperture arrays, are not 
needed in this system.

As shown in Figure 14, the CRA surface is designed with an offset length of Loff to minimize the blockage of 
the reflected field from the TRA and to enhance the radiation efficiency. The coating of the TRA surface with 
metallic applique scatterers results in a CRA that performs the spatial coding of the fields reflected from its 
surface. The metallic applique scatterers can be described by a pseudo-random perturbation function in 
∆h(x,z) in the y-axis. A geometrical model of the CRA is plotted in the right part of Figure 14a, where the sup-

Figure 14: (a) Off-axis placed parabolic (left) and compressive (right) reflector; (b) distortion height ∆h between the 
CRA surface and TRA surface; and (c) fabricated CRA using 3D printing technique with its surface covered with metallic 
triangle units.
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port of the ∆h(x,z) function has been discretized into a tessellated mesh of NΩ triangular faces. The averaged 
side length of the triangular facets is d0; and the distortion for each vertex is drawn from an uniform random 
distribution U(-∆hm,+∆hm), ∆hm being the maximum allowed distortion. All the parameters of the designed 
CRA are shown in Table 5, where λ0 is the wavelength corresponding to the center frequency fc of the radar 
operating bandwidth B.

The calibration setup for the CRA imaging system is shown in Figure 15. Two WR-12 tapered waveguides 
were used with the moving transmitter and receiver, which were mounted on the scanning platform 900 
mm away in range from the center of the CRA. The field was collected in an aperture of 880 mm in the x-axis 
(cross-range) and 640 mm in the z-axis (elevation), and sampled at half wavelength discretization steps in 
both dimensions. The magnitude and phase of the measured fields for one of the MIMO transmitters are plot-
ted for three different frequencies in Figure 16.

Table 5: Design parameters of the CRA.

Figure 15: Calibration setup for the CRA imaging system.

Figure 16: Measured near-field radiation patterns including the magnitude (top) and phase (bottom) distributions.
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The experimental setup of the CRA imaging system is shown in Figure 17. For the forward path (illustrated 
with a red dashed line), the four switch ports are successively activated for transmitting the radar signal to 
the CRA. The incident wavefront is then pseudo-randomly coded to achieve spatially and spectrally diverse 
measurements. Then, the wave reaches the RoI, containing a T-shaped target placed at its center. The same 
reasoning applies for the backward path that is plotted in the green dashed line, where all four receiving 
ports are active and simultaneously receive the radar signals.  A total of 30 frequencies are used in the ex-
periment, which are uniformly selected in the operation bandwidth, so that a total of 480 measurements (30 
frequencies × 4 Tx apertures × 4 Rx apertures) are recorded. The dimensions of the RoI are 600 mm, 420 mm, 
and 900 mm in cross-range, range, and elevation, respectively. The pixel resolution is selected to be 6 mm, 30 
mm, and 6 mm in the x−, y−, and z−axis, respectively.

Figure 17: Experimental setup for CRA imaging. The forward and backward paths are illustrated in the red and green 
dashed lines, respectively. A T-shaped metallic target is located 1.5 m away from the center of the CRA. The arrange-
ment and dimensions of the Tx/Rx arrays are shown in the subplot.

Figure 18: (a) Normalized magnitude of the received electric field, |Erec|, on 2D planes at different ranges; (b) maxi-
mum |Erec| along range; and (c) reconstructed target profile with a display threshold of |Erec| ≥ 0.5. The 2D averaging  
process with a length of N = 7 pixels is applied.
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Figure 18a shows the 3D imaging results of the T-shaped metallic target, where only three out of fifteen im-
aged frames in the RoI are shown. 3D reconstructed images are given in Figures 18b and 18c, where a 7-pixel 
2D averaging processing is applied. The maximum magnitude of the received electric field |Erec| is plotted in 
Figure 18b. The reconstructed target profile is shown in Figure 18c, where a display threshold of |Erec| ≥ 0.5 
is applied. As can be seen, the reflectivity of the RoI is successfully reconstructed, and the target is imaged, 
which shows a reasonable T-shaped profile with similar dimensions compared to those of the actual target.

D.5.	 Study	of	a	New	“On-the-Move”	System	Hardware	and	Configuration	(Tasks	2.1	and	3.1)

In order to transition into a fully electronic scanning system, we continued to investigate new hardware com-
ponents that will enable the Gen-3 system to provide real-time imaging for “On-the-Move” configurations 
[37-44]. Specifically, we have investigated how metamaterials can be added in front of or in the surface of the 
“Compressive Reflector” in order to enhance the sensing capacity of the system (see the report for Project R3-
B.2 in order to see additional results of this new configuration). The fabrication of the hardware is reported 
in this report. Moreover, the mechanical design of the Gen-3 system using a Compressive Reflector Antenna 
(CRA) was studied this year. The details about these contributions are described in the following subsections. 

D.5.a. Fabrication of Metamaterial Absorber (MMA) 

Metamaterials are of special interest in high capacity imaging applications. Specifically, the frequency dis-
persive response of metamaterials may be used to perform spectral coding that ultimately will improve the 
sensing capacity of the imaging system (see the report for Project R3-B.2 for a detailed explanation on sens-
ing capacity).

In the following section, the design, fabrication, and experimental validation of a meander-line metamateri-
al absorber (MMA) is described. The schematic of the suggested meander-line MMA structure is shown in  
Figure 19. The unit cell contains a supportive substrate with a meander-line pattern on top layer and a metal 
coating on the bottom layer. A polyimide film (DuPont Kapton VN) is used as the supportive substrate with 
a relative permittivity of 3 and a thickness of 200nm. The selected substrate is thin and flexible, making it 

Figure 19: (a) Perspective view, side view and (b) Top view of the Meander-line MMA unit cell. Design parameters of the 
meander-line MMA are set to be as: px = 570; py = 500; l = 332; w = 54; g = 43, all in [μm].

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-B.1

322



easy for tailoring the surface of the parabolic reflector. It should be noted that a thin layer of chromium is 
coated on the substrate (Fig. 19a) which is a necessary adhesion layer between the substrate and the gold. A 
full-wave finite-element based commercial software (HFSS) is utilized to design the metamaterial unit cell. 
The parameters for the designed meander-line are as follows: px=570; py =500; l=332;w=54; g=43, all in [μm].
For fabricating the MMA array, gold sputtering followed by a lift-off process is used to pattern the top layer. For 
the bottom layer, only a gold sputtering process is performed. Figure 20 shows the fabricated meander-line 
MMA array with 400x magnification. Based on the simulation, 20/200nm of Cr/Au was targeted. Based on 
the post-deposition measurement; however, the actual deposition is estimated to be slightly less (18/185nm 
Cr/Au). A vector network analyzer (N5242A PNA-X) synchronized with E-band mm-wave extenders (WR12-
VNAX) is used to measure the reflection coefficient of the meander line MMA. A Teflon plano-convex lens is 
located in front of the horn antenna to collimate the electromagnetic beam, as shown in Figure 21. The next 
step is to obtain the semi-analytic model for the MMA’s reflection response. A Drude-Lorentz model [45-47] 
with an equivalent bulk magneto-dielectric medium is utilized to characterize the MMA. In Figure 22, a com-
parison between the measurement and the semi-analytical model for the magnitude square and phase of the 
reflection coefficient is plotted. A plane-wave with normal incidence angle is applied for both the measure-
ment and the semi-analytic model.

Figure 20: Fabricated Meander-line MMA under 100x magnification.

Figure 21: Experimental setup for measuring the frequency response of the meander-line MMA array.

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-B.1

323



D.5.b.	 Mechanical	Design	of	a	System	Using	a	Compressive	Reflector	Antenna	(CRA)		

This year, we have developed a new mechanical configuration that enables the Gen-3 system to use multiple 
arrays of compressive reflector antennas (CRAs). As shown in Figure 23a, the new assembly is composed of 
four units, each one dedicated to a single transmitter or receiver. Each unit mainly contains an 80/20 struc-
ture and 3D-printed parts. Each CRA is mounted on a specially designed holder, and the holder is attached to 
a vertical beam (see Fig. 23b). Since each transmitter has four ports, four CRAs are required to be deployed 
symmetrically in the design. The reflection plate, which is used to reflect the signal from the transmitters to 
the CRAs (see Fig. 23c) is attached to its holder by using an adhesive polymer, and the holder is mounted on 
a horizontal beam. Finally, each unit is mounted to the main structure of the MIMO (Multiple Input Multiple 
Output) radar system. 
One advantage of this design is that it enables the CRAs to move in all directions. Moreover, the reflection 
plate can also be moved toward or away from the transmitters freely without any change of the main struc-
ture of the MIMO array. Meanwhile, different incidence and reflection angles can also be obtained by making 
3D-printed holders of different angles. In this sense, multiple coupling situations can be studied to achieve 
the best imaging performance. It is important to note that this mobile design will also enable the ability to 
mount larger CRAs; this will only require adjusting the positon of the reflection plate.

Figure 22: (a) Magnitude square and (b) phase of the reflection coefficient for the meander-line MMA.
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Based on the proposed mechanical design in Figure 23, we have developed the architecture of the CRA-array 
mm-wave radar imaging system. Figure 24 shows the current configuration of the imaging system with 6 
identical CRAs, which is the basic setup for high-sensing-capacity on-the-move imaging. The detailed param-
eters for the design of each CRA have been given previously in Table 5. 

Figure 23: Proposed CRA mechanical design, including: (a) front view of the whole system, (b) detailed design of the 
fixing part, and (c) signal pathway while working.

Figure 24: Experimental setup for “On-the-Move” imaging.
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In addition to the spatial diversity introduced by the CRAs, the data acquisition time in the current system for 
the commutation of the transmitters and receivers is reduced to a great extent, as the port-to-port switching 
time is only 0.1μs. Thus, the system is able to reconstruct an image frame in 328 μs, which is suitable for on-
the-move imaging of a human body with a normal walking speed (0.6~1m/s). 
As can be seen in Figures 25 and 26, the mm-wave radar successfully reconstructed the object under clothing. 
By combining all the received chirp signals, a video can be created by the imaging system to show an on-the-
move human body with potential threat objects.

Figure 25: Mm-wave images for the “On-the-Move” human body experiment with a metal box under clothing.

Figure 26: Video and 3D Kinect-based stereo camera images of the “On-the Move” human body experiment.
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E. Future Plans

Over the course of the next year, we will obtain experimental imaging results using the multistatic mm-wave 
radar system.
We will focus on completion of the following tasks to obtain the expected outcomes resulting in our final Gen-
3 real time imaging system:

1. The number of transmitter and receiver modules will be increased, such that targets of about 1.6 by 
0.4 meters in the cross ranges can be imaged using 16 transmitting and 16 receiving ports.

2. The FPGA switching time will be increased in frequency, such that all the radar returns can be col-
lected in 168 microseconds, thus enabling imaging of targets moving at 1 meter per second.

3. Imaging with multiple compressive reflector antennas at the same time will be possible.
4. Using active reflect arrays or phased arrays to be able to image multiple people at the same time will 

be possible.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The following features will be of special relevance to the Department of Homeland Security (DHS) enterprise:
• Non-invasive, minimally-disruptive “On-the-Move” scanning with quality imaging and high throughput; 

fast data collection in less than 10ms.
• Full body imaging with interrupted forward movement during mm-wave pedestrian surveillance; in 

multi-view. 
• A small number of non-uniform sparse array of Tx/Rx radar modules will minimize the cost of on-the-

move; five transmitters +five receivers + 10 switches.

B. Potential for Transition

The features of “On-the-Move” have attracted the attention of several industrial and government organiza-
tions. 
• Industrial transition partners: HXI, Inc., L3 Communication, Rapiscan, and Smiths Detection.
• Target government customers: Transportation Security Administration (TSA), the U.S. Department of 

Justice (DOJ), Customs and Border Protection (CBP), and the Department of State.

C. Data and/or IP Acquisition Strategy

The hardware and algorithmic design, integration, and validation performed under this project will contin-
ue to generate IP. In the past, several provisional patents have been submitted to Northeastern University’s 
(NEU) IP office, and our connection with different transition partners will facilitate its transition into indus-
try. Moreover, the hardware will also be used to create benchmark datasets that may be used by industry 
stakeholders in order to assess the performance of their reconstruction/imaging algorithms. Moreover, a 
patent was awarded in Year 4 (February 21, 2017) based on the work partially done in this project: U.S. 
Patent 9,575,045, “Signal Processing Methods and Systems for Explosives Detection and Identification Using 
Electromagnetic Radiation.” 
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D. Transition Pathway 

HXI Inc. has been collaborating with our Project R3-B.1 research team. Together, HXI and ALERT have de-
signed, fabricated, integrated, and validated the radar system. We expect that after the assembling the first 
Gen-3 prototype, HXI will license our IP and transition the technology to the mm-wave imaging market.  Ad-
ditionally, new low-cost miniaturized modules are being developed by HXI for the next generation mm-wave 
system; some of these components will be tested by the Project R3-B.1 PI.  
The PI has also established a working relationship with Smiths Detection and L3 Communications, which 
bodes well for future collaboration and transition.

E. Customer Connections

Customer Names & Program Offices:
• HXI – Mr. Earle Stewart
• Smith’s Detection Systems – Dr. Kris Roe 
• L3 Communications– Dr. Simon Pongratz
Frequency of Contact & Level of Involvement in Project: 
• The PI has weekly meetings with HXI for the project.  
• The companies Smiths Detection and L3 Communications had three to four meetings with the PI last year.       
New proposals related to the topic of this research will be submitted to other federal funding agencies. 

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. Prof. Martinez-Lorenzo was invited to give a talk entitled “High Capacity and Efficiency Opti-

mization of Compressive Antennas for Imaging Applications” at the Special Session “Inverse 
Problems: Theory, Techniques, and Applications,” of the European Conference on Antennas and 
Propagation, London, UK (April 2018). This talk covered several results generated by Projects 
R3-B.1 and R3-B.2.

2. Student Internship, Job, and/or Research Opportunities
a. Graduate students, Chang Liu, Ali Molaei, Luis Tirado, and Weite Zhang play an important role in 

our research project. They will continue to assist in the development of new hardware design and 
integration for the mm-wave radar system.  

b. Our undergraduate students, Anthony Bisulco, Christopher Gehrke, Katherine Graham, and Jo-
seph Von Holten, will continue to work on Projects R3-B.1 and R3-B.2. 

3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty
a. The PI participated in the Building Bridges Program, which provides opportunities for high 

school students to visit NU’s laboratories and gain hands-on research experience in order to 
engage them in STEM education.

b. The PI participated in the Young Scholars Program at Northeastern University, in which two high 
school students spent 6 weeks in Prof. Martinez’s lab learning about sensing and imaging. 
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4. Other Outcomes that Relate to Educational Improvement or Workforce Development
a. 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.

B. Peer Reviewed Journal Articles 

1. Molaei, A., Heredia Juesas, J., Blackwell, W.J., & Martinez-Lorenzo, J.A. “Interferometric Sounding Us-
ing a Metamaterial-Based Compressive Reflector Antenna.” IEEE Transactions on Antennas and Prop-
agation, 66(5) pp. 2188-2198, 2018. DOI: 10.1109/TAP.2018.2809488

2. Molaei, A., Heredia-Juesas, J., Ghazi, G., Vlahakis, J., & Martinez-Lorenzo, J.A. “Digitized Meta-
material Absorber-based Compressive Reflector Antenna for High Sensing Capacity Imaging.”  
arXiv:1806.06934.

3. Tirado, L., Ghazi, G., Alvarez-Lopez, Y., Las-Heras, F., Martinez-Lorenzo, J.A. “A GPU Implementation of 
the Inverse Fast Multipole Method for Multi-Bistatic Imaging Applications.” Progress in Electromag-
netics Research M, Vol. 58, 159-169, 2017. DOI: 10.2528/PIERM17021004

Pending-
1. Molaei, A., Bisulco, A., Tirado, L., Zhu, A., Cachay, D., Ghanbarzadeh Dagheyan, A., & Martinez-Loren-

zo, J.A. “3D Printed E-Band Compressive Horn Antenna for High-sensing-capacity Imaging Applica-
tions.” IEEE Antennas and Wireless Propagation Letters (under review).

2. Molaei, A., Tirado, L., Bisulco, A., Gehrke, C., Zhu, A., & Martinez-Lorenzo, J.A. “3D Printed Conical 
Horn Antenna Equipped with Orbital Angular Momentum Lenses for High-Capacity Millimeter-wave 
Applications.” IEEE Antennas and Wireless Propagation Letters (under review).

3. Obermeier, R. & Martinez-Lorenzo, J.A. “Sensing Matrix Design via Capacity Maximization for Block 
Compressive Sensing Applications.” IEEE Transactions on Computational Imaging (under review).

4. Heredia-Juesas, J., Molaei, A., Tirado, L., & Martinez-Lorenzo, J.A. “Sectioning-based ADMM Imaging 
for Fast Node Communication with a Compressive Antenna.” IEEE Antennas and Wireless Propaga-
tion Letters (under review).

C. Peer Reviewed Conference Proceedings

1. Molaei, A., Heredia-Juesas, J., L. Tirado, W. Zhang, A. Bisulco, A. Zhu, D. Cachay, A. Ghanbarzadeh Da-
gheyan, & J. Martinez-Lorenzo, “3D Printed Compressive Horn Antenna for High-Sensing-Capacity 
Millimeter-Wave Imaging”, CD Proc., EuCAP 2018 — XII European Conference on Antennas and Prop-
agation, London, UK, April, 2018.

2. Martinez-Lorenzo, J.A., & Obermeier, R. “High Capacity and Efficiency Optimization of Compressive 
Antennas for Imaging Applications.” CD Proc., EuCAP 2018 — XII European Conference on Antennas 
and Propagation, London, UK, April, 2018.

3. Molaei, A., Heredia-Juesas, J., Westwood, A., Somu, S. & Martinez-Lorenzo, J.A. “A Bilayer ELC Meta-
material for Multi-resonant Spectral Coding at Mm-wave Frequencies.” AP-S 2017—Antennas and 
Propagation & USNC/URSI National Radio Science Meeting, 2017 IEEE International Symposium on 
IEEE, San Diego CA, July 2017.

4. Molaei, A., Heredia Juesas, J., & Martinez-Lorenzo, J.A. “Single-pixel Mm-wave Imaging Using 8-bits 
Metamaterial-based Compressive Reflector Antenna.” AP-S 2017—Antennas and Propagation & 
USNC/URSI National Radio Science Meeting, 2017 IEEE International Symposium on IEEE, San Diego 
CA, July 2017.
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Pending-
1. Obermeier, R., & Martinez-Lorenzo, J.A. “A Capacity-based Sensing Matrix Design Method for Block 

Compressive Imaging Applications.” AP-S 2018—IEEE AP-S International Symposium – URSI, Boston, 
MA, July 2018 (accepted, to be presented).

2. Zhang, W., & Martinez-Lorenzo, J.A. “Single-frequency Material Characterization Using a Microwave 
Adaptive Reflect-array.” AP-S 2018—IEEE AP-S International Symposium – URSI, Boston, MA, July 
2018 (accepted, to be presented).

3. Molaei, A., & Martinez-Lorenzo, J.A. “Waveguide-fed Antipodal Vivaldi Antenna using an Antipodal 
Finline Transition.” AP-S 2018—IEEE AP-S International Symposium – URSI, Boston, MA, July 2018 
(accepted, to be presented).

4. Molaei, A., & Martinez-Lorenzo, J.A. “A Low Cost Reflect Array for Near-field Millimeter-Wave Beam 
Focusing Applications.” AP-S 2018—IEEE AP-S International Symposium – URSI, Boston, MA, July 
2018 (accepted, to be presented).

5. Molaei, A., Graham, K., Tirado, L., Ghanbarzadeh, A., Bisulco, A., Heredia-Juesas, J., Liu, C., Von Hol-
tenz, J., & Martinez-Lorenzo, J.A. “Experimental Results of a Compressive Reflector Antenna Produc-
ing Spatial Coding.” AP-S 2018—IEEE AP-S International Symposium – URSI, Boston, MA, July 2018 
(accepted, to be presented).

6. Heredia-Juesas, J., Tirado, L., & Martinez-Lorenzo, J.A. “Fast Source Reconstruction via ADMM with 
Elastic Net Regularization.” AP-S 2018—IEEE AP-S International Symposium – URSI, Boston, MA, July 
2018 (accepted, to be presented).

7. Heredia-Juesas, J., Molaei, A., Tirado, L., & Martinez-Lorenzo, J.A. “Fast Node Communication AD-
MM-based Imaging Algorithm with a Compressive Reflector Antenna.” AP-S 2018—IEEE AP-S Inter-
national Symposium – URSI, Boston, MA, July 2018 (accepted, to be presented).

8. L. Tirado, W. Zhang, A. Bisulco, H. Gomez-Sousa, J.A. Martinez-Lorenzo, “Towards Three-dimensional 
Millimeter-Wave Radar Imaging of On-the-move Targets”, AP-S 2018—IEEE AP-S International Sym-
posium – URSI, Boston MA, July 2018. (accepted, to be presented).

D. Other Presentations 

1. Seminars
a. Martinez-Lorenzo, J.A. “High Capacity and Efficiency Optimization of Compressive Antennas 

for Imaging Applications.” European Conference on Antennas and Propagation. London, UK, 10 
March 2018. Invited talk. 

b. Martinez-Lorenzo, J.A. “Research at SICA-LAB: Sensing, Imaging, (AI)-Control, and Actuation 
Laboratory.” NU Meeting with Leddartech, Northeastern University, Boston, MA, 19 April 2018. 

c. Martinez-Lorenzo, J.A. “Imaging at Speed.” NU Meeting with Transportation Security Adminis-
tration Administrator David Pekoske, Northeastern University, Boston, MA, 18 May 2018.

d. Martinez-Lorenzo, J.A. “Research at the SICA-Lab.” NU-ALERT Research Experience for Under-
graduates, Northeastern University, Boston, MA, 4 June 2018.

e. Martinez-Lorenzo, J.A. “4D-Coded Compressive Systems for High-Capacity Sensing and Imaging.” 
ECE at Michigan State University, 04 June 2018.

f. Martinez-Lorenzo, J.A. “Next Generation Checkpoints for On-The-Move Threat Detection.” Ad-
vanced Development for Security Applications (ADSA) Workshop 18, Boston, MA, 15 May 2018.

2. Poster Sessions
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a. Molaei, A., Graham, K., Heredia-Juesas, J., Tirado, L., Zhang, W., Bisulco, A., Liu, C., Von Holten, J., 
Zhu, A., Cachay, D., Ghanbarzadeh Dagheyan, A., & Martinez-Lorenzo, J.A. “Compressive Antennas 
for High-Sensing Capacity Imaging Applications.” RISE 2018, Northeastern University, Boston, 
MA, 5 April 2018.

b. Tirado, L., Zhang, W., Molaei, A., Bisulco, A., Gomez-Sousa, H., & Martinez-Lorenzo, J.A. “Three-di-
mensional On-the-Move Imaging Using a Millimeter-Wave CRA.” RISE 2018, Northeastern Uni-
versity, Boston, MA, 5 April 2018.

3. Interviews and/or News Articles 
a. Research featured by News@Northeastern. (May, 2018). “The next update to TSA checkpoints 

could start at Northeastern: David Pekoske visits SICA-LAB.” https://news.northeastern.
edu/2018/05/18/the-next-update-to-tsa-checkpoints-could-start-at-northeastern/ 
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R3-B.2: Advanced Imaging & Detection of  
Security Threats Using Compressive Sensing

I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email

Jose Martinez PI NEU jmartine@ece.neu.edu

Juan Heredia Juesas Post-Doc NEU j.herediajuesas@neu.edu

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Galia Ghazi PhD NEU 8/2017

Chang Liu PhD NEU 12/2019

Ali Molaei PhD NEU 6/2019

Richard Obermeier PhD NEU 12/2018

Luis Tirado PhD NEU 12/2018

Weite Zhang PhD NEU 12/2020

Anthony Bisulco BS NEU 6/2018

Alexis Costales BS NEU/REU 5/2021

Christopher Gehrke BS NEU 5/2021

Katherine Graham BS NEU 5/2021

Diego Rojas BS NEU/REU 5/2021

Joseph Von Holten BS NEU 5/2021

Diego Cachay High School Boston Latin School 5/2017

Nabil Kebichi High School Lexington High School 6/2018

Liane Xu High School Boston Latin School 6/2018

Alex Zhu High School Wayland High School 5/2017

II. PROJECT DESCRIPTION 

A. Project Overview

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 explosives residues or heat 
signatures on the outer surface of their clothing, and characterizing explosives using penetrating X-rays [1, 
2], terahertz waves [3-5], neutron analysis [6, 7], or nuclear quadrupole resonance (NQR) [8, 9]. At present, 
radar is the only modality that can both penetrate and sense beneath clothing at a distance of 2 to 50 meters 
without causing physical harm. 
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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” configuration, and at standoff-ranges (10-40 meters) using a “van-based” configuration (Fig. 1).

B. State of the Art and Technical Approach

The outcome of this project would be the first inexpensive, high-resolution radar system with a special ap-
plication to detect and identify potential suicide bombers. Its uniqueness is based on the ability to work on 
multistatic configurations, in which the information from multiple receivers and transmitters are coherently 
combined by using a common local oscillator. This project has the potential to be the first radar system that 
is capable of functioning at multiple ranges for both indoor and outdoor scenarios. An analysis of the state of 
the art is incorporated into Section II.C.
Table 1 shows the algorithmic development road map, including the steps needed to go from a 3D mechanical 
scanning imaging system (Gen-1 [10]) to a 3D fully electronic scanning imaging system (Generation 3, Gen-3 
[11,12]). An intermediate imaging system (Gen-2), capable of imaging small targets in a fully electronic fash-
ion and large targets in a hybrid electrical/mechanical fashion, will be used for a smooth transition between 
the Gen-1 and Gen-3 imaging systems.

Figure 1: General sketch of the inexpensive, high-resolution radar system used for detecting security threats (a) at 
mid-ranges using an “on-the-move” configuration, and (b) at standoff-ranges using a “van-based” configuration.
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The following activities were developed for this project: 1) Alternating Direction Method of Multipliers (AD-
MM)-based Compressive Imaging using synthetic and experimental data of the Gen-2 system and a potential 
Gen-3 system configuration (Tasks 2.4 and 3.4); 2) new Compressive Imaging Algorithms using synthetic 
data (Task 2.6); and 3) design of a high-capacity sensing system for Compressive Sensing (CS) imaging appli-
cations (Task 3.5). This project is intimately related to ALERT Project R3-B.1, “Hardware design for ‘Stand-
off’ and ‘On-the-Move’ Detection of Security Threats,” because it develops the imaging algorithms for the 
Project R3-B.1 hardware system. As a result of the ALERT Biennial Review conducted in March of 2018, this 
project was terminated and will not be funded in Year 6; however, aspects of this project will be merged into 
Project R3-B.1. Many of the technologies and techniques developed for this project are commonly used in 
near-field applications by other ALERT projects, including Projects R3-A.2 and R3-A.3.

C. Major Contributions

A summary of the Year 5 major contributions can be found in Table 2.

Table 1: Algorithmic development roadmap towards a fully electronic radar imaging system; from Gen-1 [10] to Gen-3 
[11, 12].
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D. Milestones

D.1. ADMM-based Compressive Imaging (Tasks 2.4 and 3.4)

The research on the ADMM-based algorithms continued this year, exploiting the separability of the objective 
function and exploring new regularization functions. Specifically, the use of the Elastic Net regularization, 
which is a combination of the norm-1 and norm-2 regularizations, allows for a sparse solution while mini-
mizing the risk of error. This has been proven to be very efficient when dealing with noisy data. Furthermore, 
exploiting the distributed capabilities of the ADMM, the analysis of the division of the sensing matrix of the 
system by rows and columns has been carried out, leading to the consensus and sectioning-based ADMM. 
Dividing the sensing matrix by rows accelerates the imaging process, and dividing the sensing matrix by 
columns reduces the amount of information that is required to be shared among the computational nodes. 
Finally, the ADMM compressive imaging has been tested with real data.

D.1.a. ADMM-based Imaging Using Joint Elastic Net Regularization

The main advantage of the ADMM resides in its property of separating the objective and the regularization 
terms in different variables and optimizing them in an alternative fashion. This fact allows for the use of 
diverse regularizations with just simple variation in the standard algorithm schemes. The Elastic Net regu-
larization, a combination of the norm-1 and norm-2 regularizations, is a clear example of that. This regular-
ization is expressed in the following form:

where the parameter α weights between the norm-1 regularization only (α = 0) and the norm-2 regulariza-
tion only (α = 1). This enables the possibility of finding many other solutions different from the sparsest or 
the minimum energy solutions. Figure 2 represents graphically a 2D example of this.

Table 2: Summary of this year’s major contributions.

(1)
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Given the linear problem 

where g ∈ �Nm is the vector of measurements, H ∈ �Nm×Np is the sensing matrix, w ∈ �Nm represents the noise 
collected by the receiver, and u ∈ �Np is the unknown complex vector; the Elastic Net regularization consen-
sus ADMM problem is defined as follows:

where H i are row block submatrices of the sensing matrix H, and g i are subvectors of g. The variables u i are 
copies of the unknown vector u, which are used for solving the problem for each H i and g i. The constraint 
forces that all partial solutions agree through the variable v. 
This problem is solved by the following iterative scheme: 

where ρ is the augmented parameters, St(a) is the soft-thresholding operator, and s i
k+1 is the dual variable at 

iteration k+1. Notice that these equations are very similar to the simple norm-1 regularized consensus-based 
ADMM. The only difference appears in the solution of the consensus variable v. Now this variable combines 
the shrinkage properties of both norm-1 and norm-2 regularization, depending on the value of α. On one 

Figure 2: Optimal solutions for norm-1, norm-2, and Elastic Net regularization in a 2D example.

(2)

(3)

(4.a)

(4.c)

(4.b)
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hand, the soft-thresholding operator forces small input values to be zero, due to the norm-1 regularization. 
On the other hand, the non-zero output values are decreased due to the norm-2 regularization. Figure 3 rep-
resents graphically this double shrinkage.

D.1.b. Consensus and Sectioning-based ADMM Using Rows and Columns Division of the Sensing Matrix 

The consensus-based ADMM has been proven to accelerate the convergence and perform imaging in quasi 
real-time by diving the sensing matrix by rows and optimizing different replicas of the unknown vector in 
parallel with less data for each one [12, 13], but it has the drawback of slow communication among the com-
putational nodes, since the whole imaging vector needs to be transmitted at each iteration. This problem has 
been addressed by dividing the sensing matrix in columns instead of rows. In this way, the amount of infor-
mation to be transmitted among the nodes is drastically reduced. This idea led to sectioning the imaging do-
main in several sub-regions and optimizing them independently, sharing small pieces of information at each 
iteration. Combining both techniques, a parallel and distributed algorithm with a reduced communications 
among the computational nodes is achieved.
Considering the same problem as in Equation (2), let us divide the sensing matrix into M row block and N 
column block sub-matrices, as shown in Figure 4.

Figure 3: Graphical representation of the weighted soft-thresholding operator in terms of the parameter α.

Figure 4: Representation of the division of the matrix sensing system by rows and by columns.
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The problem to solve is now of the following form:

where  is the i-th replic of the j-th sub-vector of the unknown vector . The solution of this optimization prob-
lem is given by the following iterative scheme:

and  and  are the mean of  and , respectively, for all replicas i of a given segment 
j, at iteration k+1.
This problem splits the imaging domain in several regions (division by columns) and then, for each one, some 
replicas are created (division by rows) and optimized independently, as shown in Figure 5. Figure 6 shows 
the architecture of the computational nodes distribution and their connections.

(5)

(6.a)

(6.b)

(6.c)

(6.d)

where

Figure 5: Graphical interpretation of the division by rows and columns. The image is sectioned into N regions, and each 
of them are replicated M times for performing the imaging with few data allocated to each node. The solution for each 
region is an average-like of all the replicas. The final imaging solution is the concatenation of all the regions.
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In terms of the communications among the computational nodes, Figure 7 shows a comparison among the 
consensus-based (division by rows), the sectioning-based (division by columns), and the consensus and sec-
tioning-based ADMM algorithms, meanwhile Table 3 shows the amount of elements that need to be inter-
changed by one node at each iteration.

Figure 6: Architecture of the consensus and sectioning-based ADMM. The problem is split into N nodes, each of them 
acting as a central node that collects the updates of M sub-nodes, computes the soft-thresholding operator of the 
mean of them, and then distributes the solution again to the sub-nodes. Each sub-node shares, for each iteration, 
a small vector dependent on their local optimization with the remaining sub-nodes that correspond with the same 
replica.

Figure 7: Schematic representation of the vectors and their lengths that are received from and transmitted by one 
single node at iteration k when the sensing matrix of the problem is divided in submatrices (a) by rows, (b) by columns, 
and (c) by both rows and columns.
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Therefore, depending on the known ratio  between the number of pixels in the imaging domain 
and the number of measurements, selecting one or other techniques will be more efficient in terms of com-
munications among the computational nodes. The graphics plotted in Figure 8 compare these techniques for 
different values of the parameter R.

Table 3: Number of elements to be shared for one single node at one iteration for the three ADMM distributed tech-
niques.
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Figure 8: (a) Column-wise division vs. row-wise division. Dividing the sensing matrix in submatrices by columns is more 
efficient, in terms of communications among nodes, than dividing it by rows for the integer and positives values of N 
that fall in the area indicated by the arrows, given R. (b) Row and column-wise division vs. row-wise division. Dividing 
the sensing matrix in submatrices by rows and columns is more efficient, in terms of communications among nodes, 
than dividing it by rows only for the integer and positive values of M and N that fall in the area indicated by the arrows, 
for a given ratio R. (c) Row and column-wise division vs. column-wise division. Dividing the sensing matrix in submatri-
ces by rows and columns is more efficient, in terms of communications among nodes, than dividing it by columns only 
for the integer values of N and M that fall in the area indicated by the arrows, for a given ratio R. 
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D.1.c. Some Results of the ADMM-based Compressive Imaging Algorithms.

D.1.c.i. Simulated Data

The Elastic-Net regularized ADMM has been tested in a problem of source reconstruction [14]. Five point 
sources of unit value are located in a  square normalized over the wavelength λ0 and NRx receivers are placed 
in a circular position of radius 10, with and angular separation of  as shown in Figure 9. The mea-
sured field is described by the following equation:

where  and dnm is the distance between the n ⎯ th pixel and the m ⎯ th receiver. Figure 10 shows the 
reconstruction error for different number of receivers for a sparsivity level of S = 5 when varying the param-
eter α (from norm-1 to norm-2 regularization), for a SNR = 50dB. It can be seen that the minimum error is 
obtained for an intermediate value of α, as is also shown in Figure 11.

(7)

Figure 9: System configuration. Yellow points represent the sources over the dark blue square region of interest. Red 
circles represent the receivers. All distances are normalized by the wavelength λ0.
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Figure 10: Reconstruction error varying the parameter α for different number of receivers with a SNR=50dB.

Figure 11: Source reconstruction and error when applying the Elastic Net regularized ADMM for different values of the 
parameter α.
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The consensus and sectioning-based ADMM was tested via a mm-wave imaging application, through the 
use of two compressive reflector antennas, according to the structure described in Figure 12. Having 12 
transmitters and 12 receivers and employing 15 frequencies in the 70-77GHz band, the total number of mea-
surements is Nm = 2160 for imaging a 3D structure containing Np = 22500 pixels. The results, when dividing 
the sensing matrix in  M= 4 row blocks and N = 3 column blocks, are presented in Figure 13. Table 4 shows 
the amount of information to be shared by one single node at each iteration, being clear how the sectioning 
(division by columns) and consensus and sectioning-based (division by rows and columns) ADMM highly 
reduces this amount compared to the consensus-based ADMM (division by rows). The consensus and sec-
tioning-based ADMM produces a good quality imaging with a reduced amount of information required to be 
shared among the computational nodes.

Figure 12: (a) Geometry of the sensing system. A vertical array of transmitters feed one CRA that illuminates the im-
aging domain. The field scattered by the targets is reflected by another CRA and measured by a horizontal array of 
receivers. (b) Top view of the sensing system. The faded CRAs and arrays of Tx and Rx indicate their position before 
tilting. The green CRA is tilted θt degrees in the +ŷ direction, and the orange CRA is tilted θt degrees in the -ŷ direction.
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D.1.c.ii. Real Data 

The ADMM algorithm has been tested in real data collected in the actual configuration of the radar in our 
laboratory. A person with a metallic box concealed under its clothes is being imaged by the radar. After the 
measurements are collected, the ADMM algorithm is applied for each time frame, identifying the range of 
the metallic box and some parts of the human body. The imaging is performed by adding in magnitude the 
imaging of 10 consecutive frames. Figure 14 shows the imaging performed at one instant for different ranges, 
perfectly identifying the position of the metallic box. When these results are fused with the information taken 
from optical cameras like the Kinect, which can identify the range of the objects they are observing, the mm-
wave imaging results can be refined,  This is done by performing the imaging starting from the point at which 
the Kinect has identified the person that is walking. In this way, some energy is saved since only a small area 
is imaged; the imaging time is reduced, since less data is required; and we can get rid of possible artifacts that 
may appear in front of the person. The imaging with the ADMM can be done in just 0.3 seconds for each time 
frame. Placing the imaging results for each time frame, a 3D video can be created representing the mm-wave 
reflectivity and the depth of the target imaged. Figure 15 plots one frame of these videos.

Figure 13: Imaging reconstruction (top, front, and side views) using (a) Consensus-based ADMM, (b) Sectioning-based 
ADMM, (c) Consensus and Sectioning-based ADMM. The targets are represented with transparent black triangles and 
the reconstructed reflectivity is presented in the colored map.

Table 4: Amount of information to be shared by one single node at each iteration.
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Figure 14: Imaging per range for one time frame with ADMM. The metallic box is perfectly defined and some parts of 
the human body behind the target. Other artifacts appear in front of the target, probably due to some reflection of the 
clothes and/or the hands that hold the metallic box for the experiment.

Figure 15: One time frame of the 4D (3 spatial dimension plus time) reconstructed imaging once the front layers have 
been removed after applying the a priori information provided by the Kinect with normalized reflectivity (left) and 
range position (right).
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D.2. New Compressive Imaging Algorithms (Task 2.6).

In last year’s report, we described how the success of Compressive Sensing (CS) techniques largely depend 
upon the properties of the sensing matrix A, and how the most commonly used performance metric, the Re-
stricted Isometry Property (RIP), is not suitable for many real-world applications, such as electromagnetic 
imaging. To overcome this challenge, we developed a novel sensing matrix design method based upon mutual 
coherence minimization [15] and presented some numerical results that demonstrate the method’s capabili-
ties. Since then, we have developed an enhanced method that can be applied to block CS applications [16-17].

D.2.a. Sensing Matrix Design via Capacity Maximization for Block Compressive Sensing Applications 

Block CS generalizes standard CS for applications in which the unknown signal of interest is known to exhibit 
block, or group sparsity. The concept of block sparsity can be simply described by Figure 16, which displays 
two different signals with sparsity S = 4. The block sparsity of these signals can be evaluated by first grouping 
the individual elements into blocks and then counting how many blocks have non-zero elements. For exam-
ple, if we group samples zero and one together, then two and three, etc., for a total of four groups, the signal 
on the left has a group sparsity of three and the signal on the right has a group sparsity of two. Specialized 
reconstruction techniques that exploit group sparsity (such as joint ℓ2 /ℓ1 minimization) have been shown to 
provide better reconstruction performance than standard CS techniques (such as ℓ1 minimization). Unsur-
prisingly, the success of specialized block CS reconstruction techniques can be assessed using extensions to 
the RIP.

Our sensing matrix design method considers the problem of sensing matrix design from the perspective 
of information theory, and is formally expressed as follows. Suppose that the sensing matrix A ∈ �M×N is 
assumed to be a function of design variables p ∈ �L according to the possibly nonlinear, but differentiable 
relationship A = F( p). The design algorithm then seeks the minimizer of the following optimization program:

Figure 16: Two signals with sparsity S = 4, but different block sparsity based upon the grouping.

(8)
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where Φr are sub-sampling matrices that extract the elements for the R different groups and Qp defines the 
feasible set of values that  can take. This is a nonlinear, non-convex problem, which can be solved using the 
Augmented Lagrangian method. In laymen’s terms, the optimization problem maximizes the smallest capac-
ity of sub-matrices obtained by selecting columns from the full sensing matrix. For a sensing matrix that is 
used to reconstruct a SB block-sparse signal, where each block has L values, the algorithm can theoretically 
be configured to optimize over all � � sub-matrices of size M × 2L to establish reconstruction guarantees 
using the block RIP. Unfortunately, this is not feasible in practice even for moderately sized problems. In many 
problems though, the algorithm can be applied over all �N/L

2  � sub-matrices of size M × 2L to enhance recon-
struction accuracy.
To assess the capabilities of the capacity maximization design method, let us reconsider the design applica-
tion described in last year’s report. Consider an imaging system in which a single transmitting and receiving 
antenna is used to excite a region of interest with a single frequency. This antenna was constrained to operate 
at  positions within a 5λ × 5λ grid located a distance of 5λ away from the imaging region. The unknown sig-
nal of interest was known to lie within nine blocks, denoted by the shaded regions in Figure 17, which was 
discretized into 144 points (nine four by four blocks). The objective of the design problem was to select the 
locations that the antenna would operate at. Figure 17 displays the locations that the antenna operated at for 
the baseline design (blue) and the optimized design (red). Over the  possible combinations of 
blocks, the original randomized sensing matrix has a minimum capacity of -12.6, while the optimized sensing 
matrix has a minimum capacity of -3.6. This led to a direct improvement in reconstruction accuracy, as can 
be seen in Figure 18, which displays the reconstruction accuracies of the baseline random design (blue) and 
optimized design (red) when joint ℓ2 /ℓ1 (block CS) and standard ℓ1 techniques are applied.

Figure 17: Antenna positions of the baseline (blue) and optimized (red) designs. The shaded boxes in the background 
represent the squares on which the capacity was evaluated.
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D.3. Design of High-capacity Sensing System for CS Imaging Applications (Task 3.5)

D.3.a. Compressive Imaging of Extended Human-size Regions Using an Array of CRAs.

As an example of the high-capacity sensing systems, an MMA-based CRA array made of eight compressive 
reflectors is designed, in order to be able to have a walk-through system for imaging an extended human-size 
region. As depicted in Figure 19, the CRA is manufactured by introducing a set of discrete applique scatterers 
on the surface of a traditional reflector antenna (TRA). Each CRA is illuminated with an array of transmitting 
and receiving antennas located on the focal plane. The electromagnetic cross-coupling between adjacent 
CRAs is used in order to enhance the sensing capacity of the system, as well as to extend the region that it 
can image. The proposed millimeter-wave sensing and imaging system is composed of eight CRAs positioned 
at sides of the walk through system, as shown in Figure 20a. The 3D human model was projected into a 2D 
plane located 2 m away from the focal plane. The coding mechanism of the CRAs relies on two principles: (1) 
spatial coding of the electromagnetic field, generated by introducing discrete PEC scatterers on the surface 
of a TRA and (2) spectral coding of electromagnetic fields, generated by 8-bit MMAs, tailored on the surface 
of the reflector.

Figure 18: Numerical comparisons of the reconstruction accuracies of joint ℓ2 /ℓ1 (block CS) and standard ℓ1 techniques 
using the baseline random and optimized designs.
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Figure 19: 2D cross-section of a Traditional Reflector Antenna (x > 0) and Compressive Reflector Antenna (x < 0).

Figure 20: (a) CRA array for imaging a human model; (b) a single CRA in offset mode (left) with the 8-bit MMAs tailored 
on the surface of the CRA (right).
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Each CRA is illuminated with two orthogonal receiving (Fig. 21a) and transmitting (Fig. 21b) arrays locat-
ed on the focal plane of the reflector. The electromagnetic cross-coupling between adjacent CRAs was used 
to perform the imaging. Given the location of the target with respect to the array, only the electromagnetic 
cross-coupling between CRA-l and CRA-k: (l=1,k=2), (l=3,k=4), (l=5,k=6), (l=7,k=8), (l=1,k=4), (l=3,k=6) and 
(l=5,k=8) is considered.

The design parameters for each one of the reflectors are shown in Table 5. Both the vertical receiving array 
(Fig. 21a) and the horizontal transmitting array (Fig. 21b) of each CRA consist of eight uniformly distributed 
conical horn antennas. With a similar procedure explained in Section E.3.a (“Design of a Compressive Reflec-
tor for Enhancing the Sensing Capacity”) of last year’s report, an 8-bit binary code ci = a1 ... a8 (i ∈ {1, ...,256}) 
is associated to each MMA design. Each digit of the binary code aj ∈ {0,1} (j ∈ {1, 2, ...,8}) is associated with 
a resonance frequency fj . The eight resonant frequencies are uniformly selected within the 67.375 GHz to 
79.625 GHz frequency band. The reflector’s surface is divided into 28 = 256 sub-surfaces and is randomly 
coated with the 256 different MMA configurations. In Figure 20b, each gray-scale color (rgb(i/2,i/2,i/2)) on 
the surface of the reflector represents a unique MMA configuration operating with the code ci. In Figure 22, 
the reflection coefficient and absorption value for eight different binary codes are plotted. Based on the res-
onance frequencies of the 8-bit MMAs, 66.5-80.5 GHz is selected to be the operational band of the radar and 
Nf = 87 regularly sampled frequencies are used to perform the imaging. 

Figure 21: (a) Array of receiving horn antennas feeding the CRA-2; and (b) array of transmitting horn antennas feeding 
the CRA-1.
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In this numerical example, the 8-bit MMAs are established in the frequency range of 66.5 GHz to 80.5 GHz, 
equivalent to a bandwidth of 19%, which is more than twice the bandwidth of the 4-bit MMA example pre-
sented in Section E.3.a of last year’s report. Nevertheless, there have been several efforts on extending the 

Table 5: Design parameters for a single CRA. 

Figure 22: Magnitude of reflection (|S11|) and absorption (1-|S11|2) of the MMA array for different binary codes: (a) c16 = 
00010000, (b) c32 = 00100100, (c) c73 = 01001001, (d) c85 = 01010101, (e) c107 = 01101011, (f) c231 = 11100111, (g) c223 = 
11011111, and (h) c255 = 11111111.
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local periodicity approach [18], which aim at expanding application scope of the method to the cases where 
the variations between the elements are not smooth. As it can be seen from the results in [18], in such cases 
the deviations and inaccuracies predominantly occur at the side lobes while the predictions of local periodic-
ity for the main lobe remains accurate. In the case of this example, there is not much concern about the side 
lobes and they do not play a major role in the near-field sensing, which makes effective medium approach 
valid, even if the variations between the adjacent elements are not very smooth.
Figure 23a shows the improved SV distribution of the single MMA-based CRA, when compared to that of the 
CRA without MMAs and a TRA. Also, Figure 23b shows how the sensing capacity of the CRA is enhanced for 
different SNR levels. The image reconstruction is performed using the MATLAB toolbox NESTA [19] imposing 
norm-1 regularization priors. The imaging result of the CRA with and without the 8-bit MMAs are plotted in 
Figure 24.

Figure 23: Comparison of (a) the normalized SV distribution and (b) the sensing capacity of a single CRA and TRA.
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To justify the improvement of the MMA-based CRA compared to that of the CRA without the MMAs, the im-
aging accuracy for both configurations are quantitatively measured and then compared to each other. Figure 
25a shows the original target mask that needs to be reconstructed. In Figures 25b and 25c, the reconstructed 
images above a threshold level of -16 dB are represented for the CRA and MMA-based CRA configurations, 
respectively. In Figures 25d and 25e, the wrong reconstructed areas (red color) and correct reconstructed 
areas (light blue color) are represented for the CRA and MMA-based CRA configurations. The accuracy of the 
imaging is calculated as the number of correct reconstruction pixels divided by the total number of pixels in 
the imaging domain. The wrong reconstructions could be either a point in the target domain that is detected 
with a reflectivity level smaller than -16 dB or a point outside the target domain that has been detected with a 
reflectivity level higher than -16 dB. The accuracy for the CRA configuration and MMA-based CRA configura-
tions are calculated to be 88.74% and 92.46%, respectively, which shows the effectiveness of the established 
MMAs in the imaging system. 

Figure 24: Reconstructed image using iterative compressive sensing algorithm (NESTA) for the (a) CRA and (b) MMA-
based CRA arrays.
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Finally, this improvement will be even more evident for a target that is less sparse than that used in Figure 
24 under a Total Variation Norm metric. Specifically, as shown in Figure 23, for a SNR=50 dB, the MMA-based 
CRA has about 30% more singular values above the noise level than the simple CRA; so considering a typical 
value on the minimum number of measurements “m” needed to reconstruct an “s”-sparse signal to be m=4s, 
then the MMA-based CRA should be able to reconstruct signals of sparsity sCRA/MMA = 1000, while the CRA will 
only be able to reconstruct signals with sparsity sCRA = 750.

E. Future Plans

As a result of the ALERT Biennial Review conducted in March of 2018, this project was terminated and will 
not be funded in Year 6; however, aspects of this project will be merged into Project R3-B.1. Our future plans 
for these aspects are outlined below and in the report for Project R3-B.1.
• ADMM-based Compressive Imaging. For the next few years, the follow-on tasks and expected outcomes 

are the following:
 ○ Task 3.4 (Year 6 and beyond) – Test and validate the algorithm in the Gen-3 system using multiple 

CRAs. The expected outcomes are a) validation of the algorithm in 3D with synthetic and experimen-
tal data of multiple CRAs. 

• Design of a high-capacity sensing system for CS imaging applications. For the next few years, the fol-
low-on task and expected outcome are the following:

 ○ Task 3.5 (Years 6, and beyond) – Extend the design of the high-capacity sensing compressive reflector 
to 3D. The expected outcome is the design and experimental validation of a 3D Gen-3 system present-
ing maximum sensing capacity.  

Figure 25: (a) Original target. Reconstructed image above the -16 dB threshold for the (b) CRA, and (c) MMA-based CRA 
configurations. Image reconstruction error (red color) for the (d) CRA, and (e) MMA-based CRA configurations.
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• Accelerating Compressive Imaging using multistatic FFT (including non-uniform FFT). For the next few 
years, the follow-on tasks and expected outcomes are the following:

 ○ Task 3.6 (Year 6 and beyond) – Test and validate the algorithm in the Gen-3 system. The expected 
outcome is the validation of the algorithm in 3D with experimental data.

• Automatic target detection using Deep Learning. For the next few years, the follow-on tasks and expected 
outcomes are the following:

 ○ Task 3.7 (Year 6 and beyond) – Create a database of different examples of targets and perform their 
reflectivity reconstruction via mm-wave imaging with the Gen-3 system that could serve for training 
and optimizing a Convolutional Neural Network (CNN) for automatic target detection. The expected 
outcomes are a) several mm-wave reconstruction images of a variety of metallic and no metallic tar-
gets with different shapes and locations; and b) a dataset of labels corresponding to these images, 
which can be used for training and optimizing a CNN, in order to perform automatic target detection.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The following features will be of special relevance to the Department of Homeland Security (DHS) enterprise:
• Non-invasive, minimally-disruptive “On-the-Move” scanning with quality imaging and high throughput; 

fast data collection in less than 10ms.
• Full body imaging with interrupted forward movement during mm-wave pedestrian surveillance; in 

multi-view. 
• A small number of non-uniform sparse array of Tx/Rx radar modules will minimize the cost of on-the-

move; five transmitters +five receivers + 10 switches.

B. Potential for Transition

The features of “On-the-Move” have attracted the attention of several industrial and government organiza-
tions. 
• Industrial transition partners: HXI, Inc., L3 Communication, Rapiscan, and Smiths Detection.
• Target government customers: Transportation Security Administration (TSA), the U.S. Department of 

Justice (DOJ), Customs and Border Protection (CBP), and the Department of State.

C. Data and/or IP Acquisition Strategy

The hardware and algorithmic design, integration, and validation performed under this project will contin-
ue to generate IP. In the past, several provisional patents have been submitted to Northeastern University’s 
(NEU) IP office, and our connection with different transition partners will facilitate its transition into indus-
try. Moreover, the hardware will also be used to create benchmark datasets that may be used by industry 
stakeholders in order to assess the performance of their reconstruction/imaging algorithms. Moreover, a 
patent was awarded in Year 4 (February 21, 2017) based on the work partially done in this project: U.S. 
Patent 9,575,045, “Signal Processing Methods and Systems for Explosives Detection and Identification Using 
Electromagnetic Radiation.” 

D. Transition Pathway 

HXI Inc. has been collaborating with our Project R3-B.1 research team. Together, HXI and ALERT have  
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designed, fabricated, integrated, and validated the radar system. We expect that after the assembling the first 
Gen-3 prototype, HXI will license our IP and transition the technology to the mm-wave imaging market.  Ad-
ditionally, new low-cost miniaturized modules are being developed by HXI for the next generation mm-wave 
system; some of these components will be tested by the Project R3-B.1 PI.  
The PI has also established a working relationship with Smiths Detection and L3 Communications, which 
bodes well for future collaboration and transition. 

E. Customer Connections

Customer Names & Program Offices:
• HXI – Mr. Earle Stewart
• Smith’s Detection Systems – Dr. Kris Roe 
• L3 Communications– Dr. Simon Pongratz
Frequency of Contact & Level of Involvement in Project: 
• The PI has weekly meetings with HXI for the project.  
• The companies Smiths Detection and L3 Communications had 3 to 4 meetings with the PI last year.       
New proposals related to the topic of this research will be submitted to other federal funding agencies. 

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. Prof. Martinez-Lorenzo was invited to give a talk entitled “High Capacity and Efficiency Opti-

mization of Compressive Antennas for Imaging Applications” at the Special Session “Inverse 
Problems: Theory, Techniques, and Applications,” of the European Conference on Antennas and 
Propagation. London, UK (April 2018). This talk covered several results generated by Projects 
R3-B.1 and R3-B.2.

2. Student Internship, Job, and/or Research Opportunities
a. Graduate students, Chang Liu, Ali Molaei, Luis Tirado, and Weite Zhang play an important role 

in our research project. They will continue to assist in the development of new hardware design 
and integration for the mm-wave radar system.  

b. Our undergraduate students, Anthony Bisulco, Christopher Gehrke, Katherine Graham, and Jo-
seph Von Holten, will continue to work on Projects R3-B.1 and R3-B.2. 

3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty
a. The PI participated in the Building Bridges Program, which provides opportunities for high 

school students to visit NU’s laboratories and gain hands-on research experience in order to 
engage them in STEM education.

b. The PI participated in the Young Scholars Program at Northeastern University, in which two high 
school students spent 6 weeks in Prof. Martinez’s lab learning about sensing and imaging. 

4. Other Outcomes that Relate to Educational Improvement or Workforce Development
a. Populating the research group with undergraduates brings homeland security technologies to 
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undergraduate engineering students, and establishes a pipeline to train and provide a rich pool 
of talented new graduate student researchers.

B. Peer Reviewed Journal Articles 

1. Molaei, A., Heredia Juesas, J., Blackwell, W.J., & Martinez-Lorenzo, J.A. “Interferometric Sounding Us-
ing a Metamaterial-Based Compressive Reflector Antenna.” IEEE Transactions on Antennas and Prop-
agation, 66(5) pp. 2188-2198, 2018. DOI: 10.1109/TAP.2018.2809488

2. Molaei, A., Heredia-Juesas, J., Ghazi, G., Vlahakis, J., & Martinez-Lorenzo, J.A. “Digitized Metama-
terial Absorber-based Compressive Reflector Antenna for High Sensing Capacity Imaging.” arX-
iv:1806.06934.

3. Tirado, L., Ghazi, G., Alvarez-Lopez, Y., Las-Heras, F., Martinez-Lorenzo, J.A. “A GPU Implementation of 
the Inverse Fast Multipole Method for Multi-Bistatic Imaging Applications.” Progress in Electromag-
netics Research M, Vol. 58, 159-169, 2017. DOI: 10.2528/PIERM17021004

Pending-
1. Molaei, A., Bisulco, A., Tirado, L., Zhu, A., Cachay, D., Ghanbarzadeh Dagheyan, A., & Martinez-Loren-

zo, J.A. “3D Printed E-Band Compressive Horn Antenna for High-sensing-capacity Imaging Applica-
tions.” IEEE Antennas and Wireless Propagation Letters (under review).

2. Molaei, A., Tirado, L., Bisulco, A., Gehrke, C., Zhu, A., & Martinez-Lorenzo, J.A. “3D Printed Conical 
Horn Antenna Equipped with Orbital Angular Momentum Lenses for High-Capacity Millimeter-wave 
Applications.” IEEE Antennas and Wireless Propagation Letters (under review).

3. Obermeier, R. & Martinez-Lorenzo, J.A. “Sensing Matrix Design via Capacity Maximization for Block 
Compressive Sensing Applications.” IEEE Transactions on Computational Imaging (under review).

4. Heredia-Juesas, J., Molaei, A., Tirado, L., & Martinez-Lorenzo, J.A. “Sectioning-based ADMM Imaging 
for Fast Node Communication with a Compressive Antenna.” IEEE Antennas and Wireless Propaga-
tion Letters (under review).

C. Peer Reviewed Conference Proceedings

1. A. Molaei, J. Heredia-Juesas, L. Tirado, W. Zhang, A. Bisulco, A. Zhu, D. Cachay, A. Ghanbarzadeh Da-
gheyan, J. Martinez-Lorenzo, “3D Printed Compressive Horn Antenna for High-Sensing-Capacity Mil-
limeter-Wave Imaging”, CD Proc., EuCAP 2018 — XII European Conference on Antennas and Propa-
gation, London, UK, April, 2018.

2. J.A. Martinez-Lorenzo and R. Obermeier, “High Capacity and Efficiency Optimization of Compressive 
Antennas for Imaging Applications”, CD Proc., EuCAP 2018 — XII European Conference on Antennas 
and Propagation, London, UK, April, 2018.

3. Molaei, Ali, et al. “A bilayer ELC metamaterial for multi-resonant spectral coding at mm-Wave fre-
quencies.” AP-S 2017—Antennas and Propagation & USNC/URSI National Radio Science Meeting, 
2017 IEEE International Symposium on. IEEE, San Diego CA, July 2017.

4. A. Molaei, J. Heredia Juesas, and J. Martinez-Lorenzo. “Single-pixel mm-wave imaging using 8-bits 
metamaterial-based compressive reflector antenna.” AP-S 2017—Antennas and Propagation & 
USNC/URSI National Radio Science Meeting, 2017 IEEE International Symposium on. IEEE, San Di-
ego CA, July 2017.

Pending – 
1. Obermeier, R., & Martinez-Lorenzo, J.A. “A Capacity-based Sensing Matrix Design Method for Block 
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Compressive Imaging Applications.” AP-S 2018—IEEE AP-S International Symposium – URSI, Bos-
ton, MA, July 2018 (accepted, to be presented).

2. Zhang, W., & Martinez-Lorenzo, J.A. “Single-frequency Material Characterization Using a Microwave 
Adaptive Reflect-array.” AP-S 2018—IEEE AP-S International Symposium – URSI, Boston, MA, July 
2018 (accepted, to be presented).

3. Molaei, A., & Martinez-Lorenzo, J.A. “Waveguide-fed Antipodal Vivaldi Antenna using an Antipodal 
Finline Transition.” AP-S 2018—IEEE AP-S International Symposium – URSI, Boston, MA, July 2018 
(accepted, to be presented).

4. Molaei, A., & Martinez-Lorenzo, J.A. “A Low Cost Reflect Array for Near-field Millimeter-Wave Beam 
Focusing Applications.” AP-S 2018—IEEE AP-S International Symposium – URSI, Boston, MA, July 
2018 (accepted, to be presented).

5. Molaei, A., Graham, K., Tirado, L., Ghanbarzadeh, A., Bisulco, A., Heredia-Juesas, J., Liu, C., Von Hol-
tenz, J., & Martinez-Lorenzo, J.A. “Experimental Results of a Compressive Reflector Antenna Produc-
ing Spatial Coding.” AP-S 2018—IEEE AP-S International Symposium – URSI, Boston, MA, July 2018 
(accepted, to be presented).

6. Heredia-Juesas, J., Tirado, L., & Martinez-Lorenzo, J.A. “Fast Source Reconstruction via ADMM with 
Elastic Net Regularization.” AP-S 2018—IEEE AP-S International Symposium – URSI, Boston, MA, 
July 2018 (accepted, to be presented).

7. Heredia-Juesas, J., Molaei, A., Tirado, L., & Martinez-Lorenzo, J.A. “Fast Node Communication AD-
MM-based Imaging Algorithm with a Compressive Reflector Antenna.” AP-S 2018—IEEE AP-S Inter-
national Symposium – URSI, Boston, MA, July 2018 (accepted, to be presented).

8. L. Tirado, W. Zhang, A. Bisulco, H. Gomez-Sousa, J.A. Martinez-Lorenzo, “Towards Three-dimensional 
Millimeter-Wave Radar Imaging of On-the-move Targets”, AP-S 2018—IEEE AP-S International Sym-
posium – URSI, Boston MA, July 2018. (accepted, to be presented).

D. Other Presentations 

1. Seminars
a. Martinez-Lorenzo, J.A. “High Capacity and Efficiency Optimization of Compressive Antennas 

for Imaging Applications.” European Conference on Antennas and Propagation. London, UK, 10 
March 2018. Invited talk. 

b. Martinez-Lorenzo, J.A. “Research at SICA-LAB: Sensing, Imaging, (AI)-Control, and Actuation 
Laboratory.” NU Meeting with Leddartech, Northeastern University, Boston, MA, 19 April 2018. 

c. Martinez-Lorenzo, J.A. “Imaging at Speed.” NU Meeting with Transportation Security Adminis-
tration Administrator David Pekoske, Northeastern University, Boston, MA, 18 May 2018.

d. Martinez-Lorenzo, J.A. “Research at the SICA-Lab.” NU-ALERT Research Experience for Under-
graduates, Northeastern University, Boston, MA, 4 June 2018.

e. Martinez-Lorenzo, J.A. “4D-Coded Compressive Systems for High-Capacity Sensing and Imaging.” 
ECE at Michigan State University, 04 June 2018.

f. Martinez-Lorenzo, J.A. “Next Generation Checkpoints for On-The-Move Threat Detection.” Ad-
vanced Development for Security Applications (ADSA) Workshop 18, Boston, MA, 15 May 2018.

2. Poster Sessions
a. Molaei, A., Graham, K., Heredia-Juesas, J., Tirado, L., Zhang, W., Bisulco, A., Liu, C., Von Holten, J., 

Zhu, A., Cachay, D., Ghanbarzadeh Dagheyan, A., & Martinez-Lorenzo, J.A. “Compressive Antennas 
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for High-Sensing Capacity Imaging Applications.” RISE 2018, Northeastern University, Boston, 
MA, 5 April 2018.

b. Tirado, L., Zhang, W., Molaei, A., Bisulco, A., Gomez-Sousa, H., & Martinez-Lorenzo, J.A. “Three-di-
mensional On-the-Move Imaging Using a Millimeter-Wave CRA.” RISE 2018, Northeastern Uni-
versity, Boston, MA, 5 April 2018.

3. Interviews and/or News Articles 
a. Research featured by News@Northeastern. (May, 2018). “The next update to TSA checkpoints 

could start at Northeastern: David Pekoske visits SICA-LAB.” https://news.northeastern.
edu/2018/05/18/the-next-update-to-tsa-checkpoints-could-start-at-northeastern/ 
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R3-C: Standoff Detection of Explosives: Infrared 
(IR) Spectroscopy Chemical Sensing

I. PARTICIPANTS

Faculty/Staff
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Name Degree Pursued Institution Month/Year of Graduation
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Samuel J. García-León BS UPRM 6/2020

Joel A. Gutiérrez-Torres BS UPRM 6/2018

Miguel A. Hernandez-Rovira BS UPRM 6/2020

Emanuel Irizarry-Monroig BS UPRM 6/2019

Alexandra N. Kuan-Ortiz BS UPRM 6/2020

Bryan Latalladi-Gonzalez BS UPRM 6/2019

Bianca M. López-Pagán BS/REU Summer-17 UPRM 6/2020

Christian J. Mercado-Cuevas BS UPRM 6/2019

Nair Mina-Barzola BS UPRM 6/2019
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Keishla C. Valentín-Martínez BS UPRM 6/2019
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II. PROJECT DESCRIPTION

A. Project Overview

The goal of the R3-C research component at the University of Puerto Rico at Mayagüez (UPR-M) is to de-
velop chemical sensors for explosives detection based on mid-infrared (MIR) laser spectroscopy. The ideal 
end-state of this project is to detect high explosives (HEs) residues on any substrate type at close, mid, and 
long standoff distances. To achieve this stage of development of the research, tunable quantum cascade laser 
(QCL) sources are explored for use in developing confirming chemical sensors for explosives residues left 
due to terrorist activities on real world substrates. The secondary sensors would be used in an orthogonal 
sensing scheme after remote detection of anomalies and devices under clothing and other substrates by mil-
limeter wave sensing. Multivariate analysis routines are then coupled with the laser enabled detection step, 
providing target identification and discrimination from substrates and other interferences, and even quanti-
fication of HE and homemade explosives (HMEs). Addressable libraries of HE/HMEs will be built, tested, and 
made available to the Homeland Security community. The spectra in the library will be able to be modified or 
morphed according to models that consider the spectroscopic measurement conditions, the physical features 
of the HE/HME residues, and the characteristics of the substrates’ surfaces. These libraries are intended to 
be useful for both the identification of single target chemicals that are combined with many clutter species 
as well as the discrimination among multiple target chemicals that are mixed with each other and with addi-
tional clutter species. 
The specific aims of the research include:
• Detection of explosives on metallic and mate substrates at close distances (∼ 15 cm).
• Discrimination of explosives from interferences, including highly MIR absorbing substrates.
• Detection of explosives on substrates at mid-range distances (∼ 1-10 m).
The challenges/obstacles encountered, which the research intends to address, include the following:
• Establish the differences between real samples vs. lab prepared samples in detection of explosives with 

MIR laser spectroscopy.
• Detection of explosives traces with MIR lasers at off-normal incidence geometries is in preparation for 

whole body scanning.
• Detection of explosives with MIR laser spectroscopy of moving targets.
To overcome these challenges requires transitioning from a commercially available MIR laser spectrometer 
operating at close distances from the source (∼15 cm) to a homebuilt system with the following characteris-
tics:
• Highly collimated laser beams with capabilities for sensing at mid-distances (1-10 m) and long distances 

(10-30 m).
• Higher power QCL systems: 50 – 200 mW.
• Wide spectral coverage: 1000 cm-1: 830–1850 cm-1 (5.5 – 12 µm).
• Fast scanning system: 5 seconds (or less).
This work is different from other groups in that it addresses detection of explosives residues of mass range 
from milligram to picogram deposited on real world substrates: bare and painted metal parts, clothing, travel 
bags, personal bags, laptop bags/cases, automobile parts, skin, and other relevant substrates. MIR laser spec-
troscopy signatures obtained in this mass range allow for the identification and quantification of explosives.
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B. State of the Art and Technical Approach

Vibrational spectroscopy, in its two main branches: infrared spectroscopy (IRS) and Raman scattering (RS) 
can be used for identifying and quantifying samples in complex matrices because each substance has a 
unique spectrum in the fingerprint and fundamental vibrations regions of the MIR region and corresponding 
Raman shift regions [1-6]. IRS is a well-established discipline within science and technology fields, and it 
has continuously evolved over the past 200 years [1-3]. Throughout this time, IRS gradually developed all its 
major modalities: absorption/transmission, reflection, and emission spectroscopies. It has benefited from 
technological developments in spectral sorting capabilities (gratings in lieu of prisms; interferometers in 
lieu of dispersive spectrometers), improvements in detection technologies, development of water resistant 
optical elements, and in fast processing data analysis (Fourier transformation) [1-6]. However, one area that 
has lagged in incremental developments and improvements, until recently, has been in the energy sources 
used for excitation of infrared spectra. Only polychromatic thermal sources (globars), which are inherently 
low power sources, have been traditionally available [3].
The difference in inherent strength of the photonic mechanisms that enable IRS and RS as the dominant 
techniques of vibrational molecular spectroscopy limits their capabilities and use in applications of standoff 
(SO) detection of threat chemical compounds. IRS being a photonic absorption process is a much stronger 
process than the inelastic scattering of photons in a Raman event. This enables SO-IRS with the capability of 
near trace detection of target chemicals up to tens of meters. On the other hand, RS is supported by important 
properties of lasers technology, which enable SO ranges as long as 1 km, but it is limited detection of bulk or 
semi-bulk amounts of samples (as low as several mg) and gaseous molecules of small molecules, due to the 
weakness of the scattering event. Both IRS and RS, in their various modalities, have been shown to be useful 
for characterization, detection, identification, and quantification of threat chemicals, among them HEMs and 
HMEs [6-17]. Over the past 25 years, the techniques have frequently been used in SO mode to deter terrorist 
threats by providing the basis for the required countermeasures to prevent explosives events. Fundamental 
and applied research in areas of interest to national defense and security focusing on remote detection of 
HEMs and HMEs that could be used as weapons of mass destruction has been reviewed regularly [7-17].
The need to develop more powerful MIR sources that enable detection at longer distances when a target 
hazardous threat chemical is located on a substrate in the form of a residue at trace or near trace levels sug-
gests the use of collimated, coherent, and polarized sources. These sources were first developed in 1994 at 
Bell Labs with the invention of QCLs [18]. A QCL is a unipolar semiconductor injection laser based on sub-in-
terband transitions in a multiple quantum-well heterostructure. As a semiconductor laser that can produce 
varying wavelengths and to operate at various temperatures, this type of laser has various advantages over 
other types of lasers [19-23]. QCLs can produce from a few tens to hundreds of milliwatts of continuous mode 
or pulsed power under ambient conditions, are commercially available, and have enabled the development of 
ruggedized systems for the detection of hazardous chemical compounds. The increase in output power has 
enabled the use of QCL-based spectrometers in long distance (range) applications, making the detection of 
chemical and biological threat agents possible at tens of meters from the source [24, 25].
Furthermore, QCLs can be operated in field conditions, allowing for the sensitive detection of HMEs such 
as triacetone triperoxide (TATP), of aliphatic nitrate esters such as pentaerythritol tetranitrate (PETN), 
of aliphatic nitramines such as RDX, and of nitroaromatic HEMs such as 2,4-dinitrotoluene (2,4-DNT) and 
2,4,6-trinitrotoluene (TNT) in the vapor phase using photoacoustic spectroscopy [26-28]. The detection of 
TATP and TNT in the vapor phase has also been achieved using IRS with satisfactory results [28-29]. More-
over, the use of QCL sources has been useful for the remote detection of HEMs deposited on surfaces using 
photoacoustic and traditional infrared absorption spectroscopies [30-35]. Thundat’s group recently report-
ed that nanomechanical IRS provides high selectivity for the detection of TNT, RDX, and PETN without the use 
of chemoselective interfaces by measuring the photothermal effect of the adsorbed molecules on a thermally 
sensitive microcantilever [36].
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However, most of the previous investigations focused on the detection of HEMs deposited on nearly ideal, 
highly-reflective substrates such as highly polished metallic surfaces [33]. There are few published reports 
on the effects of non-ideal, low-reflectivity substrates on the spectra of the analyzed target HEM [35]. The 
work by Suter and collaborators (2012; PNNL), in which they measured the spectral and angular dependence 
of MIR diffuse scattering from explosives residues deposited on a painted car door using an external cavity 
QCL (EC-QCL), laid the foundation for part of the work that this research group pursues [34]. However, our 
approach is significantly different because it comprises detection, identification, and discrimination of ex-
plosives on highly interfering backgrounds such as a cotton shirts or pants, nylon and black polyester from 
laptop bags or travel cases, simulated human skin, and other compacted solid mixtures [35]. The work also 
centers on using robust chemometrics techniques for “on-the-fly” pattern recognition and discriminant anal-
ysis, with an expected turnaround response time from a few milliseconds to less than 1 second. The main 
difference between the expected contributions of this research and the current state of the art is in bridging 
the gap between lab experiments under well-controlled conditions and the real-world detection of explosives 
residues [36]. Angular dependence of source-target-detector in active mode SO-IRS [37], and dependence of 
detection limits on angular alignment, substrate type, and surface concentration in active mode SO-IRS [38], 
using globars both modulated and non-modulated, have also been measured as part of the group contribu-
tions.

C. Major Contributions

C.1. Validation of MIR Laser Spectroscopy Detection of High Explosives on Metallic Substrates (Year 1)

The necessity of collimated and coherent light sources in the MIR is evident by the limitation in the opera-
tional distance (range) of standoff infrared spectroscopy (SOIR) experiments based on thermal excitation 
sources. Even when coupled to IR telescopes to direct the light source of the substrates containing the target 
HEMs, the energy/area of these systems greatly benefit from a monochromatic, coherent, collimated and 
polarized source: a laser. The development of lasers with the ability to emit radiation in the 3-12 μm (833 
to 3330 cm-1) spectroscopic range has advanced dramatically with the development of the quantum cascade 
and interband cascade (IC) lasers [18, 39]. MIR laser spectroscopy offers the possibility to detect HEMs and 
other harmful substances, both in the vapor phase (high sublimation pressure HEMs: TATP), as well as traces 
deposited on substrates. QCLs are highly suitable for compact and rugged sensor devices used for security 
and defense applications. A remote detection scheme for low vapor pressure nitroexplosives was described 
by Bauer et al. [40]. 
Block Engineering (BE) developed a scanning QCL spectrometer operating in the 6-12 μm (830-1670 cm-1) 
spectral range. Figure 1 is an illustration of BE’s QCL scanning spectrometer:
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In general, the scanning QCL system offers some key advantages over other established technologies. The 
main specifications and characteristics of this system are:

1. Speed: Very fast scanning and inspection of surfaces due to the use of a large 2-4-mm beam spot, 
long standoff distance and high pulse rate lasers.

2. Ease of use: The scanning QCL system uses a collimated beam with fixed optics that allows operating 
at a convenient, safe standoff minimum distance of 1-2 m.

3. Detection of multiple substances: The scanning QCL system will be able to detect a large number of 
substances, including high explosives, homemade explosives, mixtures, formulations, non-tradition-
al agents, impurities, and essentially any substance that has a spectral feature in the 6-12 µm range.

4. Detection of gases, vapors, liquids and solids: QCL system lends itself to the detection of all states 
of substances, including gases and vapors, in addition to its current capability of surface detection.  

5. Personnel safety: The use of a non-focusing laser beam and operation in the 6–12 µm spectral region 
avoids eye safety issues.

6. High sensitivity measurements: Due to the use of a high-power QCL source, it should be possible to 
detect concentrations as low as 1-15 µg/cm2 (0.01 – 0.15 g/m2) on surfaces as well as bulk material.

7. Ruggedness: Solid-state components, which are inherently rugged with long life expectancies.
The first stage of this project involved the validation experiments aimed at conforming the performance of 
the QCL spectrometer (BE LaserScan). Table 1 shows some of the specifications of the unit acquired from 
BE as part of their John Adams Institute for Innovation (JAII) Award in which the R3-C ALERT component had 
the mission of evaluating the performance of the laser spectrometer in detecting explosives.

Figure 1: Block Engineering LaserScan™ detection of surface trace and bulk material.
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Work in the lab continued steadily using the QCL based laser spectrometer (LaserScan). This system was 
designed for decontamination applications. The MIR spectroscopic system acquires reflectance spectra of 
films and deposits of chemicals on substrates. Some of the results obtained with the QCL system from Block 
Engineering are included in Figure 2. 
The reflectance spectra measured with QCL and FTIR (reference) of: (a) TNT, (b) PETN, (c) RDX, and (d) TATP 
are shown in the figure. The MIR laser spectra were collected on a smooth aluminum (Al) substrate. These 
spectra serve the purpose of validating the proposed technique for detection of HEM, explosive mixtures and 
formulations, and chemical precursors. The MIR laser spectra were collected in open air conditions. Thus, 
water vapor lines can be observed for some of the spectra, particularly for TATP samples, which are rapidly 
sublimating even at room temperature. In other cases, the inherent strength of the MIR signatures of the HE 
makes the water vapor lines imperceptible. There are operational parameters worth mentioning and dis-
cussing in some detail. First, the unit obtained as the result of the JAII award to BE is slightly different than 
the unit type generally described earlier in this section. Two aligning He:Ne lasers can be turned on to focus 
the invisible MIR laser beam of the spectrometer. This unit was designed for short focal length work, and 
the two He:Ne beams converge at the focal length of 15 cm. Meaningful measurements can be obtained at a 
distance from the 3 inch diameter ZnSe focusing lens at 15 ± 3 cm. Experience has dictated that defocusing 
the MIR laser beam is required for highly reflective polished metallic substrates (Al, stainless steel, gold, etc.), 
since the specular radiation collected in back reflection mode saturates the detector. Alternatively, tilting the 
metallic substrate to 9-10° avoids detector saturation.

Table 1: Specifications of the BE LaserScan QCL spectrometer used for the initial part of the project.
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C.2.	 Detection	of	Highly	Energetic	Materials	on	Non-reflective	Substrates	using	QCL	Spectroscopy	(Years	1-2)	

A spectroscopic system based on QCLs was used to obtain MIR reflectance spectra of HEMs deposited on 
non-ideal, low reflectivity matte substrates such as travel bags (TB), cardboard (CB), and wood (W). Various 
deposition methods including spin coating, sample smearing, partial immersion, and spray deposition were 
tested for preparing standards and samples used in the study. Figure 3 contains a schematic diagram illus-
trating the experimental setup, sample preparation, and data acquisition and analysis. 

Figure 2: QCL and FTIR (reference) spectra of HE on smooth Al plates: (a) TNT, (b) PETN, (c) RDX and (d) TATP.

Figure 3: (a) Sample preparation: HEM deposited on substrates; (b) spectral measurements; and (c) multivariate  
analyses.

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-C

371



The HEMs used included nitroaromatic explosive 2,4,6-trinitrotoluene (TNT), aliphatic nitrate ester pen-
taerythritol tetranitrate (PETN), and aliphatic nitramine 1,3,5-trinitroperhydro-1,3,5-triazine (RDX). Low 
surface concentrations (1-15 µg/cm2) of HEMs were used in the investigation. Figure 4 shows representative 
QCLS spectra of TNT, PETN, and RDX on Al (Fig. 4a), on CN (Fig. 4b), on W (Fig. 4c), and on TB (Fig. 4d). 

Two chemometrics algorithms were applied to analyze the spectral characteristics recorded using the QCL 
spectrometer: principal component analysis (PCA) was used to identify spectral similarities in a spectral data 
set and partial least squares (PLS) was used to find the best correlation between the infrared signals and the 
surface concentration of samples. The multivariate analyses utilized were efficient enough in attaining the 
goals of this investigation. 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 first derivative and mean centering 
as preprocessing steps. Wooden substrates were more challenging for generating efficient PCA models and a 
third preprocessing step: standard normal variate (SNV) transformation was required to achieve the desired 
discrimination on these substrates. Moreover, classifications 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 discrimination 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 demonstrat-
ed to be useful for detecting HEMs on non-ideal, low reflectivity matte substrates, and for discriminating the 
analytes from highly interfering substrates when coupled with chemometric tools such as PCA analysis. Fig-
ure 5 illustrates some of the results using PCA models: PCA for HE investigated on TB (Fig. 5a); and a general 
PCA regression model for TNT, PETN, and RDX on TB, CB, and W (Fig. 5b).

Figure 4: 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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Concentration profiles and difference spectra identification are shown in Figure 6. These spectra were used 
for the surface concentration profiles constructed in preparation to perform quantitative multivariate anal-
yses runs. A total of nine surface concentration profiles: 3-HEM x 3-substrates (plus three replicas of each 
combination) were assembled. QCL spectra of clean Al substrates were used as backgrounds. Figure 6a shows 
some of the RDX spectra recorded on wood substrates; Figure 6b shows spectra for TNT on CB at various sur-
face concentrations; and Figure 6c shows measured QCL reflectance spectra for PETN on wood. However, the 
QCL methodology used for detection of explosives on non-reflective substrates does not require the use of 
multivariate analyses for identification of HEM, but rather, as illustrated in Figure 6d, a single acquisition (3 
seconds) of CB was subtracted from the corresponding QCL spectrum of PETN on CB to obtain the difference 
spectrum of PETN. Comparison with the QCL transflectance spectrum of PETN on Al demonstrates that sev-
eral of the aliphatic nitrate ester signature bands can be readily assigned by comparison with the reference 
QCL spectrum. The only requirement for this type of remote detection experiment is be able to acquire a QCL 
spectrum of a non-contaminated (non-dosed) segment of the substrate.
Finally, PLS models demonstrated the capability of predicting surface concentrations of HEMs on the sub-
strates tested using a maximum of eight latent variables (LV) to obtain values of R2 higher than 0.9. The re-
sults clearly demonstrate that the infrared vibrational method used in this study can be useful for the detec-
tion of HEMs on real-world low reflectivity 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 7. The class predictions 
of PETN, RDX, and TNT on TB from the cross validation are shown in Figures 7a-7c. Four LVs were required to 
obtain the best multivariate classification 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 suffi-
cient for a good classification of the predicted spectra set on TB. For the multivariate (clustering) analysis of 
the HEMs on TB, a total of six LVs was necessary to capture 80% of the total variance in the spectral data. As 
shown in the score plot in Figure 7d, two latent variables with 60% of the spectral variance were sufficient 
to obtain an excellent classification 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. 

Figure 5: (a) PCA model for QCLS detection of HE deposited on TB; and (b) general PCA regression model for QCL spec-
tra of HE deposited on substrates. The dotted red closed curve represents 95% confidence level.
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Figure 6: Surface concentration profiles for (a) RDX on wood; (b) TNT on CB; and (c) PETN on wood. (d) Difference spec-
trum: PETN/CB minus CB and comparison with QCL transflectance spectrum PETN/Al (used as reference).

Figure 7: PLS-DA model for discrimination of HEM on TB: (a) class prediction for PETN; (b) class prediction for RDX; (c) 
class prediction for TNT; and (d) scores plot of LV2 vs. LV1 for detection of PETN, RDX and TNT on TB. Preprocessing 
steps applied were 1st derivative (15 pt.) and MC. The threshold for discrimination and 95% confidence level for clus-
tering are represented with red dotted lines.
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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 reflectivity substrates: travel bag fabric (TB), 
cardboard (CB), and wood (w). Spectral identification using spectral correlation algorithms were not effi-
cient enough for identifying HEMs when present on non-ideal low reflectivity, highly mid-infrared absorbing 
substrates; however, multivariate analyses were efficient enough in attaining the goals of this investigation. 
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 [35, 36].

C.3.	 QCL	Spectroscopic	Library	of	Explosives	(Year	2)

Spectral signatures of explosives were recorded by MIR spectroscopy using a QCL system. Explosive samples 
were deposited on aluminum and on real-world substrates such as travel baggage, cardboard, and others. 
Explosives used in this stage of the project were RDX, PETN and 2,4-DNT. The deposition method utilized was 
sample smearing. 

Table 2: Statistical parameters of PLS calibrations for QCLS spectra of HEM deposited on substrates.
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C.4. Classical Least Squares-Assisted MIR Laser Spectroscopy Detection of High Explosives on Fabrics (Years    
 3-5)

MIR laser spectroscopy was used to detect the presence of residues of high explosives (HEs) on fabrics. The 
discrimination of the vibrational signals of HEs from a highly MIR-absorbing substrate was achieved by a sim-
ple and fast spectral evaluation without preparation of standards using the classical least squares (CLS) algo-
rithm. CLS focuses on minimizing the differences between the spectral features of the actual spectra acquired 
by MIR spectroscopy and the spectral features of calculated spectra modeled from linear combinations of the 
spectra of neat components: HEs, fabrics, and bias. Samples in several combinations of cotton fabrics/HEs 
were used to validate the methodology. Several experiments were performed focusing on binary, ternary, and 
quaternary mixtures of TNT, RDX, PETN, and fabrics. The parameters obtained from linear combinations of 
the calculated spectra were used to perform discrimination analyses and to determine the sensitivity and 
selectivity of HEs with respect to the substrates and to each other; however, discrimination analysis was not 
necessary to achieve successful detection of HEs on cotton fabric substrates.
RDX signals (mRDX > 0.02 mg) on cotton were used to calculate the limit of detection (LOD). The signal-to-
noise ratios (S/N) calculated from the spectra of cotton dosed with decreasing masses of RDX until S/N ≈ 3 
resulted in a LOD of 15-33 µg, depending on the vibrational band used. Linear fits generated by comparing 

Table 3: Explosives contained in the QCL library. Status: all substrates: A; metallic substrate: M; not measured N.
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the mass dosed RDX with the fraction predicted were also used to calculate the LOD based on the uncertainty 
of the blank and the slope. This procedure resulted in a LOD of 58 µg. Probably the most representative value 
of the method LOD was calculated using an interpolation of the P value threshold for low surface dosages of 
RDX (LOD = 40 µg).
The results demonstrate that to achieve HEs detection on fabrics using the proposed algorithm (i.e. deter-
mining the presence/absence of HEs on the substrates), the library must contain the spectra of HEs, sub-
strates and potential interferents, or that these spectra must be added to the models in the field. If the model 
does not contain the spectra of the fabric components, there is a high probability of finding false positives 
for clean samples (no HEs) and a low probability for failed detection in samples with HEs. More work will be 
required to demonstrate that these new approaches for HE detection work on real-world samples, and also 
when contaminating materials are present in the samples.
CLS is a well-known regression method that uses the Beer-Bouguer-Lambert linear relation dependence 
between the absorbance of a chemical species and its molar concentration and it is directly applicable to 
quantitative spectral analyses. The highest goal of CLS analysis is achieved when a broad spectrum of inten-
sities of several components in a mixture is included in the analysis. This requirement is one of the greatest 
limitations of CLS, which is that complete knowledge of the individual components in the matrix analyzed is 
required. Thus, spectra of the mixtures and the spectrum of each neat component are needed to estimate the 
spectral fraction for each component that is in the composition of the mixture. This is true only when neat 
components are involved; however, CLS can be considered as the transition state or as a bridge between uni-
variate and multivariate analysis. Accordingly, in CLS, the response at any wavenumber can be considered as 
a linear combination of the responses of each component that is assumed to be in the mixture. The method 
also estimates the proportion of each spectrum component in the mixture spectra by minimizing the sum of 
the squares of the errors. In most cases, this spectral proportion is equal to or linearly proportional to the 
actual proportion in the mixture. Following this approach, a CLS analysis is presented and discussed.
In the study, binary, ternary, and quaternary mixtures were prepared from the four components in the cal-
ibration set: three for the HEs utilized and one for the cotton fabric substrates. A simple implementation of 
CLS analysis was used for the detection and discrimination analysis of the target HEs by remote sensing with 
QCL spectroscopy. The CLS methodology and analysis introduces a statistical experimental design based on 
reference spectra obtained from the pure components included in the mixtures, establishing a simple tech-
nique for data visualization and model interpretation. In comparison, PLS-DA-based calibration models re-
quire the development of independent models for each substrate surface, or type of fabric and are unsuitable 
for actual remote-sensing applications. Using the proposed method, in-field actualization of the substrates 
can be performed, and only the spectra of the neat HEs and surfaces/substrates need to be included in the 
spectroscopic library.
Reference spectra of the HEs and the cotton fabric were acquired by diffuse reflectance using the QCL spec-
trometer. Roughened gold substrates were used as a background reference for the reflectance measurements. 
Reflectance units were converted to the negative of the logarithm of the reflectance for spectral display and 
in preparation for the chemometric analysis to be applied to the data. The spectra of cotton fabric with the 
corresponding dosing amounts of HEs were acquired in the same form as for the background spectra. Figure 
8 shows representative spectra for the HEs and cotton fabric substrates obtained. The normalization was 
performed using standard normal variate (SNV) as a preprocessing step. SNV was applied to the full spectral 
region of the analyses to eliminate the baseline drift caused by MIR scattering due to differences in particle 
size, the topology of the fabric substrate, and the inherent scale of the spectra.
Statistical model: all spectra were acquired in the Thermo-Galactic Grams/AI SPC spectroscopic file format 
(Thermo-Fisher Scientific, Inc., Waltham, MA) and analyzed using a CLS model developed with customized 
commands in Matlab (The MathWorks, Inc., Natick, MA) included as part of the Supplementary Materi-
als. Spectra were also loaded into the PLS Toolbox v. 8.1 (Eigenvector Research, Inc., Manson, WA, USA) to  
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generate the matrices for other multivariate analyses. Even further statistical analyses were performed using 
StatgraphicsTM Centurion XV software, version 15.2.05. (Statpoint Technologies, Inc. Warrenton, VA). The 
proposed linear model based on CLS can be represented by the following equation [41]:                            

where �φj ,	 β
�

j�i represents the ith normalized intensity of the spectrum [from –log(R)], calculated from a 
mixture of several components ( j); φj(ωi) is the normalized intensity at each wavenumber (ωi) of the net 
spectrum belonging to the j component; and β�j is a parameter that indicates the fraction or proportion of the 
net spectrum of a certain component in the spectrum of the mixture. The model assumes that there are no 
binding interactions among the components in the mixture, which would lead to changes in intensities, band 
shifts, and the appearance or disappearance of vibrational bands due to binding, physical, or chemical inter-
actions. This implies that the intensity contributions are additive, at least to the first order. The β�j parameters 
can be calculated by finding the minimum of the square of the difference between the actual spectra (RS) and 
the calculated spectra (CS) as follows: 

The minimum value of the sum of the squares of di (residual) with respect to β�j , illustrated above, can be 
found by setting to zero the first-order partial derivatives with respect to β�j and finding the values of β�j . 
Because the model contains “n” parameters, this generates n partial-derivative equations that can be repre-
sented as follows:

It is possible to extract the signals of interest for each component of the mixture from the model. For example, 
if the component of interest is 1, the extracted spectrum (Ψ� ) is

C.4.a. Binary Models

Models for each of the classes (mixtures) studied were generated. Binary-class models were based exclu-
sively on the spectra of cotton fabric substrates and the spectra of each of the HEs. In this case, Equation 1 
reduces to:

Twelve loading samples containing various amounts of HEs ranging from 0.1 to 3 mg were deposited on the 
fabric substrates. The β�HE parameters were calculated from five (5) replicate spectra acquired at various loca-
tions on the substrate surface for samples of several RDX loadings, resulting in a total of 60 spectra. The prob-
ability distributions were estimated. Binary models for each of the HE/cotton fabric substrate combinations 
were generated (P-models). The decision threshold for the model (P) was determined using the predicted 
average value (x‒) of β�HEM for the cotton fabric substrate samples (blank) and the standard deviations (sd) of 
the replicates as follows:

(1)

(2)

(3)

(4)

(5)

⦁ (6)
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There is an estimated 5% probability of random error. This probability is based on the definition of the limit 
of detection (LOD) [41-43]. There is a high probability that the clean samples are below this threshold. Thus, 
it was only necessary to have representative spectra of the cotton fabric substrates in the database to gener-
ate the discrimination. The models had high sensitivity and selectivity for the HE mass range of 0.1 to 3 mg, 
as illustrated in Table 4. The model was compared with the discriminant analysis (DA). The results are also 
shown in Table 4, where the value of β�HE  was used to generate a model for discrimination. The difference be-
tween this DA model and the proposed CLS model is that in the calibration the CLS model must be fed with a 
spectrum of the cotton fabric without HEs (clean substrate) and with the spectra of the neat HEs and it is not 
necessary to include spectra of the cotton fabric substrates dosed with HEs. 
The spectra for the binary models for TNT, RDX, and PETN are shown in Figures 8a to 8c. In each of these 
graphs, the spectra of approximately 0.1 mg of HE deposited on the cotton fabric substrates are shown as 
blue traces. The predicted spectra from Equation (5) are shown as red traces. Reference spectra for the pow-
der form of the neat HEs (labelled “Ref”) and cotton fabric substrates are shown as black and orange traces, 
respectively. The HE/cotton spectra with the cotton fabric spectra subtracted using Equation (5) are shown 
as green traces. The binary model that consists only of the cotton fabric spectrum and RDX spectrum is pre-
sented as an example. The relationship based on Equation (5) is:

Figure 9 illustrates the calculation of the probability for RDX in the mass range of 0.1 to 3 mg as a function of 
β�RDX.

C.4.b. Ternary Models

The equation for ternary models (three components: cotton, TNT, and RDX) based on Equation (1) is as  
follows:

Samples of 100% TNT from 0.1 to 3 mg (12 samples), 100% RDX from 0.1 to 3 mg (12 samples), and binary 
mixtures of 50% TNT/RDX with a total mass ranging from 0.5 to 3 mg (134 samples) were deposited on cot-
ton fabric substrates and processed as in the case of the binary mixtures. The values of the parameters β�TNT 
and β�RDX were later calculated, and the distribution values for each sample were plotted from Equation (6). 
Figure 10 shows that good discrimination for the binary samples was obtained; however, in ternary mixtures, 
a few samples were classified as binary mixtures composed of TNT/cotton. These samples coincided with the 
locations on the cotton surface where only small yellow TNT crystals were found, when visually inspecting 
the samples. The sensitivity and specificity are also shown in Table 4. Decision thresholds for the models 
were determined using the predicted average values (x‒) of β�TNT and β�RDX for the cotton fabric samples plus 
the standard deviation (sd) times 3.28 (Eq. 6). In Figure 10, the decision value thresholds are represented by 
a violet circle with a light-brown border and the thresholds lines are represented by black dotted lines. This 
threshold was labelled “P” to differentiate it from the DA threshold.

(7)

(8)

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-C

379



C.4.c.	 Quaternary	Model

The model for quaternary mixtures of fabric substrates, TNT, RDX, and PETN, and can be described by:

Samples of 100% TNT, 100% RDX, and 100% PETN ranging from 0.1 to 3 mg and samples of mixtures of 50% 
TNT/RDX, 50% TNT/PETN, 50% PETN/RDX, and 33.3% TNT/PETN/RDX, each with a total mass ranging 
from 0.5 to 3 mg, were deposited on cotton fabric substrates (252 samples). The values of the parameters  
β�TNT  β

�
RDX, and β�PETN for the mixtures were calculated along with their distribution plot for each sample from 

the calculated values following Equation (9). The sensitivity and specificity are shown in Table 4. Visualiza-
tion of the separation of classes in 3-dimensions (3D) is difficult for 2-dimensional representations. 

Figure 8: (a-c) Spectra of approximately 0.1 mg of HEs (TNT, RDX, and PETN) deposited on cotton are shown as blue 
traces; predicted spectra from Equation (5) are shown as red traces; cotton spectra are shown in orange traces; subtrac-
tion of the cotton spectra from HE/cotton spectra calculated using Equation (4) are shown as green traces; and refer-
ence HE spectra are shown as black traces. (d) Comparison of reference spectra for individual HE and a typical spectrum 
for the quaternary mixture: TNT-RDX-PETN/cotton. 

(9)
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Figure 9: Kernel probability distribution estimation for the β�RDX  parameter of the RDX/cotton binary mixture.

Figure 10: Samples distribution for β�TNT and β�RDX parameters.
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C.4.d. Tests with Other Substrates

Five other substrates were investigated: white cotton (100%, from a T-shirt), polyester (100%), 65% poly-
ester-35% cotton, 45% polyester-55% cotton, and 84% polyester-16% Spandex. The spectra of neat sub-
strates (free of HE) and the spectra of substrates dosed with TNT were acquired and used for the study. 
Figure 4 shows the QCL spectra of TNT, polyester, and Spandex™ used in models for other substrates. Three 
models were generated and tested. First, a binary model for TNT based on Equation (5) was developed. This 
model was composed of a spectrum for the cotton in blue jeans and a TNT spectrum. The samples used in 
the study are shown in Table 2. All substrates contaminated with TNT were correctly predicted. However, the 
samples consisting of neat polyester and Spandex (without TNT) were predicted as containing TNT, i.e., as 
false positives. The β�TNT values were high for all cases, except for the samples of white cotton substrates, as 
the model already included a spectrum of cotton from another substrate (blue jeans). Low amounts of TNT 
(~ 0.1 mg) predicted high β�TNT values. This is unreasonable because the β�TNT values should have been low. 
However, this can be explained in the cases of the polyester and spandex polymer substrates since both have 
intense signals in the same spectral window as TNT. 
A second model was built with a spectrum of cotton from blue jeans, a spectrum of polyester, and a spectrum 
of neat TNT. When the spectrum of polyester was added to the model, all the samples with this substrate were 
correctly predicted with values of β�TNT  near zero. Only the samples that contained Spandex fabric were not 
correctly classified. Finally, a third model was generated by adding the spectrum of Spandex to the second 
model. After this, all samples were correctly classified, and the samples with low amounts of TNT (~ 0.1 mg) 
had a low β�TNT value (see Table 5). Thus, for the classification of samples using CLS and the protocol pre-
sented, it is important to include the spectra of all components of the substrate in the model under develop-
ment to produce a good prediction capability. For the practical identification of HEs on fabrics in defense and  

Table 4: Sensitivity and specificity values for binary discriminant models.
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security applications, the database to be built must contain the neat spectrum of the HE, as well as the spectra 
for the substrate fabrics and other components.

C.4.e. Conclusions

The reconceptualization of the CLS algorithm in combination with remote sensing by QCL spectroscopy re-
sulted in the development of a new methodology for the detection of HEs and mixtures of HEs deposited on 
natural and synthetic fabrics. In this study, the capability of the CLS-assisted MIR laser spectroscopy method 
for detection of HE in binary, ternary, and quaternary solid mixtures with non-MIR reflective (matte) sub-
strates, such as cotton, polyester, and spandex fabrics was demonstrated. In addition, if spectra of the neat 
components (i.e. the HEs of interest (RDX, TNT, and PETN)) and spectra of the fabrics are present in the cal-
ibration set (or spectroscopic library), it is possible to perform discrimination on surfaces or substrates by 
updating the model, with the spectra corresponding to the new surface/substrate where the detection would 
be conducted. This finding was demonstrated using five other substrates: white cotton (100% rag), polyester 
(100%), 65% polyester/35% cotton, 45% polyester/55% cotton, and 84% polyester/16% spandex. Neat 
(HE-free) substrates and substrates dosed with TNT were investigated in this experiment. If the model did 
not contain the spectra of the fabrics, false positives were found for clean samples of HEs and failed detection 
was found for samples with HEs. Thus, for the methodology to work, the model must contain the spectra for 
the fabric substrates and HEs.
RDX signals (mRDX > 0.02 mg) on cotton fabrics were used to calculate the method LOD. S/N values calculated 
from the spectra of cotton fabrics dosed with decreasing masses of RDX until S/N ≈ 3 resulted in an LOD of 
15-33 µg, depending on the vibrational band used. Linear fits generated by comparing the dosed RDX mass 

Table 5: Prediction of  β�TNT  parameters for the three models developed.
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with the fraction predicted were also used to calculate the LOD based on the uncertainty of the blank and the 
slope of the fit. This procedure resulted in an LOD of 58 µg. In a third method used to calculate the LOD, using 
an interpolation of the P value threshold for low RDX dosage resulted in a value of 40 µg. This is probably the 
most representative value of the method LOD.
Experiments designed to determine the minimum level of quantification of surface concentrations of HEs in 
ternary mixtures of RDX, PETN, and cotton resulted in a value of 10% RDX. Vibrational signals of both HEs 
were observed for the subtraction for PETN and RDX except in the lowest concentration of 5% RDX. This in-
dicates that in the mixture of 10% RDX/90% PETN deposited on cotton fabric it was possible to identify RDX 
on the substrate using the methodology.
The CLS algorithm facilitates the discrimination process upon HE detection and provides a better under-
standing and better control of the spectral visualization of vibrational signals of interest. There is a priori, 
nonlinear dependence between the spectrum of the mixture and the spectra of the neat components. It is not 
possible to quantify the components with the methodology developed, but this nonlinear relationship does 
not affect the detection in the cases studied. Further research is warranted to demonstrate that this new ap-
proach to HE detection works on real-world samples and in the presence of interferents and contaminating 
materials [44].

C.5.	 QCL	Spectroscopy	at	Grazing-angle	Incidence	Using	Fast	Fourier	Transform	(FFT)	Preprocessing		 	
 (Years 4-5)

For security applications, a variety of optical sensing methods including the current Quantum Cascade Laser 
(QCL) spectroscopy, Raman, FTIR, remote infrared spectroscopy (RIRS), and Laser-Induced Thermal Exci-
tation of Infrared Emission are desirable for the detection of explosives [15, 22, 23, 25, 47, 49-52]. The fast 
trace detection of chemical and biological threat agents on contaminated surfaces with high selectivity and 
specificity is fundamental in the prevention of terrorist attacks, and rapid performance and execution of 
security protocols. Ideally, analyte sensing on surfaces would be a rapid, in-situ, economic, portable, highly 
sensitive, and able to discriminate between components. Despite the challenges faced during sensing, a new 
set-up with multi reflection pass by a grazing angle probe using a QCL source was employed to improve the 
in-situ detection of organic contaminants on a surface. This new prototype reduced the time analysis and 
improves the spectra S/N ratio.
MIR spectroscopy operating at the grazing angle of incidence (approximately 80-82° from the surface nor-
mal), is the most sensitive optical absorption technique available for measuring low chemical concentra-
tions on surfaces such as metals [4, 40]. Under these conditions, reflection-absorption infrared spectros-
copy (RAIRS) can be performed for optically thin samples. The technique can measure low concentrations 
of chemical compounds deposited on substrate surfaces, such as metals, glasses, and plastics [45, 46]. Low 
limits of detection (LOD) from 10 to 50 ng/cm2 of a single analyte have been obtained [47]. Because of the 
above, this technique allows for the analysis of monolayers on surfaces; however, the low absorbance shown 
by monolayers requires longer analysis times (from 5 to 120 min of integration) to obtain spectra with good 
signal to noise ratios (S/N). The integration time can be reduced by multiple reflection pass systems or by 
increasing the power of the laser source. Both alternatives improve the absorbance of the sample. However, 
multiple reflections involve the loss of light by phenomena such as scattering due to the substrates where 
the target analytes reside, sample physical properties, and mirror imperfections. The divergence of the MIR 
beam and absorption by the substrate, samples, and mirrors are also factors that lead to signal losses.
Therefore, the main objective of this study is to assess the QCL-GAP back-reflection grazing angle probe, 
which is suggested as a viable method to validate detection of explosives on metallic surfaces. A QCL-GAP was 
designed to obtain measurements in our laboratory. Back-reflectance spectra of RDX samples deposited on 
aluminum (Al) plates were obtained for a remote sensing modality.
In addition, GAP spectroscopy can be used outside the confinement of the sample compartment, making 

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-C

384



it available for fieldwork. Thermal source (globar) fiber optic coupled grazing angle probe reflection ab-
sorption infrared spectroscopy (FOC-GAP-RAIRS) has been investigated before as a powerful tool to develop 
techniques for detection of explosives residues on surfaces. The methodology is remote sensed, in situ and 
can detect nanograms of the compounds. It is solvent free and requires no sample preparation. Samples with 
surface concentrations (CS) ranging from micrograms/cm2 to nanograms/cm2 of explosives (DNT, TNT, PETN, 
nitroglycerine (NG) and triacetone triperoxide (TATP)) have been studied on stainless steel plates with excel-
lent results yielding 10-100x lower limits of detection (LODs) for explosives than for active pharmaceutical 
ingredients, for which the setup was originally developed [46]. The main objective of this study was to design, 
develop, and test a grazing-angle probe (GAP) mount for coupling to MIR QCL spectrometer (QCL-GAP) as a 
viable tool to develop methodologies for detection of explosives on surfaces at trace level quantities within 
the framework of homeland security applications. The QCL-GAP was designed to obtain measurements in the 
laboratory and in the field. Back-reflection spectra of RDX samples deposited on stainless steel (SS) plates 
outside the sample compartment were obtained in a remote sensing modality.

C.5.a.	 Optical	System

In the experimental setup, a QCL source and mirrors fixed near the grazing angle (82°) were carefully cou-
pled to improve detection, increase the signal to noise ratio (S/N), and reduce the time of analysis without 
compromising the saturation of the detector. A general view of the complete optical configuration of this 
novel system is shown in Figure 11. The beam was focused and expanded by a lens (ZnSe, 3 inch diameter) 
in the vertical direction (z direction). Next, the light was reflected by a mirror at 49° of the surface, deflecting 
the light at an angle of 8° with respect to the surface or 82° with respect to the surface normal, forming an 
elliptical beam spot on the surface. The axial size of the ellipse was d x [d /( sin 8°)]. For example, for a d = 
4 mm, the axis of the ellipse was 4 mm x [4 mm/(sin 8°)] = 4 mm x 29 mm. Next, the light was returned by a 
plane mirror (8° with respect to normal) to the same surface producing a new slightly larger spot at the same 
position. 
The limitation imposed by the available QCL spectrometer is related to the instrument design in which the 
MIR detector is located within the spectrometer and that the system operates only collecting the back re-
flected light. Preliminary results on detection of explosives residues on stainless steel plates with the unop-
timized setup illustrated in Figure 12 are highly encouraging: 73 pg/cm2 for RDX, and 35 pg/cm2 for PETN 
(results not shown). These values are ~ 102-103 times lower than currently reported LOD values for these 
explosives. In the (proposed) next generation design, the MIR detector will be placed at the plane of the sec-
ond gold-coated mirror and placed at 82° from the surface normal. Figure 13 illustrates how the LOD vales 
can be extrapolated using a plot of S/N vs. 1/CS, where CS is the nominal surface concentration (mass/surface 
area). The extrapolated value for S/N ~ 3 represents the LOD.
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Figure 11: Optical layout for coupling a MIR laser to the GAP.

Figure 12: Reflectance spectra of RDX as function of the surface concentration using QCL-GAP setup.
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C.6.	 Removal	QCL-GAP	Interference	Fringes	in	RAIS	Spectra	of	HEM

The proposition of using a QCL coupled to a GAP setup was evaluated for monolayer analysis of HEM resi-
dues. Principal component analysis (PCA) and partial least squares (PLS) multivariate routines of chemomet-
rics were employed to verify the effect of preprocessing options for the MIR RAIS spectra obtained. When the 
optical system is well aligned, this produces an interference pattern that initially was considered a problem 
that masked the spectroscopic information. Moreover, the observed pattern was modified when the surface 
had an analyte deposited on it. A fast Fourier transform (FFT) analysis was applied to determine if the inter-
ferences could be handled by FFT preprocessing for discrimination and quantification analysis using chemo-
metrics. The FFT is an algorithm that transforms a function from the time domain to the frequency domain 
and conversely. The resulting transformation is a complex function. In complex notation, the domain contains 
one signal made up of N complex points. Each of these complex points is composed of two parts, the real part 
and the imaginary part. In this case, FFT was carried out to find the frequencies of the interference patterns. 
This transformation was used for discrimination using partial least squares coupled to discriminant analy-
sis (PLS-DA) and for quantification using partial least squares (PLS). Both PLS and PLS-DA are supervised 
methods in which the data are reduced to linear combinations containing the information to generate the 
discrimination for PLS-DA or the quantification for PLS.
Figure 14 shows the spectra of substrate clean (SS), the SS with the analyte loading (SS-RDX) at 16 ng/cm2 
of RDX, and the spectra of the standard concentration of RDX acquired with the conventional diffuse-reflec-
tion system of QCL for bulk samples (90° with respect to the surface normal). Interference patterns were 
observed (see Fig. 14) in the spectra of substrate clean and with the analytes loading. These patterns are due 
to the interference by multiples reflections in the system. The variation of interference patterns depending 
on whether the substrate is clean or loaded with the analyte can also be noticed. In the RDX spectra, some 
signals were observed with difficulty such as NO2 symmetric stretch at 1275 cm-1 and N-N symmetric stretch 
at 1352 cm-1 [53, 54].

Figure 13: Plot of signal/noise (S/N) as function of reciprocal of surface concentration (Cs) to determine the value of 
the DL.
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To explore how the presence of the analyte in the surface changes the interference pattern and discriminates 
between both analytes and clean surfaces, the interference signals of each sample were transformed and 
exploited. Fast Fourier Transform (FFT) was applied as preprocessing to the data as shown in Figure 14. A 
sketch of the wave behavior when the surface is clean or when it has an analyte is shown in Figure 15a. Here, 
a single reflection representation is observed when the surface is clean. Multiple reflections are generated 
by the semi-transparent analytes when low concentrations are deposited. This interaction of the light with 
the surface causes a modification of the interference patterns depending on the analyte and the concentra-
tion deposited. Figure 15b shows the representation of the preprocessing FFT, which was created through a 
MATLAB code. The transformation of the data with the FFT preprocessing produces a complex function as a 
Fourier transform—this function consisting of an imaginary part (Im), another real part (Re), and the mag-
nitude of the function expressed as the absolute value of z(n). These parameters will be used for the analysis 
to have a good model.   

Figures 16a-c show the spectra transformation for substrate SS clean (none), SS contaminant with RDX, and 
an active pharmaceutical ingredient (API): irbesartan (IRBS), an angiotensin II receptor and active component 
of AVAPRO® used as a potential chemical interferent. The FFT shows each frequency or mode that generated 
the interferences in the spectra. A detailed analysis of Figures 16a-c shows that modes for RDX and IRBS are 
similar to clean SS and these differ in small modifications of these modes. These small modifications are due 
to the nature of the layer, shown as absorbance, homogeneity, refractive index, size of particle, and thickness 

Figure 14: Spectra comparison of SS substrate, RDX/SS (~ 16 ng/cm2), and the reference RDX standard.

Figure 15: FFT preprocessing assembly: (a) fringes from metallic substrate; and (b) fringes from analyte/substrate.
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of the layer. The Re function has a mode with a higher intensity than the other modes. This mode should be 
the principal interference that is generated between the lens and the mirror in back reflection. Each transfor-
mation and other preprocessing were used for a principal component analysis (PCA) to verify the differences 
between the analytes and the clean surface. A complete separation of spectra without analytes, with RDX and 
IRBS was archived with the real part Re of FFT. The loadings for the analysis are shown in Figure 16d. Two 
components were necessary for a complete separation with Re FFT preprocessing. In comparison to other 
parameters of FFT and other preprocessing algorithms, the separation was not complete. The preprocess-
ing used were standard normal variate (SNV), first derivative (FD), second derivative (SD), extended scatter 
correction (EMSC), multiplicative signal correction (MSC), Im, and |z(n)|. Figures 17a-d show the correlation 
between the scores of PC1 and PC2 for the SNV, |z(n)|, Im, and Re. A visualization of the separation between 
the classes using Re is clear and complete; the maximum separation was achieved with PC2. 
Partial least squares coupled to discriminant analysis (PLS-DA) was employed using Re(FFT) as a prepro-
cessing step and this analysis was done to measure the discriminant capacity. The number of points in FFT 
was changed to select the better resolution for the analysis. The sensitivity and specificity for leave one out 
cross validation (LOOCV) were also calculated for different number of points for FFT. The PLS-DA model’s 
performance was evaluated through parameters of the confusion matrix such as sensitivity and specificity of 
the validation. The validation was initially evaluated in terms of LOOCV. Sensitivity is the number of samples 
predicted to be in the class divided by the actual number per class, and specificity is the number of samples 
predicted not to be in the class divided by the actual number not in the class. The sensitivity and specificity 
were calculated according to Equations (9) and (10), respectively:

where TP, FN, TN, and FP represent the number of True Positives, False Negatives, True Negatives, and False 
Positives, respectively. The best models were generated using 75 and 100 # of points of FFT preprocessing. 
These models present very high sensitivity and specificity. The parameters for cross validation for all models 
are shown in Table 6 with two latent variables. In addition, a model for quantification for RDX was generated 
[55].

Sensitivity = (TP)/(TP + FN)
Specificity = (TN)/(TN + FP) 

(9)
(10)

Table 6: Sensitivity and specificity for leave one out cross validation (LOOCV) for two latent variables.
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Figure 16: FFT preprocessing: (a) | z(n) |, (b) Re(FFT), (c) Im(FFT), and (d) loadings for PC1 and PC2 for PCA using Re(FFT).

Figure 17: PCA with preprocessing (a) SNV; (b) absolute values of FFT; (c) imaginary part of FFT; (d) real part of FFT.
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C.7.	 Development,	 Testing,	 and	 Comparison	 of	 New	 HE	 Deposition	 Schemes	 for	 Preparing	 Samples	 and	 
 Standards

In a robust HEMs detection program, it is important to study properties of interest not only under ideal 
conditions, but also under conditions that mimic real-world scenarios. Explosives residues could be found 
on car bombs, cardboard boxes used in goods transportation, clothes, backpacks, and baggage. In this study, 
TNT and RDX solutions, as well as an RDX/PETN solution were deposited on cotton fabric substrates and 
analyzed using a QCL spectrometer. These experiments produced highly linear correlations between the an-
alyte solutions analyzed and the vibrational signatures (peak areas), demonstrating that methods developed 
in the laboratory can be easily adapted to mimic real-world scenarios. The second part of the study involved 
the analysis of RDX and irbesartan on SS substrates. The results indicate that the analyte signals’ response 
to these solutions was not too linear, as evidenced, by their R2 values when a PLS regression was applied to 
them; however, a PCA statistical treatment demonstrated no statistical discrepancies in the data obtained. 
Finally, this study involved the development of a spray deposition system for HEMs, and the determination of 
the low limit of detection (LOD) of a PETN solution deposited onto a SS substrate using a QCL spectrometer. 
The LOD of the analyte solution was calculated to be 3.04 µg/mL, a value lower than previous LOD calcu-
lations using the smearing deposition method. This demonstrated the viability of the system developed in 
future works. Spin coating (SC), sample smearing, drop-cast, and air spray have been incorporated and tested 
as part as different methodologies to simulate real scenarios of explosives residues. 
Finding the best way to reproduce real events such as a terrorist cleaning his hands full of HEM with his 
clothes, a fingerprint, or a solution of HEM falling on a surface, among others, can prove difficult and time 
consuming. This research group has previously worked with spin deposition, sample smearing, and drop 
cast by pipetting solutions of HEMs. While spin coating was effective in creating a homogenous film on the 
substrate, the way in which the deposition is done, results in a large part of the deposited solution being lost, 
thus generating a problem in quantifying the quantity that was actually deposited. With smearing and drop 
casting, it was easy to quantify how much was deposited; however, the films prepared were not homogenous 
throughout the substrate, both leading to limitations in subsequent spectral analyses. 
As a second part of this research, a new deposition method was designed in order to obtain more homoge-
neous films on the substrate while still being able to quantify how much of the analyte was deposited. Spray 
deposition, if done correctly, can achieve a homogenous film, and the amount of solution deposited can be 
quantified. It should be noted that this technique can even achieve deposits on cardboard. The initial results 
are very encouraging since the technique allows knowing the mass deposited in solvent absorbing substrates.
This work is intended to expand the knowledge in the field of preparation of samples and standards based 
on thin films of HEMs, such as RDX, TNT, and PETN, for both basic and applied research. This will be done by 
depositing traces of target analytes on substrates of interest using smearing, drop cast, and spray deposition 
methodologies to develop, test, and compare HEM deposits prepared by the mentioned techniques. The pri-
mary goal is to develop methodologies capable of producing solid sample residues deposited on substrates 
in controlled size and distribution modes on selected surfaces to generate specimens that would reproduce 
real contamination samples. Finally, the applications of these well-characterized samples include use in ex-
periments that require fine control of the distribution of loadings of analytes on surfaces.
Figure 18 shows one of the advantages of spray deposition over spin coating when using a heterogeneous or 
rough substrate. Spray deposition leaves a more uniform coating on the substrate while spin coating forces 
the solution to the outside, making it less homogenous. Another important aspect mentioned previously is 
related to the quantification in mass by substance deposited. At 3000 revolutions per minute (rpm) there is 
less control with the mass amount quantified of the deposited analyte. A typical air spray is shown in Figure 
19a. The system was characterized as shown in Figure 19b.
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The procedure involved covering the head-protecting cap with a rubber-sleeve before spraying in order to 
direct the flow-of-air to the equipment to measure the soap bubbles generated. From Figure 19b, the bubbles 
measured are indicated with two blue marks from the bottom to top of the flowmeter. The distance traveled 
by the bubbles vs. the time it took to travel the distance was measured. The flow measurement was analyzed 
as a function of the opening of the purge-valve. The operation of this valve was important in controlling the 
function of the vacuum-pump. The diameter of this purge-valve was 3.5 mm and closes completely after 8.5 
laps. Each turn involved measuring the flow, and this was plotted to find the model behavior, as shown in 
Figure 20. 

Figure 18: Spin coating vs. spray deposition.

Figure 19: (a) Schematic diagram of a typical air spray deposition system; and (b) measurement of flow rate.
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RDX samples prepared by spin coating deposition on SS substrates are detailed in Table 7. Also, included in 
the table is the signal to noise ratio (S/N) calculation that is used to determine the LOD. These quantities 
were calculated from Figure 21.

Figure 20: Flow measurement analysis as a function of the opening of the purge-valve.

Figure 21: QCL and Raman (ref) spectra of RDX and QCL RDX spectra for various surface concentrations.
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In the case of Figure 21, the deposition of RDX solution by spin coating technology predominantly stimulates 
the formation of β-RDX polymorph crystal deposits. Raman spectroscopy (RS) and QCL reference spectra 
of β-RDX (red trace; RS), α-RDX (blue trace; RS), and QCL-RDX ref. (black trace) have been included in the 
figure for comparison of the vibrational signatures. Reflectivity units at the y-axis, in this case, have been 
changed to -log(R) to take advantage of the peak areas that are directly related to concentration and can be 
used to calculate the S/N (as in IR absorbance). The blue shaded areas illustrate the areas used. α- and β-RDX 
Raman spectra were acquired using bulk quantities (InVia, Renishaw, LLC, Chicago, IL) and were adapted to 
the graph scale to illustrate any polymorphism formation by this deposition technique. A QCL RDX reference 
spectrum is also included. RDX deposited on SS at low concentrations favors the β-polymorph. Blue-shifted 
peaks (compared to Raman spectra) were observed at ~1226, ~1277, and ~1328 cm-1. A LOD of 1.6 ng/cm2 
was calculated; however, the beam-spot area dispersed across the substrate is 0.3 cm2. This means that the 
QCL-GA can detect 494 pg RDX/SS. Figure 22 shows a typical RDX/SS sample.

Table 7: Mass deposited in the film at different concentrations on SS

Figure 22: Sample of RDX on SS prepared using the air spray deposition technique.
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The same deposition conditions were used with anodized aluminum (AN-Al) substrates of 1.0 x 1.0 in2 area. 
Better results were obtained with air spray deposition than with spin coating technology and GAP-QCL spec-
troscopic analysis. Some of the results obtained are shown in Figure 23. This spectral window shows char-
acteristic and strong signatures of RDX. Compared to Figure 21, the reflectance signal was plotted using the 
unprocessed raw data (not -Log(R)), because this way it is possible to interpret the results directly as they 
were acquired. LOD values for the methodology employed requires that the peaks are “up looking” and using 
a blue frame to delimit the area used to find the S/N. An interesting detail is observed when we include the 
spectra of the polymorphic phases of the RDX to the plot (in red and black dotted lines). According to this, 
the α-polymorph is favored on the anodized aluminum substrate; however, our most recent findings pub-
lished confirm that there is a coexistence of both polymorphs [56]. A key aspect of the spectra taken with 
this grazing angle arrangement is that those polymorphs that have collinearity with the electric field vector 
(EFV) from QCL-GA will be favored. This feature is confirmed by  recent published work where the optical 
properties of the polymorph betta follow the selection rules according to the orientation of the EFV from the 
source of excitation [57]. These orientations of the EFV can be directed perpendicular or parallel to the nor-
mal surface vector and can be achieved using a field-polarizer. 

Figures 23 and 24 provide the data needed to establish that the LOD for RDX deposited on AN-Al: 94.7 μg/
cm2; however, the beam-spot area on the substrate was 0.3 cm2. This means that the GAP-QCL detects 28.4 
μg. Compared with SS substrates, AN-Al in the LOD is 215 times larger. In fact, β-RDX polymorph is favored 
by SS substrates with air spray deposition and α-RDX polymorph is favored on AN-Al by the same deposition 
method. This could be explained in terms of porosity of AN-Al substrates, which stimulate the formation of 

Figure 23: Reflectance spectra of RDX deposited on AN-Al.
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the more stable α-polymorph. The roughness and micro cavities of AN-Al could generate a greater amount of 
solid deposits (bulk concentration) and under these conditions the formation of α-RDX is favored.

D. Milestones

One of the most important project milestones recently completed is the study of “Classical Least Squares-As-
sisted Mid-Infrared (MIR) Laser Spectroscopy Detection of High Explosives on Fabrics.”  This publication was 
recently published online (May 2018) [44]. Table 5 shows all the fabrics used in the two-year study, which in-
cluded natural and synthetic fabrics and compound fabrics (natural and synthetic; synthetic and synthetic).
In this project, significant advances have been achieved in the detection of trace level HEMs by coupling a 
QCL spectrometer to a grazing angle probe (GAP-QCL). This enables Reflection Absorption Infrared (RAIRS) 
measurements with a MIR laser with LODs in the picogram regime (trace detection). To take full advantage 
of the invention disclosure, an air spray sample deposition technique had to be incorporated to the various 
sample/standards deposition methods utilized by this research component. Among the advantages of the 
sample deposition technique are:
• Highly homogeneous sample distribution for smooth substrate surfaces (metals and plastics)
• Very good sample transfer for rough (A-Al) and liquid absorbing substrates (cardboard, fabrics)
Thin sample deposits produce interference fringes in RAIRS spectra. In order to retrieve the full spectral in-
formation of the spectra, a pre-processing step was required which involved obtaining the real and imaginary 
part, as well as the full fast Fourier transform (FFT) of the spectra. All three functions were used to couple 
with principal component analysis (PCA). The real function [Re(n)] coupled to PC 1 and PC 2 separated com-
pletely the spectral information from the substrate, RDX, and a chemical interference.

E. Future Plans (Year 6)

In Year 6, the following project outcomes are expected:
• Complete the cross validation of the three sensing methodologies under development:

Figure 24: S/N vs. 1/CS for RDX deposited on AN-Al substrates.
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 ○ Point detection QCL spectroscopy reflectance measurements in which the 2x4 mm2 laser is aimed at 
the samples and back reflected to the MIR laser spectrometer.

 ○ BE coupled QCL spectrometer for larger coverage and spatial averaging of explosives coating on sub-
strates (2x4 mm2 expanded to 12x24 mm2).

 ○ QCL-GAP detection of even larger sample areas (4x29 mm2) and enabling RAIRS.

• Continue working on the development of GAP-QCL, addressing the following important aspects:
 ○ Testing of the methodology on non-reflective (matte) substrates.

 ○ Development of multivariate analysis (chemometrics) pre-processing treatments of data for RAIRS 
spectra exhibiting interference fringes that result from interactions of the MIR light and the analyte 
films (highly energetic material (HEM)) deposited on the substrates studies and that experiment at-
tenuated total reflectance (ATR).

• Couple the setups used to develop methodologies for explosives detection to MIR transmitting fiber op-
tics cables to prepare for field portable instruments and methods of analysis 

• One of the most important outcomes and contributions from this research component is in the character-
ization of trace and near-trace to semi-bulk amounts of HEMs. Deposition methods of HEMs on substrates 
of interest to the Homeland Security Enterprise in general must be characterized both morphologically 
and spectroscopically. It is also important to determine distributions of polymorphs on substrates. Al-
though HEM traces commonly found on substrates in the field result from handling of bulk amounts of 
HEMs, which leave detectable HEM amounts in the form of solid residues, these are very hard to mimic 
under normal lab conditions and research groups typically transfer from stock solutions (solvent medi-
ated deposition). This and other deposition methods from solutions generally result in the formation of 
polymorphs which can lead to vibrational signals not accounted for in spectroscopic libraries. Targets 
for this sub-project will be: RDX, PETN, TNT, nitrourea, urea nitrate, and ammonium nitrate (AN). Among 
the substrates to be studied are stainless steel (SS), aluminum, anodized aluminum, gold, silicon, fabrics, 
wood, cardboard, plastics, glass, and metal oxides (Al2O3, ZnO, ZrO2, silica gel, etc.). The following deposi-
tion techniques will be used in the characterization of samples/substrates combinations:

 ○ Pipette transferred samples

 ○ Smeared samples

 ○ Thumb transferred samples

 ○ Spin coated samples

 ○ Air brush coated samples

 ○ Ink Jet printed samples

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Relevance of research to the DHS Enterprise includes:
1. Development of a MIR laser reflectance spectroscopy methodology for detection of explosives on 

reflective substrates (Al, SS, copper, etc.).
2. Development of a MIR laser reflectance spectroscopy methodology for detection, identification, dis-

crimination, and quantification of explosives on matte substrates.
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3. Mass range from near bulk (0.1 g) to near trace (10 ng) at close distances (∼ 15 cm) for potential 
operation at checkpoints and mid- to long-standoff distances. 

4. The methodologies developed provide a positive/negative result or a confidence level indication to 
the operator for presence of explosives within < 15 s (goal: ~ 3 seconds).

5. The methodologies developed operate effectively in field environments: multiple distances with 
varying humidity, air particulates, temperature, light, and wind.

6. Other methodologies developed have the potential of transitioning to methods of obtaining of 
post-terrorist events evidence by detecting explosives residues on: dirt, concrete, wood, cardboard, 
bricks, and other surfaces.

7. Disclosure of algorithm to pre-process MIR reflectance (RAIRS) data contaminated with attenuated 
total reflectance fringes based of fast Fourier transform algorithm.

8. Reconceptualization of the classical least squares algorithm in combination with the remote sensing 
by QCL spectroscopy results in the development of a methodology for the detection of HEs and mix-
tures of HEs on fabrics. Only spectra of neat components (HEs and fabrics) are needed to perform 
discrimination. Two, three, and four components mix were tested.

9. Two invention disclosures filed and two to three more inventions to be disclosed for filing during 
Year 6 for patent applications dealing with various hardware and software issues related to use of 
MIR lasers technology for robust detection, identification, and quantification methodologies for ex-
plosives detection.

B. Potential for Transition

The ultimate transition products/outcomes of the research endeavors include:
1. Dissemination: research reports, discussions with transition partners, presentations at national 

meetings, publications, and invention disclosures (4 total: 2 recent; 2 in preparation).
2. An algorithm for data pre-processing of RAIRS data; and an algorithm for fast detection of HE/fab-

rics.
3. Libraries of MIR-laser reflectance signatures of explosives on substrates: “intelligent” routines that 

can incorporate signatures for new explosives threats “on the fly” using adaptive routines.
4. QCL coupled to grazing angle probe (QCL-GAP) for detection of explosives traces (< 100 pg) on re-

flective and mate substrates (Patent Pend. #: 62/587,557; Nov-17-2017).
5. Thin layer chromatography/MIR lasers: TLC-QCL, for separation, detection, and quantification of 

explosives. Detection limits: current 70 ng TNT, RDX (Patent Pend. #: 62/346,145; Jun-6-2016).
6. Coupling of QCL-GAP to MIR optical fibers for building a portable system (Year 6).

C. Data and/or IP Acquisition Strategy

• Discussions with multivariate analyses software developing companies to commercialize the two algo-
rithms developed to analyze laser reflectance data:

 ○ Eigenvector Research, Inc., Manson, WA

 ○ CAMO Software, Inc., Woodbridge, NJ

 ○ Thermo Scientific™ GRAMS/AI™ Spectroscopy Software Suite, Waltham, MA
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D. Transition Pathway 

• We will continue to seek partnerships for continuing development of methods of detection of explosives 
and hazardous chemicals with companies that fabricate laser sources for MIR or are involved in explo-
sives detection instruments/methodologies.

• We have already shared papers and described the invention disclosures that have resulted from this proj-
ect to most of the potential partners.

• We plan to submit a Small Business Innovation Research (SBIR) project in collaboration with Block Engi-
neering (Southborough, MA) and IBS Caribe, Inc. (San Juan, PR) at the end of Year 5 or beginning of Year 
6. The goal of the endeavor is to build a MIR fiber coupled QCL-GAP. 

E. Customer	Connections

• Pendar Technologies, LLC, Cambridge, MA (Mark Witinski and Daryoosh Vakhshoori)
• Block Engineering, Southborough, MA (Dan Cavicchio)
• Leidos, Reston, VA (Juan P. Amenabar)
• Spectrum Photonics, Honolulu, HI (Edward Knobbe)

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education	and	Workforce	Development	Activities

1. Course, Seminar, and/or Workshop Development
2. Student Internship, Job, and/or Research Opportunities

a. Luis A. Pérez-Almodovar, MS Student, Summer 2018, Research Internship, Naval Research Lab, 
ONR, Washington, DC.

b. Gabriela I. Padilla-Rivera, MS Student, Summer 2018, Research Internship, Army Corps of Engi-
neers, Carlyle, IL.

c. Janet M Crespo-Cajigas, UG Student, Research Internship, Naval Research Lab, ONR, Washington, 
DC.

d. Bianca M. López-Pagán, UG Student, Research Internship, Naval Surface Warfare Center – Indi-
an Head Division, Indian Head, MD.

e. Amanda M. Figueroa-Navedo, Summer 2017, Research Internship at Transportation Security 
Labs, Atlantic City International Airport, Atlantic City, NJ.

3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty:
a. Served as host for one high school student participating in Science Fair project.
b. Served as collaborator and host for Follow-On Project of DHS SRTP-MSI Grant of Dr. Joaquín A. 

Aparicio-Bolaño, University of Puerto Rico-Ponce Campus ($50,000/1 year).
c. Served as host for DHS-SRTP-MSI-2017 Visiting Professor Dr. Ricardo Infante-Castillo and two 

Summer Research Undergraduate Students, from University of Puerto Rico-Arecibo Campus
d. Served as collaborator and host for Follow-On Project of DHS SRTP-MSI Grant of Dr. Ricardo In-

fante-Castillo, University of Puerto Rico-Arecibo Campus ($50,000/1 year).
4. Training to Professionals or Others
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a. Puerto Rico Chemists Association Continued Education Program, Course in Chemistry of Explo-
sives, November 2017, Southeastern Section, Aguadilla, PR, 53 attendees.

b. Puerto Rico Chemists Association Continued Education Program, Course in Spectroscopic Stand-
off Detection of Chemical Threats, August 2017, Annual Convention, 85 attendees.

B. Peer Reviewed Journal Articles 

1. Pacheco-Londoño, L.C., Aparicio-Bolaño, J.A., Galán-Freyle, N.J., Román-Ospino, A.D., Ruiz-Caballero, 
J.L., & Hernandez-Rivera, S.P. “Classical Least Squares-Assisted Mid-Infrared (MIR) Laser Spectros-
copy Detection of High Explosives on Fabrics.” Applied Spectroscopy, May 2018 (published online). 
DOI: 10.1177/0003702818780414

Pending- 
1. Pacheco-Londoño, L.C., Galán-Freyle, N.J., Figueroa-Navedo, A.M., Infante-Castillo, R., Ruiz-Caballero, 

J.L., & Hernández-Rivera, S.P. “Quantum cascade laser back-reflection spectroscopy at grazing-angle 
incidence using fast Fourier transform preprocessing.” Journal	of	Chemometrics, August 2017 (sub-
mitted for peer review).

C. New	and	Existing	Courses	Developed	and	Student	Enrollment

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student  
Enrollment

Existing On Going Certificate 
Program

Forensic Chemistry For students of Chemistry and  
Chemical Engineering

34

D. Technology Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents): 
a. “Grazing Angle Probe Mount for Quantum Cascade Lasers.” Inventors: Samuel P. Hernández-Ri-

vera and Leonardo C. Pacheco-Londoño. Ser. #: 62/587,557; Filing Date: 11/17/2017.

E. Software Developed

1. Algorithms:
a. Fast Fourier Transform pre-processing programmed in in MATLAB® 8.6.0.267246 (R2015b; 

Math Works Inc. Natick, USA). This algorithm is being used to remove interference fringes from 
thin HEM films generated by GAP-QCL RAIRS measurements.”

b. Classical least squares (CLS) algorithm for assisted MIR laser spectroscopy detection of high 
explosives on fabrics and other non-reflective substrates.
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R3-D.1: Anomaly Detection in Advanced Imaging 
Technology Systems Based on Graph Theory

I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email

Venkatesh Saligrama PI BU srv@bu.edu

David Castanon PI BU dac@bu.edu

Lorenzo Orecchia PI BU orecchia@bu.edu

Jelena Diakonikolas Postdoc BU jelenad@bu.edu

Graduate, Undergraduate, and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Alp Durmus Acar PhD Boston University 01/2022

II. PROJECT DESCRIPTION 

A. Project Overview

This project is aimed at Risk-Based-Screening methods for next generation checkpoint screening. We develop 
new autonomous methods in this context. An advanced checkpoint-screening system calls for significant in-
crease in throughput and detection accuracy (low false alarms and missed detections). This poses significant 
challenges at both the physical processing and system layers. We propose to develop novel methods by lever-
aging our recent work on probabilistic subgraph detection and first-order convex optimization. 
In this context, we propose a method for detecting unusual, irregular, or anomalous shapes in body images 
for Advanced Imaging Technology (AIT) systems. In an imaging medium, explosives manifest as salient outly-
ing regions within background images. We propose graph-theoretic and convex optimization tools to localize 
regions of anomaly. 
Challenges: The anomalous regions of an image are often difficult to separate from the background image. 
Anomalous regions exhibit wide-variation in location, shape, texture, and intensity within a background im-
age. In addition, the background image also exhibits significant variation with location (different parts of a 
body image). Existing theoretical work in this context does not account for variation in foreground (anoma-
lous region) and background intensity. Furthermore, many detection techniques are often based on scanning 
different regions of an image with circular or square blobs for existence of an anomaly. These techniques 
suffer from high misdetections and false alarms in low-SNR regions. 
We propose to develop graph-theoretic techniques that account for variation of background/foreground 
intensity for arbitrary anomalous shapes. In our recent work, we have shown that the set of all connect-
ed shapes of a graph can be written in the form of convex constraints. We propose to use this constrained 
family of image scans to identify connected anomalous shapes. Further, we have recently developed a novel 
mathematical framework for the development and analysis of first-order convex optimization methods. The 
framework has allowed us to obtain new general methods that (i) exploit the problem structure to obtain 
faster algorithm convergence and (ii) trade-off convergence speed with robustness to noisy data. We propose 
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to extend these general methods to the setting of AIT problems with the goal of obtaining faster algorithms.

B. State of the Art and Technical Approach

Anomalous cluster detection of spatial anomalies is a difficult problem since connected subgraphs represent 
a combinatorial structure and systematic approaches to characterizing the space of connected subgraphs 
of a given graph are relatively recent. Traditional approaches to this problem usually consider parametric 
methods, which originate from the scan statistics literature [1] and consider scanning for specific shapes 
such as rectangles, circles, or neighborhood balls on graphs [2-4]. More recently, nonparametric approaches 
have been considered for subgraphs with arbitrary shapes on general graphs such as the simulated annealing 
approach of [5], however it is a heuristic method without statistical or computational guarantees. 
There is also a line of work focused on statistical analysis with nonparametric shapes [6-8], but this analysis 
is computationally intractable. More recently, we have proposed linear matrix inequalities [9, 10] as a way 
to characterize the connectivity of subsets of nodes exactly. This approach is similar to our new approach 
where we again propose semi-definite programming (SDP) relaxation with Linear Matrix Inequalities (LMI) 
constraints. Nevertheless, we take a different approach to formulating the problem and its relaxation, with 
the goal to obtain a convex optimization program that is amenable to efficient iterative methods. In contrast, 
our earlier method is only applicable to small problem sizes. Another notable work in this area is the spec-
tral scan statistic approach proposed by [11], which presents a computationally tractable algorithm with 
consistency guarantees; however, this method aims to obtain graph partitions with small conductance and 
balanced sizes, in contrast to our formulation that guarantees connected subgraphs. Recent work [12], con-
siders nonparametric statistics for signals in addition to nonparametric shapes, obtaining a computationally 
tractable algorithm by heuristically approximating the underlying graph with trees.
In contrast, we develop a convex relaxation of the anomalous cluster detection problem that results in a 
semidefinite optimization formulation, with provable guarantees on the connectivity of the resulting solu-
tions related to the internal conductance of the subgraph. Second, we propose an efficient iterative frame-
work for optimizing the SDP that scales well with large problem sizes and shows computational guarantees. 
One of the major differences is that prior work enforces a number of constraints that scale with the problem 
size, whereas our framework only considers a constant number of constraints. In addition, while prior works 
requires generalized convex optimization solvers, which can result in poor scaling, our formulation allows us 
to propose specialized and efficient iterative algorithms.
We consider observations sv ∈ R p associated with each node v ∈ V in the graph G = (V , E ). The nodes v ∈ 
V  of the graph G are associated with spatial locations of the image and the edges denote spatial proximity 
between the different nodes. The feature vector sv ∈ R p is associated with each spatial location. The problem 
of anomaly detection can be posed as a problem of determining whether or not the value of the following 
optimization objective is small or large:  

The cost function C(S) is a function of the subgraph  and depends on the feature vector sS = {sv}v∈S. Here, Λ is 
the collection of feasible anomalous clusters, such as the collection of contiguous shapes. We remark that this 
is a difficult problem due to the combinatorial nature of the constraint. In fact, variants of the prize-collecting 
Steiner tree problem, which is known to be NP-hard can be reduced to the above formulation. A simple exam-
ple is the Gaussian elevated mean model, where if an anomaly is present, we observe sv = μ1v∈S + ηv , with ηv  ~ 
N(0, σ2) for some, μ > 0 and S ∈ Λ. On the other hand,  μ = 0. The Generalized Likelihood Ratio Test (GLRT) for 
this problem reduces to (1) with 

(1)
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We can use conductance to ensure subgraph connectivity by imposing the following constraints on the inte-
gral solution S: 

where, (T, S\T) is any partition of the subgraph S; w(T , S \T )  is the sum of edge weights from T to S\T; and 
vol(T) is the number of nodes in node set T. The quantity ΦG(T ) is the conductance of the partition. We can 
parameterize the collection of connected sets by constraining the feasible set of clusters, S ∈ Λ, with conduc-
tance bounded away from zero for all partitions (T, S\T) of S. Our proposed relaxation of the constraint is a 
linear matrix inequality (LMI) given by:

where, 

are the graph Laplacians of the graph G and a star graph centered at a root node r, with weights given by 
matrix M. To see that this is a relaxation of the combinatorial problem, set the variable, M = 1S1S

T           , where 1S is 
a zero-one indicator variable on set S. We see that left-hand-side is the Laplacian on the subgraph induced 
by S and that right-hand-side is the Laplacian on the star graph corresponding to nodes in S. Thus, we have a 
constraint that enforces the fact that the eigenvalues of the Laplacian on the (anomalous) cluster S is bound-
ed from below by the eigenvalues of the star graph, which ensures connectivity. 
In Year 4 [13], we have developed a mirror descent algorithm for solving the class of problems (1) when the 
constraint set Λ is an LMI of the form (3). Our mirror descent scheme is a near-linear time algorithm that 
can scale to large image sizes with excellent statistical detection performance. We describe the scaling per-
formance for Poisson data on random Geometric graphs for a number of different parameters of interest. We 
generated n points uniformly on the D-dimensional hypercube and created approximate k-NN graphs using 
the Approximate Nearest Neighbor (ANN) library [14]. We generated anomalous clusters by determining 
points that fall in hyperellipsoids centered at the origin of the space. We consider different hyperellipsoid 
axes lengths that correspond to different internal subgraph conductance.

(2)

(3)
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We again consider elevated mean detection with sv  ~ Pois(λ1) for non-anomalous nodes and sv  ~ Pois(λ0) 
otherwise. We specifically consider 10-NN graphs with parameters n = 104 and D = 3. We consider two types 
of anomalous clusters: “thick” clusters as a sphere with radius r and “thin” clusters as an ellipsoid with radii 
(8r; r; r), where r is chosen such that on average the clusters would contain K = 40 nodes. We compare our 
algorithm (Mirror Descent (MD)) against the nearest-ball test (NB), which is a parametric method that scans 
over nearest-neighbor balls of different sizes for all nodes. Results appear to suggest that MD is superior to 
NB and can scale to large size graphs. Extensive empirical results appear in [13].
First-Order Convex Optimization Tools: We recently developed a general mathematical framework for the 
development and analysis of first-order convex optimization methods [15], which, among others, include 
mirror descent on semidefinite programs. The framework has allowed us to (i) obtain faster block coordi-
nate descent algorithms for broader classes of non-smooth functions [16] and (ii) characterize the trade-off 
between convergence rates and robustness to gradient noise and obtain novel algorithms that make a better 
trade-off between these two traits than the previously known ones [17]. These results are of particular in-
terest to this project, as they will allow us to obtain faster algorithms in the next phase. In particular, using 
the flow formulation of the threat detection problem described below, we plan to consider the following 
two approaches. The first one is the development of block-coordinate-descent-type algorithms for solving 
the threat detection problem. Due to the max-flow/min-cut interpretation of the problem that we describe 
below, such an approach has the potential to lead to much more computationally efficient algorithms than 
currently available [18,19,20]. The second approach is the development of a stochastic method for the threat 
detection problem. Namely, such an approach would allow us to only sample a small number of pixels from 
the image. From an algorithmic perspective, the fact that the data is sampled manifests as gradient noise [16]. 
Given that such an approach has the potential to reduce the algorithm complexity to sublinear, we believe it is 
particularly promising for an initial, coarse threat detection and segmentation algorithm, followed by a more 
refined algorithm using either block coordinate descent [17] or semidefinite programming [13].
Flow Formulation of the Threat Detection Problem: Without the subgraph connectedness constraint, 
the maximization of the scan statistic from Equation (2) can be reduced to a max-flow/min-cut prob-
lem on a relatively simple graph. In particular, maximizing the scan statistic from Equation (2) is equiva-
lent to maximizing its square. Letting ci j = si sj for all pairs of vertices i, j ∈ V, the problem is equivalent to  

Figure 1: Results for Anomaly detection on a high-dimensional Geometric Random Graph. Comparisons between pro-
posed Mirror Descent (MD) algorithm with Nearest Neighbor Ball (NB) method.
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maximizing . Equivalently, the problem can be turned into a feasibility question: is there a set S such  
that ? That is, is there a set  such that Σi,j∈Scij ≥ λ|S|? The set with the maximum scan statistic can then 
be found via a binary search over λ ∈ [min cij , max cij ].

It can be shown that the question of whether there is a set with Σi,j∈Scij ≥ λ|S| can be answered by considering 
the directed minimum s-t cut problem on the left graph from Figure 2. The graph is obtained from a bipartite 
graph whose left side of the partition contains all nodes i ∈ V while the right side of the partition contains all 
node pairs ij for i, j ∈ V. A node i is connected to a node uv with an infinite-capacity edge if i = u or i = v The 
left side of the partitition is connected to source node  using directed edges of capacity λ, while the right side 
of the partition is connected to the sink node t via directed edges with capacities cij . The main observation 
is that any cut of finite capacity that assigns a node j to the s-side of the cut, must also assign nodes ij to the 
same side of the cut, otherwise the cut would have infinite capacity. 

We propose to augment the max-flow/min-cut formulation of the problem shown in Figure 2 (which is a 
linear program) with the spectral relaxation of the subgraph connectedness constraint from Equation (3), 
turning it into a semidefinite program. The proposed formulation is particularly promising since it opens up 
the possibility of using the underlying flow interpretation to construct faster algorithms and obtain better 
statistical bounds. We note that our previous SDP formulation of the problem [13] is a relaxation of this new 
flow-based SDP.
Algorithm: The objective functions and resulting optimization techniques described above lead to efficient 
algorithms for scanning of different shapes of a fixed size anchored at a location. To identify an anomalous lo-
cation, we must iterate at different locations over different sizes. However, as we vary the size, the scan-score 
depends on the size parameter. For this reason, we developed a linear hyperplane that takes size and score as 
input and predicts presence or absence of explosive. 
We conducted experiments on the Passenger Screening Algorithm Challenge dataset released by DHS. This 
dataset is challenging and requires significant pre-processing before it can be input into our current algo-
rithm. Therefore, we filtered frontal views for the images containing explosives in the main body. We then 
manually ground-truthed images containing explosives in this view.  We then conducted experiments to lo-
cate explosives. We observe that explosives locations typically correspond to low-scan score (conductance) 
and relatively small size. Consequently, for the  frontal main body, our algorithm can typically detect pres-
ence or absence of explosive with high accuracy (> 85%). Our algorithm makes mistakes on women with 
undergarments. In Figure 3, the top panel depicts images with explosives and the bottom panel consists of 
images with non-explosives. Our algorithm is able to detect explosives with 100% accuracy for images with 
explosives. For images with non-explosives, our algorithm produces a false alarm for the second image (see 
second row in Figure 3).

Figure 2: Equivalent minimum directed s-t problem for unconstrained threat detection (left) and an example directed 
s-t cut (right).
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The main reason for the false alarms is that our algorithm is currently using only the grey-scale intensi-
ty features for scanning. We expect the algorithm to successfully suppress false alarms if higher level or 
deep-learning features are integrated into our method.

C. Major Contributions

Major contributions from Year 5:
• We developed a general mathematical framework for the design and analysis of first-order convex opti-

mization methods. 
• We extended the framework to the setting of block coordinate descent and stochastic methods and ob-

tained faster and more robust general first-order methods.
• We modeled the signal detection problem on graphs as a max-flow/min-cut problem. 
Major contributions from Year 4: 
• We developed a Mirror Descent (MD) algorithm for Anomalous Cluster Detection for identifying anoma-

lies of arbitrary shapes in ambient Gaussian noise. 
• We proposed MD algorithm scales linearly with image size. 
• We derived theoretical statistical guarantees for the MD algorithm.
• We demonstrated that empirical results with varying image size, anomalous shape, and anomaly size 

show excellent run-time performance. 

D. Milestones

We developed specialized efficient iterative methods to solve the AIT anomaly detection problem. In this 
context we explored related formulations and benchmarked their performance. 
Milestones achieved in Year 5: 
• Trained segmentation algorithm to automatically segment AIT images into local parts. 
• Formalized AIT image anomaly detection as a minimum cost connected subgraph detection problem. 
• Developed a graph-aware iterative method for the current formulation. Our results’ calculations show 

that this may take the shape of a random-walk based algorithm, where transition probabilities depend 

Figure 3: Passenger Screening Algorithm Challenge Dataset. Images depict frontal body parts for men and women.
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on the feature values at different nodes. 
• Evaluated the scalability and approximation quality of the new approach, both analytically and empiri-

cally. 
• Tested and validated our algorithms on the Kaggle competition dataset released by DHS for Passenger 

Screening to improve the accuracy of threat recognition.
Milestones achieved in Year 4: 
• We proposed a near-linear time Mirror Descent algorithm for anomalous cluster detection in ambient 

Gaussian noise. We explored statistical and computational performance on a number of synthetic data-
sets and demonstrated excellent performance.

E. Future Plans

As a result of the ALERT Biennial Review concluded  in March of 2018, this project has been terminated and 
will not be funded in Year 6.  As much as possible, we will complete the investigations currently in progress.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

• Next-Gen systems call for screening on-the-move scenarios at stand-off-distances without the need for 
removing any liquids or electronics from the carry-on baggage as well. These systems call for localizing 
the regions of threats for improving throughput.

• Improved ATR algorithms for AIT, such as X-ray backscatter and mm-wave imaging. 
• Development of ATR for on-the-move scenarios at standoff distance. 
• Effective standoff detection of concealed explosives.
• Metrics: Low probability of false alarm and high probability of detection.

B. Potential for Transition

• Improved concepts for AIT are of particular interest to X-ray backscatter vendors and to new millimeter 
wave (mm-wave) imaging concepts.

• Synergistic activity with Thrust 3 (Bulk Sensors and Sensor Systems) at Northeastern University. The 
Thrust R3 bulk sensor research at NU is focused on hardware development of high-resolution mm-wave 
radar to distinguish security threats hidden on individuals in AIT images.

• Synergistic activity with Prof. Jose Martinez-Lorenzo’s project “On-the-Move” scenarios at standoff rang-
es (10-40 meters). That project (Projects R3-B.1 & R3-B.2) is developing a new radar system concept, 
capable of detecting explosive related threats at standoff distances. Our work will lead to statistically 
efficient techniques complementing the new radar system. 

• The APEX project for screening at speed is also a relevant to our effort. We will work with John Fortune at 
DHS S&T to identify potential points of transition of our methods for Next-Gen screening systems.

C. Transition Pathway 

We will release software code for anomaly detection upon project completion. The software code will take 
AIT images as input to detect and localize possible anomalous regions for further human inspection. We will 
work with the Thrust R3 Lead (Carey Rappaport) and contact AIT vendors once the technology is demon-
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strated in laboratory experiments. We will present the results to vendors at ADSA meetings and seminars at 
vendor facilities for interested vendors.

D. Customer Connections

• John Fortune, DHS S&T, APEX Project
• Carey Rappaport, Northeastern University, ALERT R3 Thrust Leader: Bulk Sensors and Sensor Systems
• Jose Martinez-Lorenzo, Northeastern University, Standoff Detection of Potential Suicide Bombers Project

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. Jelena Diakonikolas co-organized a reading group on Spectral Graph Theory and Optimization at 

the Simons Institute for the Theory of Computing at UC Berkeley during the Fall 2017 semester.
2. Student Internship, Job, and/or Research Opportunities

a. Cem Aksoylar graduated in Spring 2017 and is now a Research Scientist at Microsoft Research.

B. Peer Reviewed Journal Articles 

Pending -
1. Diakonikolas, J. & Orecchia, L. “The Approximate Duality Gap Technique: A Unified Theory of First-Or-

der Methods.” SIAM Journal on Optimization, 2018. In revision. 

C. Peer Reviewed Conference Proceedings

1. Aksoylar, C., Orecchia, L., & Saligrama, V. “Connected Subgraph Detection with Mirror Descent on 
SDPs.” Proceedings of the 34th International Conference on Machine Learning, PMLR 70:51-59, 2017.

Pending - 
1. Cohen, M. B., Diakonikolas, J., & Orecchia, L. “On Acceleration with Noise-Corrupted Gradients.” Proc. 

ICML’18, 2018. To appear.
2. Diakonikolas, J. & Orecchia, L. “Alternating Randomized Block Coordinate Descent.” Proc. ICML’18, 

2018. To appear.

D. Other Presentations 

1. Seminars
a. Diakonikolas, J. “Block Coordinate Descent and Exact Minimization.” Workshop on Local Algo-

rithms, MIT, Cambridge, MA, June 2018. Invited talk. 
b. Diakonikolas, J. “Conservation Laws and First-Order Optimization: Novel Insights and Algo-

rithms.” University of Southern California, May 2018. ISE colloquium talk. 
c. Diakonikolas, J. “Conservation Laws and First-Order Optimization: Novel Insights and Algo-

rithms.” University of Wisconsin-Madison, April 2018. CS colloquium talk. 
d. Diakonikolas, J. “Conservation Laws and First-Order Optimization: Novel Insights and Algo-

rithms.” Thayer School of Engineering at Dartmouth, March 2018. Data analytics seminar/ 
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special seminar. 
e. Diakonikolas, J. “A Unifying Theory of First-Order Methods and Applications.” Microsoft Re-

search, Redmond, WA, February 2018. Invited talk.
f. Diakonikolas, J. “A Unifying Theory of First-Order Methods and Applications.” Boston University, 

Boston, MA, January 2018. Seminar talk.
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THRUST R4 
VIDEO ANALYTICS & SIGNATURE ANALYSIS

Project 
Number Project Title Lead Investigator(s) Other Faculty 

Investigator(s) 
R4-A.1 Dynamics-Based Video Analytics Octavia Camps

Mario Sznaier
R4-A.2 Rapid Similarity Prediction, Forensic

Search & Retrieval in Video
Venkatesh Saligrama
David Castañón

Hanxiao Wang

R4-A.3 Human Detection & Re-Identification for
Mass Transit Environments

Rich Radke

R4-B.1 Toward Advanced Baggage Screening: 
Reconstruction & Automatic Target  
Recognition (ATR)

Charles Bouman
Ken Sauer

Dong Hye Ye

R4-B.2 Multi-energy, Limited View Computed 
Tomography (CT)

Eric Miller Brian Tracey

R4-C.1 Advanced Multispectral Computed           
Tomography (CT) Algorithms

Clem Karl David Castañón
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R4-A.1: Dynamics-Based Video Analytics

I. PARTICIPANTS

Faculty/Staff 
Name Title Institution Email

Octavia Camps Co-PI Northeastern University camps@coe.neu.edu

Mario Sznaier Co-PI Northeastern University msznaier@coe.neu.edu

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Mengran Gou PhD Northeastern University 5/2018

Sadjad Esfeden Asghari PhD Northeastern University 12/2020

Wenqian Liu PhD Northeastern University 12/2020

Bengizu Ozbay PhD Northeastern University 12/2019

Dong Yin PhD Northeastern University 12/2020

Xikang Zhang PhD Northeastern University 5/2018

Yuexi Zhang PhD Northeastern University 12/2021

Abhishek Sharma MS Northeastern University 6/2018

Can Uner MS Northeastern University 6/2019

II. PROJECT DESCRIPTION 

A. Project Overview

Video-based methods have enormous potential for providing advanced warning of terrorist activities and 
threats. In addition, they can assist and substantially enhance localized, complementary sensors that are 
more restricted in range, such as radar, infrared, and chemical detectors. Moreover, since the supporting hard-
ware is relatively inexpensive and largely already deployed (stationary and mobile networked cameras, in-
cluding camera cell phones, capable of broadcasting and sharing live video feeds), the additional investment 
required is minimal.
Arguably, the critical impediment to fully realizing this potential is the absence of reliable technology for 
robust, 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 difficulty to characterize distinguishing 
features of benign vs. dangerous behaviors, makes automatic threat detection extremely challenging. Indeed, 
state-of-the-art turnkey software, such as that used by complementary projects at Northeastern University 
(NEU), relies heavily 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 confluence of robust dynamical systems, computer vision, and machine learning. A funda-
mental feature and key advantage of the envisioned methods is the encapsulation of information content 
on targeted behavior using dynamics-based and statistical-based invariants. Drawing on solid theoretical 
foundations, robust system identification and adaptation methods, along with model (in)validation and ar-
tificial intelligence tools, will yield quantifiable characterization of threats and benign behaviors, provable 
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uncertainty bounds, and alternatives for viable explanations of observed activities. 

Specifically, this research seeks to predict and isolate threats in crowded public spaces such as sports arenas, 
airports, bus terminals, and vulnerable public spaces as illustrated in Figure 1. Toward this goal, we aim to:
• Answer “who, what, where and why?” questions from video data;
• Identify security breaches at portals;
• Track movements across distributed camera networks;
• Detect suspicious, potentially threatening activities; and
• Flag objects left behind.
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 
difficult 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. 
The impact of successful video analytics is very relevant to the Department of Homeland Security (DHS). Our 
goal is to provide tools to automatically process vast amounts of visual data, most of which is not relevant, 
and to localize, both in space and time, critical actionable information, which is needed to ensure safety in 
large public spaces. 

B. State of the Art and Technical Approach

Recent advances in the accuracy and efficiency of object detectors [1, 2], particularly pedestrian detectors, 
have inspired and fueled multi-target tracking approaches for detection. These techniques proceed by de-
tecting the targets frame by frame using a high quality object detector and then associating these detections 
by using online or offline trackers [3-5]. Often, these associations are based on appearance and location sim-
ilarity. However, these approaches fail when the appearance of the targets is discriminative and the targets 
display simple motion patterns. While there are trackers that rely less on appearance [6-10], they often re-
quire tuning of a large number of parameters and expertise to adapt the algorithms to these more challenging 
scenarios. Alternatively, Ding et al. [11] showed that it is possible to use dynamics to compare tracks and 
disambiguate between targets without assuming a motion model a priori; however, the computational and 
memory complexity of this approach has limited its application to short trajectories of a few targets.
Multiple cameras are used to cover wide areas and provide different viewpoints of targets. Maintaining con-
sistent identity labels across cameras is a difficult problem since the appearance of the targets can be quite dif-
ferent when seen from different angles. Previous approaches to this problem include matching features such 
as color and apparent height [12, 14, 15] using 3D information from camera calibration [13, 16-20], using the 

Figure 1: This research seeks to predict and isolate threats in crowded public spaces such as sports arenas, transport 
terminals, and vulnerable urban spaces.
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epipolar constraint [21-23], modeling the relationship between the appearance of a target in different views 
through a linear time invariant system [24], or computing homographies between views [25-29]. When the 
cameras do not have overlapping fields of view, targets must be re-identified across cameras. A good over-
view of existing re-ID methods can be found in [30-34] and references therein. 
The three most important aspects in re-ID are: 1) the features used; 2) the matching procedure; and 
3) the performance evaluation. Most re-ID approaches use appearance-based features that are viewpoint 
quasi-invariant [35-40], such as color and texture descriptors; however, the number and support of fea-
tures used varies greatly across approaches, making it difficult to compare their impact on performance. 
Using standard metrics such as Euclidean distance to match images based on these type of features results 
in poor performance due to the large variations in pose, illumination, and limited training data. Thus, recent 
approaches [34, 41-44] design classifiers to learn specialized metrics that enforce features from the same 
individual to be closer than features from different individuals. Yet, state-of-the-art performance remains low, 
slightly above 30% for the best match. Performance is often reported on standard datasets, and while they are 
challenging, they bring in different biases. Moreover, the number of datasets and the experimental evaluation 
protocols used also vary greatly across approaches, making it difficult to compare them.
Dynamics and more precisely, dynamic invariants, can be used to extract critical information from data 
streams. Robust identification of piecewise affine dynamic systems has been the object of recent intensive 
research, leading to a number of techniques meant to find subsystem dynamics and switching surfaces [45]. A 
common feature is the computational complexity entailed in dealing with noisy measurements. In this case, 
algebraic procedures [46] lead to non-convex optimization problems, while optimization methods lead to 
mixed integer/linear programming [47]. Similarly, methods relying on probabilistic priors [48] also lead to 
computationally complex combinatorial problems. An alternative approach is provided by clustering-based 
methods [49, 50]. Since these methods rely on local identification, they require “fair sampling” of each clus-
ter, which places constraints on the data that can be used. More recently, the PIs of this project have devel-
oped new sparsification based-techniques for identification of affine switched models that allow for several 
types of noise [51-54].
Finding dynamic invariants from corrupted data often requires the ability to solve optimization problems. 
Semidefinite programs seek to minimize a linear function subject to affine matrix equality and positive 
semidefinite constraints. These problems are convex (albeit non-smooth) and thus tractable. Indeed, recent 
research efforts have led to numerous algorithms (for instance interior point algorithms) with polynomial 
complexity; excellent surveys are given in [55] and [56]. Of particular interest to this project are semidef-
inite programs resulting from the relaxation of constrained rank minimization problems [57, 58]. It has been 
recently shown [59] that, in these cases, gradient-based methods outperform interior point ones. Polynomial 
optimization problems are highly non-convex; however, one can find convex liftings leading to standard 
semidefinite programs. Two (related) approaches are usually used: 1) the Sums of Squares approach [60], 
which provides convex certificates for positivity of a polynomial over a semi- algebraic set, and 2) its dual, 
referred to as the Moments approach [61]. Here, sufficient and asymptotically necessary conditions for a 
sequence to be a moment sequence of some Borel measure are used to convexify the problem [62].

C. Major Contributions

C.1. Year 5

C.1.a. Dynamics Enhanced Multi-Camera Motion Segmentation from Unsynchronized Videos

Motion segmentation, which is deciding the number of moving targets in a given video sequence and as-
signing features to the corresponding target, is a pre-requisite for successful activity recognition and scene 
understanding in scenarios involving multiple actors. While the problem of motion segmentation using data 
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collected with a single camera has been extensively studied in the past decade [12-16], existing methods 
cannot take advantage of information collected by multiple cameras, with no necessarily overlapping fields 
of view. As part of this research, we addressed the multi-camera motion segmentation problem using unsyn-
chronized videos: given two video clips containing several moving objects, captured by unregistered, unsyn-
chronized cameras with different viewpoints, our goal is to assign features to moving objects in the scene. 
This problem challenges existing methods due to the lack of registration information and correspondences 
across cameras (Figure 2). To solve it, we proposed a method, outlined in Figure 3 that combines shape and 
dynamical information and does not require spatio-temporal registration or shared features. As we showed 
in [17], this combination results in improved performance even in the single camera case, and allows for solv-
ing the multi-camera segmentation problem with a computational cost similar to that of existing single-view 
techniques. 

The main observation motivating the proposed method is that, under affine camera models, the dynamical 
models underlying the motion of each rigid body are invariant under spatial rotation/translations and tem-
poral offsets. Thus, a suitable defined distance between these models can be used, combined with a spectral 
clustering approach to assign points to objects, even if these points are observed by different cameras, not 
necessarily synchronized. As we showed in [17], such a distance can be efficiently computed by considering 
the manifold distance between Gram matrices corresponding to given trajectories, computed on the sym-
metric positive definite (SPD) matrix manifold. Since the “manifold dynamic distance” (MDD) feature is com-
plementary to the shape feature used in Robust Shape Interaction Matrix (RSIM) (essentially based on geo-
metric considerations, rather than dynamics), both can be combined to obtain an improved segmentation, 

Figure 2: Multi-camera motion segmentation is challenging due to the lack of feature correspondences, so we  
proposed a new correspondence-free method to tackle this problem.

Figure 3: Diagram of the proposed method. The main idea is to combine information from a Multi-Camera Shape Inter-
action Matrix (McRSIM) and a Manifold Dynamic Distance (MDD) matrix, obtained using the Jensen-Bregman LogDet 
Divergence (JBLD), into a single affinity matrix W. The cluster labels are obtained by performing spectral clustering on 
this matrix.
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even in the single camera case. While in principle the multi-camera case can be handled by considering this 
new feature alone, we showed that a suitable multi-camera extension of RSIM (McRSIM) can be obtained by 
aligning the principal directions of the shape matrix across cameras. When combined with the new dynamics 
feature, McRSIM leads to a multi-camera robust motion segmentation algorithm that substantially outper-
forms approaches relying on dynamical or geometric information alone.
The main contributions of our approach are:
• Single camera case: We introduced a new feature, SPD manifold dynamic distance between trajectories 

(MDD), and showed that, when combined with existing geometric-based features, the resulting algorithm 
outperforms the state of the art.  This was illustrated using the Hopkins 155 data set.

• Multiple camera case: We showed that the MDD feature is invariant to affine transformations and time 
delays, and thus, it can directly be used to perform multi-camera motion segmentation with unsynchro-
nized cameras under a very mild condition: The same number of rigid motions must be observed across 
video sequences. There is no need for any number of points to be visible in both cameras or restrictions 
on the view-point difference or time offset. 

• We introduced a multi-camera generalization of the shape interaction matrix (McRSIM), obtained by con-
sidering velocities, rather than positions, and aligning the principal directions of the shape matrix. For a 
given set of points, McRSIM is also invariant to affine spatial transformations and time delays.

• We proposed a multi-camera motion segmentation algorithm based upon performing normalized spec-
tral clustering on an affinity matrix obtained by combining the two features. Since its computational com-
plexity is dominated by the complexity of performing a singular value decomposition on the data matrix, 
it can comfortably handle very large data sets. The advantages of this algorithm were illustrated both with 
a synthetic experiment using the Hopkins 155 data set, where, in each sequence half of the points were 
rotated/translated or delayed, and a new multi-camera data set, specifically created to benchmark this 
scenario. The experiments showed that the proposed method performs better than state-of-art methods.

C.1.b.	 Fine-grain	Classification	Using	a	Moments	Embedding	Network

Details and context are important to disambiguate visual data. Objects can be of similar color and shapes but 
have important differences. As illustrated in Figure 4, different models of cars can look similar when looked 
from the same viewpoint, and can be distinguished based only on very small details. Yet, cars from the same 
model can look very different if looked at from different viewpoints.
Bilinear pooling [18] has been recently proposed as a feature encoding layer, which can be used after the 
convolutional layers of a deep network, to improve performance in fine grain classification tasks [18-19], 
as well as in large-scale image recognition [19], segmentation [20], visual question answering [21-22], face 
recognition [25], and artistic style reconstruction [26]. Different from conventional global average pooling or 
fully connected layers, bilinear pooling gathers second order information in a translation invariant fashion. 
However, a serious drawback of this family of pooling layers is their dimensionality explosion. Approximate 
pooling methods with compact properties have been explored towards resolving this weakness. Additionally, 
recent results have shown that significant performance gains can be achieved by adding first order informa-
tion and applying matrix normalization to regularize unstable higher order information; however, combining 
compact pooling with matrix normalization had not been explored until now.
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As part of this research effort, we developed a deep architecture [27] that unifies bilinear pooling and the 
global Gaussian embedding layers through the empirical moment matrix, while also allowing for sub-matrix 
square-root normalization and using off-the-shelf compact pooling methods to mitigate high dimensionality 
problems.
The proposed architecture, MoNet (moments-based network), is shown in Figure 5. The main idea behind 
this architecture is to write the Gaussian embedding as a tensor product of the homogeneous padded local 
features. In this way, the Gaussian embedding operation and bilinear pooling become decoupled. Further-
more, instead of working on the bilinear pooled matrix, we derived a sub-matrix square root layer that per-
forms the matrix power normalization directly on the (in)-homogeneous local features. The gradient of the 
proposed layers can be computed using matrix back propagation, thus the whole architecture can be trained 
end-to-end.

As shown in Table 1, the proposed architecture MoNet is capable of solving classification problems with 
much less computation and memory complexity than state-of-art Bilinear pooling CNN based algorithms.

Figure 4: Fine grain classification is challenging because objects within the same class (i.e. birds from the same species) 
can appear very different due to viewpoint and pose, while objects from different classes (i.e. birds from different spe-
cies) can have very small differences.

Figure 5: Architecture of the proposed moments-based network, MoNet. With the proposed sub-matrix square-root 
layer, it is possible to perform matrix normalization before bilinear pooling or further apply compact pooling to reduce 
the dimensionality dramatically without undermining performance.
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We evaluated MoNet on three widely used fine-grained classification datasets. Different from general object 
recognition tasks, fine-grained classification usually tries to distinguish objects at the sub-category level, 
such as different makes of cars or different species of birds. As noted above, the main challenge of this task 
is the relatively large inter-class and relatively small intra-class variations. In all experiments, the 13 convo-
lutional layers of VGG-16 [30] were used as the local feature extractor, and their outputs were used as local 
appearance representations. These 13 convolution layers were trained with ImageNet [31] and fine-tuned in 
our experiments with three fine-grained classification datasets. The classification accuracy for each network 
is given in Table 2. As the numbers show, MoNet can achieve better or comparable performance than previ-
ous architectures, but can do so using tensor sketching, using only 4% of the memory.

C.1.c. A Sum-of-Squares Approach to Robustifying Linear Subspace Clustering Methods 

Many problems involve fitting piecewise models to a given set of points (Fig. 6), often in the presence of out-
liers. Examples include motion segmentation [15], video segmentation [32], image compression [33], face 
recognition [34], and  system identification [35]. Due to its importance, a substantial research effort has been 

Table 1: Dimension, parameters, computation, and memory required for the previous state-of-the-art architectures 
and the proposed architecture, MoNet. Typical values are: Image size (H = 13, W =13), number of feature channels (C = 
512),  number of classes (k=1000), and compact pooling dimension (D=10,000).

Table 2: Experimental classification accuracy.
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devoted to this problem, leading to many algorithms that can be roughly classified into statistical, algebraic, 
and self-representation based.

RANdom SAmple Consensus (RANSAC) [36] type methods use a sampling based approach to find, at each it-
eration, a subspace that fits as many data points as possible. These points are then removed from the dataset 
and the process is repeated, until a given threshold on the percentage of inliers is exceeded. While in princi-
ple these methods can correctly cluster noisy data, even in the presence of outliers, they may require a large 
number of iterations to do so. 
Algebraic methods such as Generalized Principal Component Analysis (GPCA) [37] and its variants exploit  
subspace arrangements properties, reducing the problem to estimating a multivariate polynomial from noisy 
measurements of its zeros. Once this polynomial has been found, the parameters of the subspaces can be 
recovered via polynomial differentiation.  While GPCA works well with clean data, its performance degrades 
quickly with the noise level. This drawback has motivated the approaches in [38] and [39] where the original 
data is “cleaned” by solving a polynomial optimization. Although these methods can handle substantial noise 
levels and outlier percentages, their main drawback is their computational complexity.
An alternative to algebraic approaches are methods that exploit the self-expressiveness of subspaces. In most 
of these approaches, the goal becomes finding a clustering that renders a suitably defined affinity matrix, 
typically obtained by solving a sparsification or rank minimization problem, block-diagonal. Examples of 
these techniques include Sparse Subspace Clustering (SSC) [40], Robust PCA (RPCA) [41], Low Rank Rep-
resentation (LRR)  [42], Fixed Rank Representation (FRR) [42, 43], and Robust Subspace Clustering (RSC) 
[32]. These methods work well in the presence of noise and offer theoretical recovery guarantees. On the oth-
er hand, handling outliers requires augmenting the objective function with additional regularization terms, 
whose weights must be usually hand tuned to obtain good performance and typically recovery guarantees 
are lost. Alternatively, recently [44] proposed a method based on random walks over the representation 
graph of the data, which encodes the self-representation property of inliers. While this method works well 
for small to moderately large datasets, finding the representation graph entails solving an elastic net problem 
for each data point, a problem that, as in sparsification based approaches, scales polynomially with the size 
of the data and becomes prohibitively expensive for large data sets.  
Finally, a remarkable exception to the need to solve regularized optimization problems when exploiting 

Figure 6: Many practical applications such as object and face recognition, and motion segmentation involve fitting 
linear subspaces to sample data. 
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self-expressiveness is the Robust Shape Interaction Matrix (RSIM) method [12], which works directly with 
a  shape interaction matrix (SIM) and handles noise and outliers indirectly  by 1) row normalization, 2) 
element-wise powering, and 3) carefully estimating the rank of the SIM matrix. Although RSIM has been 
empirically shown to outperform other spectral clustering methods when the data is corrupted with gross 
outliers, at the present time there are no theoretical results guaranteeing that this will always be the case. 
Additionally, this approach does not discard outliers, instead it assigns them to some of the inlier subspaces.
To circumvent the difficulties noted above, we proposed in [45] a computationally efficient algorithm to de-
tect and remove outliers from (noisy) data that lies in an arrangement of subspaces. The main idea of the 
algorithm, illustrated in Figure 7, is to find a polynomial whose level sets approximate the support of the 
inliers (that is, the polynomial is small in the inlier subspaces and has large values elsewhere). This poly-
nomial is obtained by 1) first identifying “reliable” inliers, 2) estimating the probability density function of 
these inliers, and 3) finding a polynomial that minimizes the expected value of the quadratic fitting error to 
the (estimated) inlier subspaces.

The proposed approach was motivated by the recent work in [46], showing that given a cloud of points, there 
exists a sum-of-squares (SoS) polynomial Q that can be calculated from the data and  achieves high values at   
isolated  points. Thus, in principle, points far from the cloud of inliers can be detected by simply evaluating Q; 
however, note that these points may not necessarily be outliers in the classical sense of the word (e. g.  points 
far away from the subspaces). In fact, as illustrated in Figure 7(b) isolated inliers  will be classified as  outliers 
even if they belong to the subspace arrangement. Conversely, outliers close to inliers may be incorrectly clas-
sified as inliers. In contrast, in this paper we explicitly exploit the underlying subspace structure to accurately 
identify outliers—i.e. points that do not belong to the subspace arrangement (see Figure 7(d)), and at the 
same time, reduce the computational complexity vis-a-vis [46].
Our main theoretical contribution shows that, given a collection of data points lying in a subspace arrange-
ment, corrupted by noise and gross outliers, the set of inliers can be approximated with high probability as 
the sub level set of a polynomial directly constructed from the data. This result was established by provid-
ing a stochastic re-interpretation of algebraic methods showing that these techniques seek to minimize the  

Figure 7: Proposed pipeline: (a) inliers (black) corrupted with outliers (red); (b) SoS approximation of the support of 
the inliers (blue) and its level set (red); (c) approximating the support of the inlier subspace using the inverse of the 
proposed polynomial; and (d) inliers are the points inside a suitable level set of the polynomial.
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expected value, with respect to the empirical probability measure estimated from the data, of a homogeneous 
SoS polynomial. In fact, for noiseless data this polynomial coincides with the square of the hybrid decoupling 
polynomial used in GPCA.
The theoretical results outlined above lead to an efficient algorithm for outlier removal. Notably, this algo-
rithm only requires performing two singular value decompositions whose size is independent of the num-
ber of data points, avoiding computationally expensive semi-definite optimizations. In addition, it provides 
bounds on the probability of misclassifying an inlier as an outlier.  
These contributions were illustrated using data from the MNIST digits, Extended Yale B, Coil-100, Caltech-256, 
and  Hopkins 155 datasets, where the proposed approach outperforms the state of the art, both in terms of 
performance (average Area Under the Curve (AUC) and average maximum F1 score), and in execution time, 
with a very pronounced ~ 10x-50x gap for the larger data sets, as summarized in Table 3.

Table 3: Experimental results for performance evaluation of proposed method to remove outliers.
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C.1.d.	 Video	Encoding:	Predicting	Future	Frames	Using	a	Dynamical	Atoms	Based	Network

The ability to anticipate the future is essential when making real time critical decisions, provides valuable in-
formation to understand dynamic natural scenes, and can help unsupervised video representation learning. 
State-of-the-art video prediction is based on Long Short-Term Memory (LSTM) recursive networks and/or 
generative adversarial network learning. These are complex architectures that need to learn large numbers 
of parameters, are potentially hard to train, slow to run, and may produce blurry predictions.
As part of this research, we introduced Dynamical Atoms-based Network (DYAN), a novel network with very 
few parameters and easy to train, which produces accurate, high quality frame predictions, significantly fast-
er than previous approaches. DYAN owes its good qualities to its encoder and decoder, which were designed 
following concepts from systems identification theory and exploit the dynamics-based invariants of the 
data. Extensive experiments using several standard video datasets show that DYAN is superior at generating 
frames and that it generalizes well across domains.
The recent exponential growths in data collection capabilities and the use of supervised deep learning ap-
proaches have helped to make tremendous progress in computer vision; however, learning good representa-
tions for the analysis and understanding of dynamic scenes, with limited or no supervision, remains a chal-
lenging task. This is in no small part due to the complexity of the changes in appearance and of the motions 
that are observed in video sequences of natural scenes. Yet, these changes and motions provide powerful 
cues to understand dynamic scenes such as the one shown in Figure 8, and they can be used to predict what 
is going to happen next. Furthermore, the ability of anticipating the future is essential to make decisions and 
take action in critical real time systems such as threat detection and autonomous driving.

Predicting future frames to anticipate what is going to happen next requires good generative models that can 
make forecasts based on the available past data. Recurrent Neural Networks (RNN) and in particular Long 
Short-Term Memory (LSTM) have been widely used to process sequential data and make such predictions. 
Unfortunately, RNNs are hard to train due to the exploding and vanishing gradient problems. As a result, they 
can easily learn short term but not long-term dependencies. On the other hand, LSTMs and the related Gated 
Recurrent Units (GRU), addressed the vanishing gradient problem and are easier to use. However, their de-
sign is ad-hoc, with many components whose purpose is not easy to interpret [47].
More recent approaches [48-51] advocate using generative adversarial network (GAN) learning [52]. Intu-
itively, this is motivated by reasoning that the better the generative models, the better the prediction will 
be, and vice-versa: by learning how to distinguish predictions from real data, the network will learn better 
models. However, GANs are also reportedly hard to train, since training requires finding a Nash equilibrium 
of a game, which might be hard to get using gradient descent techniques.

Figure 8: Dynamics and motion provide powerful cues to understand dynamic scenes and to predict the future.
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In [53] we proposed a novel Dynamical Atoms-based Network, DYAN, shown in Figure 9. DYAN is similar 
in spirit to LSTMs, in the sense that it also captures short and long term dependencies; however, DYAN is 
designed using concepts from dynamic systems identification theory, which help to drastically reduce its 
size and provide easy interpretation of its parameters. By adopting ideas from atom-based system identi-
fication, DYAN learns a structured dictionary of atoms to exploit dynamics-based affine invariants in video 
data sequences as illustrated in Figure 10. Using this dictionary, the network is able to capture actionable 
information from the dynamics of the data and map it into a set of very sparse features, which can then be 
used in video processing tasks, such as frame prediction, activity recognition, semantic segmentation, etc. We 
demonstrated the power of DYAN by using it to generate future frames in video sequences. Our extensive ex-
periments using several standard video datasets show that DYAN can predict future frames more accurately 
and efficiently than current state-of-the-art approaches. 

Figure 9: DYAN’s architecture: Given T consecutive H x W frames, the network uses a dynamical atoms-based encoder 
to generate a set of sparse N x HW features that capture the dynamics of each pixel, with N >> T. These features can be 
passed to its dynamical atoms-based decoder to reconstruct the given frames and predict the next one, or they can be 
used for other tasks such as action classification.

Figure 10: DYAN identifies the dynamics for each pixel, expressing them as a linear combination of a small subset of 
dynamics-based atoms from a dictionary (learned during training). The selected atoms and the corresponding coef-
ficients are represented using sparse feature vectors, found by a sparsification step. These features are used by the 
decoder to reconstruct the input data and predict the next frame by using the same dictionary, but with an extended 
temporal horizon.
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The main contributions of our approach are:
• A novel auto-encoder network that captures long and short term temporal information and explicitly 

incorporates dynamics-based affine invariants;
• The proposed network is shallow, with very few parameters. It is easy to train and it does not take large 

disk space to save the learned model;
• The proposed network is easy to interpret and it is easy to visualize what it learns, since the parameters 

of the network have a clear physical meaning;
• The proposed network can predict future frames accurately and efficiently without introducing blurri-

ness;
• The model is differentiable, so it can be fine-tuned for another task if necessary. For example, the front 

end (encoder) of the proposed network can be easily incorporated at the front of other networks de-
signed for video tasks such as activity recognition, semantic video segmentation, etc.

We evaluated our model on street view videos taken by car-mounted cameras. We trained our model on the 
KITTI dataset [54] raw videos, including 57 recording sessions (around 41,000 frames) in total, from the 
City, Residential, and Road categories. For these experiments, we trained our model with 10 input frames and 
predicted the next frame. Then, we directly tested our model without fine tuning on the Caltech Pedestrian 
dataset [55] testing partition(4 sets of videos), which consists of 66 video sequences in total.

Qualitative results on the Caltech dataset are shown in Figure 11 where it can be seen that our model accu-
rately predicts sharp, future frames. Also note that even though there are cars moving towards opposite di-
rections in this sequence, our model can predict both motions well. For these experiments, the network was 
trained on 3 NVIDIA TITAN XP GPUs, using one GPU for each of the RGB channels. The model was trained for 
200 epochs and it only takes 4.3KB to store it on disk. Training only takes 10 seconds/epoch, and it takes an 
average of 43ms to predict the next frame, given a sequence of 10 input frames.

C.1.e.	 CLASP:	Associating	Passengers	and	Divested	Items	in	an	Airport	Security	Checkpoint

Automatically tracking passengers and their divested objects while passengers walk through airport security 

Figure 11: Qualitative result for our model trained on the KITTI dataset and tested on the Caltech dataset, without 
fine-tuning. The figure shows examples from Caltech test set S06, sequence V002, with ground truth on the top row 
and predicted frames below. The whole sequence was split into 10 frame clips, so our predicted frames are every other 
10th frame number. As shown in the figure, our model fully captures the motion of the cars moving in opposite direc-
tions.
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checkpoints has great potential for improving checkpoint efficiency, theft detection, and risk-based screen-
ing. 
In collaboration with researchers from Rensselaer Polytechnic Institute (Rich Radke (PI) of Project R4-A.3), 
we developed methods for divested object detection and tracking, passenger detection and tracking, and pas-
senger-to-object association. We evaluated the performance of our algorithms using a scoring and evaluation 
tool provided by ALERT as reported on our Correlating Luggage and Specific Passengers (CLASP) report. 
Our group focused on the tasks of detection, including passenger detection, bin detection, and upper body 
joints of passenger detections. The state-of-the-art object detection and recognition algorithms in the com-
puter vision literature are based on deep learning architectures. The availability of large labeled datasets 
such as ImageNet, powerful GPU cards, and the use of convolutional networks that learn feature detectors 
from training data have led to a significant increase in performance, both in terms of accuracy and computa-
tional cost, compared to traditional algorithms using hand-crafted features and classifiers. Motivated by this 
success, we decided to use deep learning methods to detect passengers, bins, and the upper body pose of the 
passengers as they reach to bins to either divest or pick up personal objects, as described below.

C.1.e.i. Passenger (PAX) and Bin detection

In order to detect passengers (PAXs) and bins, we adopted the “Faster RCNN” architecture [56], which is 
illustrated in Figure 12. We decided to use this architecture because it has been shown to be capable of de-
tecting multiple targets simultaneously and at fast speeds. For example, using VGG-16 models, Fast RCNN can 
achieve 73.2% mAP on the PASCAL VOC 2007 at 5 fps, using 300 proposals per image.

Faster RCNN attains this performance by using a region proposal network (RPN) that shares the full convolu-
tional features used by the detection network to create regions proposals (i.e. bounding boxes that are likely 
to contain an object of interest) almost for free. The network, then can simultaneously predict object bound-
ing boxes and “objectness” scores (i.e. the likelihood that the box does contain the desired object) at every 
position. The two networks are trained together end-to-end by alternating fine-tuning for region proposal 
and object detection.

Figure 12: Faster RCNN Architecture. It consists of a region proposal network and an object detection network sharing 
deep convolutional features.
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The off-the-shelf Faster RCNN network is available pre-trained using the VGG-16 net, which in turn, was 
trained with ImageNet. In order to use this architecture for CLASP, we fine-tuned it using data captured at KRI 
and labeled by us. Toward this end, we extracted frames from cameras 9 and 11 depicting PAXs divesting and 
picking up personal items while going through security.  We labeled persons if the head and upper body was 
visible, empty bins, and bins containing items. Figure 13 shows a sample frame with labeled PAXs and bins. 
Overall, we labeled 676 frames. Retraining was done using a learning rate starting at 0.001, with a decay of 
0.1 at 60K and 80K steps, ans steepest gradient descent (SGD) with 0.9 momentum, and threshold of positive 
detection 0.7.

We tested the performance of the fine-tuned network on sequences A9_C11 and A9_C9 captured at the Kostas 
Research Institute’s CLASP checkpoint mock-up. These sequences had 50 frames labeled and included 6 and 
8 adult PAXs and 8 and 9 bins, respectively. The network detected 100% of the targets, at 9 fps using and 
NVIDIDA Titan X GPU card. Figure 14 shows sample frames with the detected PAXs and bins.

C.1.e.ii. Multi-person Upper-Body Pose Estimation

At the security checkpoint line, there are usually several PAXs divesting and picking up personal items at 
the same. When the PAXs are well separated in the images, it is easy to associate them with their belongings 
and their bins by simply using proximity. However, as PAXs come closer to each other proximity alone does 
not work well, leading to incorrect associations. In order to overcome this challenge, we used an upper body 

Figure 13: The Faster RCNN network was fine-tuned using labeled data of PAXs and bins captured at the Kostas Re-
search Institute (KRI). PAXs were labeled if their head and upper body were visible.

Figure 14: PAXs and bin detections using Faster RCNN.
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detector to capture the events when PAX divest or pick up personal items.   In particular, we used a convolu-
tional pose machine deep architecture network [57], fine-tuned to detect the two arms of each PAX, which is 
illustrated in Figure 15. 
The pose machine uses a multi-stage network with two parallel branches. A feature map of an image is firstly 
extracted by using a VGG-19 network and then it is passed to the first stage of each branch. Afterwards, the 
first branch predicts confidence maps of the locations of each body part and then the second branch predicts 
the association relationship between the parts. The predictions from the two branches, along with the image 
features, are then delivered to the next stage.  

To train this network, we built our own dataset following the training protocol from the COCO challenge [58] 
and the framework from CAFFE [59], so that we made a database which can be read by the designed net-
work properly. First of all, we rearranged the annotations for each person, which include its bounding box, 
key points, and also other important information used for training. Specifically, to train the human pose, we 
recorded indicators about the visibility of one body part, and also noted whether a body part was annotated. 
This was done using flags with three possible values: 0, 1, 2. “0” represents “invisible but labeled,” “1” rep-
resents “not labeled,” and “2” represents “visible and labeled.” Additionally, for this specific protocol, we also 
need to generate the mask for each person and the background separately. Later on, the original image and 
the corresponding mask images should be read into the network together. Afterwards, we store this informa-
tion in an “IMDB” structure, which can be directly processed in the network. 
We prepared all the data by using a customized Sloth labeling tool. We first defined the categories to be la-
beled. For each person, we labeled 7 joints in total:  head, two wrists, two elbows, and two shoulders. After 
the configuration, we imported the frames to the Sloth GUI. As shown in Figure 16, each click made on the 
image during labeling was automatically saved as a pair of (x, y) coordinates in a “.json” file. We used 364 
frames from 3 videos from cameras 9 and 11. During training, we fine-tuned the pre-trained model from [57] 
with the initial learning rate 8e-6 with decay of 5e-4 every 130,000 iterations. In the end, we trained 300,000 
iterations in total. The most challenging issue during training was due to the cameras viewpoints, since it can 
be difficult to detect overlapping parts such as shoulders and elbows when observed from a top view.

Figure 15: Overview of the convolutional pose machine architecture [56].
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After getting the model, we tested it on a sample video as shown in Figure 17. In the images, a red dot rep-
resents the right wrist and a green dot represents the left wrist. We also evaluated the model on a small sam-
ple set of 07212017-EXPERIMENT-9A with camera 11 by computing a precision and recall within 25 pixels 
from ground truth. The precision was 62% and 52% for the right and left wrists, respectively, and the recall 
was 71% and 65%, respectively.

C.1.e.iii.    Discussion on Fine-Tuning

As explained above, in order to use deep learning architectures for CLASP, we had to manually label data to 
fine-tune the networks. While this is a tedious process, it should be noted that we were able to achieve very 
good performance with a very small labeled dataset. Furthermore, we are currently working on domain ad-
aptation techniques with the goal of reducing even further the number of labels needed to fine-tune or even 
eliminate their need altogether.

Figure 16: Customized Sloth labeling tool snapshot.

Figure 17: Testing video: Experiment 5a, camera 11; a red dot represents the right wrist and a green dot represents the 
left wrist.
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C.2. Years 1-4

The outcomes achieved in previous years (Years 1-4) can be roughly classified into four areas related to video 
analytics: tracking, activity recognition, human re-identification, and mathematical tools for robust video and 
image processing. 
• Tracking  [60-62]:

 ○ We developed an algorithm that uses dynamics-based invariants to robustly track multiple targets 
with similar appearance. Our algorithm is faster and has better performance than the previous state-
of-the-art ones. We have also developed a set of robust tools for tracking, including filtering and co-
variance propagation.

• Activity recognition [39, 63-71]:
 ○ We proposed an efficient algorithm to detect casual interactions by sparsifying a dynamics-based 

graph, where each node represents a time sequence associated with the location of an agent. 

 ○ We developed a set of tools to compare and classify temporal sequences and applied them to the 
problem of activity recognition. 

• Human re-identification [72-76]:
 ○ Datasets: In collaboration with TSA and the Cleveland Hopkins International Airport (CLE), we col-

lected and annotated a dataset for human re-identification at the CLE Airport. In collaboration with 
Great Cleveland Rapid Transit Authority (GCRTA) and the DHS center of excellence VACCINE, we col-
lected and annotated a second dataset (where targets changed appearance) at bus terminals in Cleve-
land, OH. 

 ○ We benchmarked re-id algorithms and proposed a better kernel-based metric learning approach. We 
also addressed the problem of re-identifying targets in appearance-impaired scenarios, when targets 
have similar appearance or change appearance between views.

• Mathematical tools [39, 61, 62, 64, 65, 67, 68, 70, 71, 77-82]:
 ○ We developed theory connecting Machine Learning and Systems Identification. For example, we de-

veloped tools for robustly estimating the Fundamental Matrix in stereo camera systems; a method for 
linear robust regression in the presence of gross outliers; a method for subspace clustering capable of 
incorporating prior information, which is suitable for motion and planar surfaces segmentation; and 
an algorithm to chronologically sort crowd-sourced images in order to recover temporal information 
of an event.

D. Milestones 

The plan for Year 5 was to continue working on the problem of how to accurately answer the questions of 
who is doing what, where, and why from video data. In particular, we were to develop a new theoretical 
framework and associated algorithms with broad applicability to public space safety, using deep models 
while exploiting dynamic invariants on manifolds as key enablers for automatic, actionable information ex-
traction from video. We aimed to achieve outcomes on different aspects of the problem, including tracking, 
activity recognition, human re-identification, and mathematical tools for video analytics. The following are 
the set of identified milestones that we achieved during Year 5:
• Tracking: We incorporated state-of-the-art deep-learning based pedestrian detection algorithms, and 

incorporated our results of human re-ID to recover the target as it moves from one camera to another 
(CLASP).

• Activity Recognition:  1) We developed a deep learning architecture (DYAN) to encode appearance and 
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dynamics to be applied in single and multiple actor activities recognition; 2) designed a trained end-to-
end system to do this; and 3) evaluated the proposed architecture using literature benchmarks for frame 
prediction. We also adapted pose estimation deep architectures to detect the upper body joints of pas-
sengers to detect when a passenger reaches into a bin at an airport security checkpoint (DYAN, CLASP).

• Mathematical Tools:  All the outcomes listed above rested on the capability of introducing invariants into 
deep learning architectures. We provided theoretically grounded procedures on how to do this on two 
novel architectures, DYAN and MoNet, as well as how to visualize what the architecture is learning. We 
also introduced a dynamics invariants based approach for motion segmentation of multi-camera unsyn-
chronized videos (DYAN, MoNet, Motion segmentation, Outlier removal).

The following milestones from Year 5 remain to be achieved in Year 6:
• Tracking: Development of a new cost function, taking into account both appearance and dynamics of the 

target; and evaluation of the proposed algorithm using literature benchmarks and our own real-world 
captured data.

• Activity Recognition: An end-to-end deep learning architecture to recognize single and multiple actor 
activities based on the DYAN and MoNet architectures and an evaluation of the proposed architecture 
using literature benchmarks.

• Human Re-Identification: Continue to study the use of dynamics-based features to aid in appearance im-
paired scenarios; create a new benchmark dataset with the research community; and evaluate the new 
algorithms using this new dataset as well as other existing sets in the literature.

E. Future Plans (Year 6)

During Years 1-5, we have delivered a wide range of algorithms for robust video analytics with direct appli-
cation to public safety in large spaces, including tracking, activity recognition, and human re-identification 
algorithms. In addition, we have collected and annotated extensive datasets for algorithm testing and have 
designed comprehensive benchmarks to evaluate their performance. We have supervised 13 students (11 
PhD candidates (6 of them graduated) and 2 MS students). The results of this project appear on highly selec-
tive, peer-reviewed conferences and journals, and in 6 PhD dissertations. 
During Year 6, we will continue to leverage recent advances in deep learning and our previous work on 
dynamics-based analytics to provide end-to-end solutions to the W4 (who is doing what, where, and why) 
problem, to be deployed in the field with minimal fine-tuning and significant boost in performance and ro-
bustness. Thus, there are several problems that will well address:
• As part of this project we are developing an extensive suite of algorithms relevant to public space safety. 

In the next stage, we would like to integrate the different modules to provide end-to-end solutions.
• A challenge when using deep models is the need for large amounts of labeled data. Thus, an open prob-

lem that we would like to tackle is how to leverage small sets of real surveillance labeled data. We believe 
that a combination of dynamics-based generative models, statistical-based invariants, and available large 
labeled datasets from other domains could be used for this purpose. 

• We will continue research on how to integrate seamlessly information from multiple heterogeneous and 
asynchronous information sources.

• We will continue to work on the problem of tracking passengers and divested items at the checkpoint, 
using data obtained from the CLASP mock check-point at Kostas. In particular, we want to develop algo-
rithms capable of monitoring items divested by group travelers and how they handle their belongings at 
security checkpoints. For example, the system should be able to understand that a family member may 
drop an item at the checkpoint, while another member of the family picks it up on the other side. This 
problem is challenging, as it not only involves the problem of tracking the people involved and their items, 
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but also needs to allow for dynamic interactions among the group and objects.
• Finally, we would like to continue our efforts in working with DHS companies to transition our research 

prototypes into systems deployed and tested in real environments.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

This research addresses the challenge of processing vast amounts of video data in real time to enhance se-
curity by detecting dangerous situations as they evolve, and providing supporting actionable information to 
mitigate damage, as well as to aid during forensic analysis of events. 
Examples of benefits that a successful “who is doing what, where, and why” system could provide, include: 
(1) Faster throughput in airport security lines without compromising security; (2) avoidance of airport ter-
minal closure due to breach of security incidents (such as a person reaching the secure gates area through an 
exit, thus bypassing security); (3) quick identification of recurrent thieves in public transportation terminals; 
and (4) faster forensic analysis of security incidents. All of these applications not only have a tangible effect 
in ensuring public safety, but also have clear economic benefits, such as reducing human resources needed at 
airport security checkpoints and reducing crime in bus terminals.

B. Potential for Transition

The products of this research effort have direct application to the security and surveillance of large public 
spaces, such as in airports, mass transport system terminals, sport venues, etc. In addition to directly sup-
porting the Homeland Security Enterprise’s mission, systems endowed with activity analysis capabilities can 
assist law enforcement, allow elderly people to continue living independently, and help first responders and 
emergency workers in preventing hazards from developing into full blown catastrophic situations. Finally, 
as part of this work, we continue collecting and labeling data, which will be distributed to the video analytics 
community to be used as benchmarks to aid the advancement of the state-of-the-art.
We engage with potential customers by reaching out to DHS-related agencies such as TSA, and by presenting 
our work at professional and industrial meetings. Portions of this work have already been deployed and test-
ed at CLE, where it was used by TSA officers to detect security threats caused by persons bypassing airport 
security at terminal exits. We believe that the system could be transferred to other airports in the near future. 
In addition, we are working on a project with Rensselaer Polytechnic Institute (RPI), Boston University, Pur-
due University, and Marquette University using an airport security mockup at the Kostas Center. This supple-
ment to ALERT’s core cooperative agreement, named Correlating Luggage and Specific Passengers (CLASP), 
allows us to generate large amounts of realistic data while facilitating ground truth annotation. We expect 
that this dataset will be the starting point for addressing many problems relevant to TSA. Finally, through the 
transition team at ALERT, we will also reach out to other DHS entities, such as the U.S. Customs and Border 
Protection or the U.S. Coast Guard, to explore transitioning our video-analytics-based threat detection and 
assessment tools to agency specific scenarios.

C. Data and/or IP Acquisition Strategy

For the last five years, in collaboration with TSA and GCRTA, we have been collecting real-world data from 
camera networks at airports and bus terminals. We also have access to extensive public datasets available 
from the computer vision community. Finally, we have developed a mock airport security checkpoint at the 
Kostas Center that allows us to capture realistic data in controlled scenarios.
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D. Transition Pathway 

Our goal is to address the user needs for surveillance of large public spaces, such as airport terminals and bus 
stations. As part of this research, we are developing video analytics algorithms and implementing prototype 
systems, which are being tested using real-world data to show their feasibility.

E. Customer Connections

These are our customers from previous years:

• CLE Airport Commissioner- Mr. Fred Szabo 
• CLE TSA –Mr. Michael Young (retired)
• GCRTA Security Chief – Mr. John Joyce 
• DHS S&T Apex Screening at Speed Program Manager – Mr. John Fortune

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education	and	Workforce	Development	Activities

1. Course, Seminar, and/or Workshop Development
a. Professor Octavia Camps taught a course in computer vision (EECE 5639 Computer Vision I, Fall 

2017), where students worked on projects for object detection and tracking.
b. Professor Mario Sznaier taught a course in control theory (EE5580 Classical Control Systems, 

Spring 2018), where students applied concepts of system identification to design vision based 
systems that can be used for surveillance.

2. Student Internship, Job, and/or Research Opportunities
a. Mengran Gou: After graduating with a Ph.D. in 2018, Mengran joined Qualcomm.
b. Abhishek Sharma: After graduating with a MS in 2018, Abhishek joined Siemens Research.
c. Wenqian Liu is working at Philips Research for the summer.
d. Angels Rates Borras is working at Amazon for the summer.

3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty
a. Octavia Camps was a panelist at the workshop, Women in Computer Vision at CVPR 2018, Salt 

Lake City, Utah, June 2018.
4. Other Outcomes that Relate to Educational Improvement or Workforce Development

a. Graduated two PhD students (Mengran Gou and Xikang Zhang) and one MS student (Abhishek 
Sharma).

B. Peer Reviewed Journal Articles 

1. Yılmaz, B., Bekiroglu, K., Lagoa, C., & Sznaier, M. “A Randomized Algorithm for Parsimonious Mod-
el Identification.” IEEE Transactions on Automatic Control, 63(2), February 2018, pp. 532-539.  
DOI: 10.1109/TAC.2017.2723959

2. Karanam, S., Gou, M., Wu, Z., Rates-Borras, A., Camps, O., & Radke, R.J. “A systematic evaluation and 
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benchmark for person re-identification: Features, metrics, and datasets.” IEEE Transactions on Pattern 
Analysis & Machine Intelligence, February 2018, (1), preprint. DOI:10.1109/TPAMI.2018.2807450

3. Wang, Y., Lopez, J.A., & Sznaier, M. “Convex Optimization Approaches to Information Structured De-
centralized Control.” IEEE Transactions On Automatic Control, April 2018, (1), preprint. DOI:10.1109/
TAC.2018.2830112

4. Bekiroglu, K., Ayazoglu, M., Lagoa, C., & Sznaier, M. “Hankel Matrix Rank as Indicator of Ghost in Bear-
ing-only Tracking.” IEEE Trans. On Aerospace and Electronic Systems, April 2018, (1), preprint. DOI: 
10.1109/TAES.2018.2828218

5. Camps O., & Sznaier M. (2017). “The Interplay Between Big Data and Sparsity in Systems Identifi-
cation.” In: Laumond, JP., Mansard, N., & Lasserre JB. (eds). Geometric	and	Numerical	Foundations	of	
Movements. Springer Tracts in Advanced Robotics, Vol 117. Springer.

C. Other Publications

1. Liu, W., Sharma, A., Camps, O., & Sznaier, M. “DYAN: A Dynamical Atoms Network for Video Predic-
tion.” arXiv preprint arXiv:1803.07201. 20 March 2018.

D. Peer Reviewed Conference Proceedings

1. Sznaier, M., & Camps, O. “Sos-rsc: A sum-of-squares polynomial approach to robustifying subspace 
clustering algorithms.” Proceedings of the IEEE Conference on Computer Vision and Pattern Recogni-
tion, June 2018, pp. 8033-8041. 

2. Gou, M., Xiong, F., Camps, O., & Sznaier, M. “MoNet: Moments Embedding Network.” Proceedings of the 
IEEE Conference on Computer Vision and Pattern Recognition, June 2018, pp. 3175-3183. 

3. Wu, C., Ioannidis, S., Sznaier, M., Li, X., Kaeli, D., & Dy J. “Iterative Spectral Method for Alternative Clus-
tering.” International	Conference	on	Artificial	Intelligence	and	Statistics, 31 March 2018, pp. 115-123.

4. Zhang, X., Ozbay, B., Sznaier, M., & Camps, O. “Dynamics Enhanced Multi-Camera Motion Segmenta-
tion from Unsynchronized Videos.” Proceedings of the IEEE International Conference on Computer 
Vision, October 2017,  pp. 4668-4676.

5. Gou, M., Camps, O., & Sznaier, M. “MoM: Mean of moments feature for person re-identification.” Pro-
ceedings	of	the	Workshop	on	Manifold	Learning,	From	Euclid	to	Riemann	at	2017	IEEE	International	
Conference on Computer Vision, October 2017, pp. 1294-1303.

6. Gou, M., Karanam, S., Liu, W., Camps, O., & Radke, R.J. “Dukemtmc4reid: A large-scale multi-camera 
person re-identification dataset.” Workshop	on	Target	Re-Identification	and	Multi-Target	Tracking at 
IEEE	Conference	on	Computer	Vision	and	Pattern	Recognition,	July 2017. 

7. Cheng, Y., Ozbay, B., Sznaier, M., & Lagoa, C. “Suboptimal linfinity to linfinity Control of Switched 
Linear Models: A Superstability Approach.” 20th IFAC World Congress, July 2017, pp. 14380-14385.

8. Bekiroglu, K., Lagoa, C., Lanza, S.T., & Sznaier, M. “System Identification Algorithm for Non-Uniformly 
Sampled Data,” 20th IFAC World Congress, July 2017, pp. 7296-301.

E. Other Presentations 

1. Seminars
a. Camps, O. “Dynamics-Based Invariant for Video Understanding.” Workshop	Women	in	Computer	

Vision at CVPR 2018, Salt Lake City, Utah, June 2018. Invited Keynote.
b. Sznaier, M. “Surviving the Data Deluge: A Systems and Control Perspective.” SimTech 2018,  

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-A.1

436



Stuttgart, Germany, March 2018. Invited Keynote.
c. Sznaier, M. “Sparsity and Big Data in Control, Systems Identification and Machine Learning.”  

Short Course, 2018 International Graduate School on Control, Paris, France, 14-19 May 2018.
2. Interviews and/or News Articles 

a. “Airport Security Screening Goes to School.” Wall Street Journal, February 2018. https://www.
wsj.com/articles/airport-security-screening-goes-to-school-1519826400

F. Student Theses or Dissertations Produced from This Project

1. Gou, M. “Empirical Moment Matrix and Its Applications in Computer Vision.” Ph.D., Electrical and 
Computer Engineering, February 2018. Advisor: Octavia Camps.

2. Zhang, X. “Classification of Dynamics on Riemannian Manifold,” Ph.D., Electrical and Computer Engi-
neering,  April 2018. Advisor: Mario Sznaier.

G. New	and	Existing	Courses	Developed	and	Student	Enrollment

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student 
Enrollment

Existing Course Computer Vision I Introduction course to computer vision. 
Fall 2017. 

60

Existing Course Classical Control  
Systems

Introduction to control systems. Spring 
2018.

42

H. Software Developed

1. Algorithms
a. We developed a suite of algorithms for fine grain classification, video prediction, motion seg-

mentation, and outlier rejection. The code can be downloaded from http://robustsystems.coe.
neu.edu.
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R4-A.2: Rapid Similarity Prediction, Forensic 
Search & Retrieval in Video

I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email

Venkatesh Saligrama PI BU srv@bu.edu

David Castanon PI BU dac@bu.edu

Hanxiao Wang Post-doc BU hxw@bu.edu

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Yannan Bai MS BU 4/2018

Di Wu MS BU 12/2017

II. PROJECT DESCRIPTION

A. Project Overview

This project develops video analytics for maintaining airport and perimeter security. Our objectives include 
real-time suspicious activity detection, seamless tracking of individuals across sparse multi-camera net-
works, and the forensic search for individuals and activities in years of archived data. Surveillance networks 
are becoming increasingly effective in the public and private sector. Generally, use of these surveillance net-
works falls into a real-time or forensic capacity. For real-time use, the activities of interest are known a-priori, 
and the challenge is to detect those activities as they occur in the video. For forensic use, the data is archived 
until a user decides on an activity to search for. Forensic use calls for a method of content-based retrieval in 
large video corpuses based on user-defined queries. In general, identifying relevant information for tracking 
and forensics across multiple cameras with non-overlapping views is challenging. This is difficult given the 
wide range of variations, from the traditional pose, illumination, and scale issues to spatio-temporal varia-
tions of a scene itself.
It is worth focusing on the different goals of the forensic and real-time problem sets. In both problems, given 
the ubiquity of video surveillance, it is a fair assumption that the video to be searched grows linearly with 
time, and will stream in consistently. This mandates an ability to detect a predetermined activity in data as 
quickly as it streams in, for the real-time model. In the forensic model, this massive data requirement means 
that: (1) whatever representation is archived is computable as quickly as the data streams in, and (2) the 
search process scales sub-linearly with the size of the data corpus. The system will fall behind if it is not ful-
filled. A user will have to wait too long for his/her results when searching a large dataset if it is not fulfilled.
The significance of a real-time activity monitoring effort to the Homeland Security Enterprise (HSE) is that 
these methods will enable the real-time detection of suspicious activities and entities throughout an airport 
by seamlessly tagging and tracking objects. Suspicious activities include baggage drops, behavior, and aban-
doning objects. The forensic search capability will significantly enhance current human-driven and relatively 
short horizon forensic capabilities, and allow for an autonomous search that matches user-defined activity 
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queries in years of compressed data for detecting incidents such as a baggage drop, and identifying who/
what was involved in that incident over large time-scales. Boston Logan International Airport (BOS) current-
ly has the capability to store ~1 month’s data, and much of the forensics requires significant human involve-
ment. Our proposed research will generate new techniques for real-time activity recognition and tracking 
with higher probability of correct detection and reduced false alarms. Furthermore, it will enable the rapid 
search of historical video for the enhanced detection of complex activities in support of security applications.

A.1. Research Challenges

1. Data lifetime: Since video is constantly streamed, there is a perpetual renewal of video data. This 
calls for a model that can be updated incrementally as video data is made available. The model must 
be capable of substantial compression for efficient storage. Our goal is to leverage the relatively sta-
tionary background and exploit dynamically changing traffic patterns to realize 1000X compression.

2. Unpredictable queries: The nature of queries depends on the field of view of the camera, the scene, 
the type of events being observed, and the user’s preferences. The system should support queries of 
different natures that can retrieve both recurrent events, such as people entering a store, as well as 
infrequent events, such as abandoned objects or aimless lingering.

3. Unpredictable event duration: Within semantically equivalent events, there is significant variation. 
Events start anytime, vary in length, and overlap with other events. The system is nonetheless ex-
pected to return complete events regardless of their duration and whether or not other events occur 
simultaneously.

4. Clutter: Events in real surveillance videos rarely happen in isolation. Videos have a vast array of ac-
tivities, so the majority of a video tends to be comprised of activities unrelated to any given search.  
This “needle in a haystack” quality differentiates exploratory search from many standard image and 
video classification problems. 

5. Occlusions: Parts of events are frequently occluded, or do not occur. Trees, buildings, and other peo-
ple often get in the way and make parts of events unobservable.

The challenges of search can be summarized as: (1) big data, (2) unknown query when the data arrives, (3) 
many false alarms, and (4) poor data quality. To tackle these challenges, we utilize a three-step process that 
generates a graphical representation of an activity, down-samples the video to the potentially relevant data, 
and then reasons intelligently over that data.

B. State of the Art and Technical Approach

B.1. State of the Art 

We are presenting a survey of different approaches to the problems addressed by this project.

B.1.a.	 Classification	Methods

Many methods [1-4] at run-time take a video-snippet (temporal video-segment) as input and outputs a score 
based on how well it matches the desired activity. During training, activity classifiers for video snippets are 
learned using fully labeled training data. In this context, several recent works have proposed deep neural 
network approaches for learning representations for actions and events [5, 6]. These works leverage the fact 
that, in some applications, object/attributes provide good visual signatures for characterizing activity. 
In contrast to these methods, we do not utilize activity-level training data. Furthermore, while these methods 
are suited for situations where an activity manifests as a dominant signature in the video snippet, they are 
ill-suited for situations where the activity signature is weak, namely, the activity occurs among many other 
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unrelated co-occurring activities, which is the typical scenario in surveillance problems.

B.1.b.	 Zero-shot	Methods

More recently, zero-shot methods have been applied to several visual tasks, such as event detection [7, 8], 
action recognition [9], and action localization [10]. These methods share the same advantage with our work 
in that activity level training data associated with the desired activity is not required. Nevertheless, zero-shot 
methods are trained based on source domain descriptions for a subset of activities that allow for forging links 
between activity components, which can then be leveraged for classification of unseen activity at test-time. 
Furthermore, the current set of approaches are only suitable in scenarios where the activity has strong visual 
signatures in low-clutter environments.

B.1.c. Activity Graphs

It is worth pointing out that several works [3, 11] have developed structured activity representations, but 
they use fully annotated data as mentioned earlier. [3] describes a bipartite object/attribute matching meth-
od. [11] describes Boolean-Graphs based on aggregating sub-events for test-time activity recognition. Similar 
to classification-based methods, these methods only work well when the desired activity is dominant over a 
video snippet.

B.2. Salient Aspects of Our Approach

We formulate a probabilistic activity graph that explicitly accounts for visual distortions, bridges the se-
mantic gap through learning low-level concepts, and proposes an efficient probabilistic scoring scheme 
based on conditional random fields (CRFs). We propose to represent activities as graph queries. We utilize 
ground-truth data to reduce video to a large annotated graph. We propose probabilistic subgraph matching 
algorithms to probabilistically ground our CRF model in the video archive graph. We propose to handle the 
relationship semantic gap (for instance, nearness, proximity, etc.) through low-level learning. In this way, we 
account for visual distortions (mis-detections, track-loss etc.) and bridge the semantic gap between concepts 
and visual domain. We focus on retrieval of activity that matches analyst- or user-described semantic activity 
(ADSA) from surveillance videos. Surveillance videos pose two unique issues: (1) wide query diversity, and 
(2) the existence of many unrelated, co-occurring activities that share common components.
The wide-diversity of ADSAs limits our ability to collect sufficient training data for different activities and to 
learn activity models for a complete list of ADSAs. Methods that can transfer knowledge from detailed activity 
descriptions to the visual domain are required. To handle query diversity, we focus on a novel intermediate 
approach, wherein a user represents an activity as a semantic graph (see Fig. 1) with object attributes and 
inter-object semantic relationships associated with nodes and edges respectively. We propose to bridge the 
relationship semantic gap by learning relationship concepts with annotated data. At the object/node level, 
we utilize existing state-of-the-art methods to train detectors, classifiers, and trackers to obtain detected out-
puts, class-labels, track data, and other low-level outputs. This approach is practical because, in surveillance, 
the vocabulary of low-level components of a query are typically limited and can be assumed to be known in 
advance. 
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Our next challenge is to identify candidate groundings. By a grounding, we mean a mapping from archived 
video spatio-temporal locations to query nodes. Grounding is a combinatorial problem that requires search-
ing over different candidate patterns that match the query. The difficulty arises from many unrelated, co-oc-
curring activities that share node and edge attributes. Additionally, the outputs of low-level detectors, classi-
fiers, and trackers are inevitably error-prone, leading to mis-detections, misclassifications, and loss of tracks. 
Additional uncertainties can also arise due to the semantic gap. Consequently, efficient methods that match 
the activity graph with high-confidence in the face of uncertainty are required.
We propose a novel probabilistic framework to score the likelihood of groundings that explicitly account for 
visual-domain errors and uncertainties. The probabilistic framework is based on a CRF model of semantic 
activity that combines the activity graph together with the confidence/margin outputs of our learned compo-
nent-level classifiers, and calculates a likelihood score for each candidate grounding. We pose the combinato-
rial problem of identifying likely candidate groundings as a constrained optimization problem of maximizing 
precision at a desired recall rate. To solve this problem, we propose a successive refinement scheme that re-
cursively attempts to find candidate matches at different levels of confidence. For a given level of confidence, 
we show that a two-step approach based on first finding subtrees of the activity graph that are guaranteed 
to have high-precision, followed by a tree based dynamic programming recursion to find the matches, leads 
to efficient solutions. Our method outperforms bag-of-objects/attributes approaches [3], demonstrating that 
objects/attributes are weak signatures for activity in surveillance videos unlike other cases [12, 13]. We 
compare against [3], which is based on manually encoding node/edge level relationships to bridge the visual 
domain gap and demonstrate that our semantic learning combined with probabilistic matching outperforms 
such methods.

B.3. Experiments and Comparisons

We performed semantic video retrieval experiments on the VIRAT Ground 2.0 dataset and the Air Force 
Research Laboratory (AFRL) benchmark Wide-Area Motion Imagery (WAMI) data. Given a set of activity 
graph queries, each algorithm is asked to return a ranked list of groundings in the archive video based on 
their likelihood scores. The minimal bounding spatio-temporal volume of the involved bounding boxes then 
represents each grounding. For the VIRAT dataset, where ground truth is provided, standard precision-recall 
curves are produced by varying the scoring threshold. For the unannotated AFRL data, a human operator 
evaluates the precision of top-k returns by watching the corresponding spatio-temporal window of the video. 
Each return is marked as a true detection if the overlap of the returned spatio-temporal volume and the true 
spatio-temporal volume is larger than 50% of the union.

Figure 1: Illustration of building blocks for searching user defined activity in surveillance video.
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We compared our performance with two approaches, a bag-of-words (BoW) scheme [3] and our previous 
Manually Specified Graph Matching (MSGM) scheme [12, 13], which was the approach we developed in Years 
1-4. We first show the baseline performance of three methods on human-annotated track data from the VI-
RAT Ground 2.0 dataset with a set of seven queries. The VIRAT dataset is composed of 40 gigabytes of surveil-
lance videos, capturing 11 scenes of moving people and vehicles interacting. Resolution varies, with about 
50x100 pixels representing a pedestrian and around 200x200 pixels for vehicles. As shown in Tables 1 and 2, 
the proposed approach outperforms BoW and MSGM. On human annotated tracked data, where we assume 
no uncertainty at the object level, we can see that both MSGM and the proposed method significantly outper-
form BoW. The queries all include some level of structural constraints between objects; for example, there is 
an underlying distance constraint for the people, car, and object involved in object deposit.
We performed an ablative analysis of our approach with detected and tracked bounding boxes in Table 2. 
To demonstrate the effect of re-ID and relationship learning, we report performance with only re-ID, only 
relationship learning, and both re-ID and relationship learning. Performance of all three methods degrade on 
tracked data due to missed detections/classifications and track errors. While our method degrades signifi-
cantly, we still out-perform existing methods that train for an a priori known set of activities.
relationship learning, and both re-ID and relationship learning. Performance of all three methods degrade on 
tracked data due to missed detections/classifications and track errors. While our method degrades signifi-
cantly, we still out-perform existing methods that train for an a priori known set of activities.

C. Major	Contributions

Our method for activity detection and similarity search in large surveillance video datasets is based on two 
aspects: (1) exploiting structural visual relationships to identify visual similarities to reduce visual ambigui-
ty; and (2) developing a capability for inputting semantic queries that can interface with a visual domain. Un-
like conventional approaches, our method is zero-shot, meaning it does not require knowledge of the activity 
classes contained in the video. Instead, we propose a user-centric approach that models queries through 
the creation of sparse semantic graphs based on attributes and discriminative relationships. Our eventual 
goal is to directly input textual descriptions of activity, and to search for activities in video that match these 
locations. We have posed search as a probabilistic grounding of a CRF model. Our key insight was to exploit 
the fact that the attributes and relationships in the query have different levels of discriminability to filter out 
bad matches. 

Table 1: Area-Under-Curve (AUC) of precision-recall curves 
on VIRAT dataset with human annotated bounding boxes for 
BoW, MSGM, and our proposed approach.

Table 2: Area-Under-Curve (AUC) of precision-recall 
curves on VIRAT dataset with automatically detected 
and tracked data for BoW, MSGM, and our proposed 
approach with only re-ID (Re-ID) with only relationship 
learning (RL), and the full system (Full) with both re-ID 
and RL.
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The Forensic search system can be modularized into distinct components: 
a. Query representation of activity models; 
b. Re-identification, track maintenance, and target detection/recognition system; 
c. A video archiving and hashing system with identified confidence values for targets and tar-

get-target relationships; and 
d. A search system for identifying activity in video matching user defined input. 

We first conceptualized a rudimentary system composed of (a), (c) and (d) described above. This system is 
based on the premise that we have access to high-performance algorithms for detection, recognition, and 
tracking. This rudimentary system is deterministic and sensitive to track and detection errors.
We next developed efficient subgraph matching techniques for matching graph-based input queries. In paral-
lel, we developed re-identification algorithms for recovering targets. We developed novel structured predic-
tion based Re-ID methods.  
We built software for deterministic matching of input queries with a video archive for a limited vocabulary of 
target attributes and target-to-target relationships. This software demonstrated that under perfect tracking 
and detection, complex activities could be retrieved with high-accuracy.
To overcome sensitivity to track errors, we developed a probabilistic matching objective in order to account 
for detection and tracking errors. We then developed a probabilistic semantic retrieval system, which is ro-
bust when detection and track errors are small. 
To deal with large track errors we incorporated Deep Neural Networks for low-level processing. This appears 
to significantly improve target detection performance. We integrated our methods into a fully functional Fo-
rensic system. The software is being tested for release.

D. Milestones

Milestones achieved: 
1. A graph representing user-defined activity with nodes representing objects and edges representing 

relationships between objects. 
2. Search algorithm based on probabilistic grounding of CRF-based queries.
3. Incorporated object level mis-classifications and track-losses into the probabilistic search algorithm. 
4. We tested our algorithm on both ground-level and airborne datasets. We demonstrated performance 

improvements in accuracy on both ground-truth and tracked data.
5. Improved recall-precision curves for simple and complex queries for tracked data through integra-

tion of re-ID and margin-based classifier scoring functions. Our goal is to realize over 15% area un-
der curve (AUC) precision/recall improvement over conventional feature-accumulation algorithms.

6. Software integration of different modular components.
7. Investigated performance of textual queries to transition from the current graph-based query inputs.

E. Future Plans

The work will reach the end-users as a software code to perform functions of interest. Our software will be 
capable of performing a number of video analytics functions that may be of interest to security or Transpor-
tation Security Administration (TSA) analysts. It will be capable of identifying target identity across multiple 
camera locations. It will be capable of descriptive or graph-based representations of suspicious activity as 
input, and searching against video feeds to identify time and locations of anomalous or suspicious activity. 
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We have validated our software on aerial and ground video in moderately cluttered environments. A major 
contribution of Year 5 has been to integrate low-level learning components, such as re-ID and object-level 
classifiers, into similarity search and updating the software to include these components. Currently, we see 
a significant performance gap between ground-truth and tracked data. We propose to improve our low-lev-
el object detectors, trackers, and re-ID algorithms, and to improve the integration of these methods into 
the similarity search algorithm. We propose to validate, test, and transition it to an airport scenario in Year 
6, should funding become available. Our goal is to work with TSA to obtain representative video feeds to 
demonstrate the utility of our software.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

DHS locations (i.e. airports, transit stations, border crossings, etc.) deploy thousands of cameras, which can 
be exploited to enable enhanced security. The relevant metrics for rapid similarity detection, forensic search, 
activity detection, and retrieval include: (1) negligible mis-identification probability of suspicious activity; 
(2) low computational complexity with respect to cameras and object density; and (3) large AUC for preci-
sion and recall for retrieving desired or suspicious activity.

B. Potential for Transition

Interest has been expressed by BOS Massport for transition. Other airports and mass transit locations are 
also possible. We have developed a user-friendly software code for forensic search in Year 5. Our goal is to 
demo these capabilities to TSA and other interested parties during Year 6 so that they gain confidence with 
our activity detection and video analytics capabilities. Our software can also be used to enhance safety in 
other mass-transit scenarios. These capabilities are multi-use (i.e. they can be used by DHS, the National 
Geospatial-Intelligence Agency (NGA), or other Department of Defense (DoD) agencies). 

C. Data and/or IP Acquisition Strategy

A U.S. patent application for “Large Scale Video Search Using Queries that Define Relationships between Ob-
jects” filed through the Boston University (BU) patenting office was submitted in May 2017. 

D. Transition Pathway 

We demonstrated capabilities of our software to ARO, ONR and NGA. The feedback we have received is that 
the software capabilities, when fully functional, would significantly enhance current security analyst capa-
bilities. 
Our recall rates are nearly 100% for simple and 80% for complex queries, but drops-off significantly to less 
than 50% with tracking and detection errors. One bottleneck is real-time computation that limits how well 
we can rule out false positives. We are working on robust search techniques to improve precision/recall rates.  
Nevertheless, we must improve both the accuracy of our current method as well as improve user interface 
before it can be functional. We made significant improvements through tighter integration of state-of-the-art 
machine learning techniques with our video activity detection algorithms in Year 5. We plan to continue to 
demonstrate these capabilities to interested DHS parties in Year 6.

E. Customer Connections

1. Martin Kruger, ONR Program Office, monthly meetings. Funding provided through ONR program. 
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2. Jason Schwendenmann, NGA Program, quarterly meetings. Funding through National University Re-
search Initiative (NURI) Program.

3. Contacts with TSA at CLE and BOS along with RPI and NEU groups. 

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Student internships, job, and/or research opportunities
a. Tolga Bolukbasi is joining Google Brain as an Applied Scientist.
b. Yuting Chen has taken a research position at Adobe.

B. Peer Reviewed Journal Articles 

1. Zhang, Z., Liu, Y., Chen, X., Zhu, Y., Cheng, M.M., Saligrama, V., & Torr, P. “Sequential Optimization for 
Efficient High-Quality Object Proposal Generation.” IEEE Transactions on Pattern Analysis and Ma-
chine Intelligence, 2018. 

Pending- 
2. Y. Chen, J. Wang, Y. Bai, G. Castanon, V. Saligrama, Probabilistic Semantic Retrieval for Surveillance 

Videos with Activity Graphs, https://arxiv.org/abs/1712.06204. In revision for IEEE Transactions 
on Multi-Media) 

C. Peer Reviewed Conference Proceedings

Pending- 
1. Zhu, P., Wang, H., Bolukbasi, T., Saligrama, V. “Zero-Shot Detection.” Computer Vision and Pattern 

Recognition. Submitted March 19, 2018. https://arxiv.org/abs/1803.07113. 

D. Student Theses or Dissertations Produced from This Project

1. Bai., Y. “Video Analytics System for Surveillance Videos.” MS Thesis, Electrical and Computer Engi-
neering, Boston University, May 2018.

E. Software Developed

1. Software for forensic search that uses a GUI interface input user to describe semantic activity by 
means of a graph representation, and performs probabilistic matching of user described activity 
video feed. 
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R4-A.3: Human Detection & Re-Identification for 
Mass Transit Environments 

I. PARTICIPANTS

Faculty/Staff 
Name Title Institution Email

Rich Radke PI RPI rjradke@ecse.rpi.edu

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Meng Zheng PhD RPI 5/2021

II. PROJECT DESCRIPTION

A. Project Overview

The computer vision research problem of human re-identification or “re-id” is generally posed as follows: 
Given a cropped rectangle of pixels representing a human in one view, a re-id algorithm produces a similarity 
score for each candidate in a gallery of similarly cropped human rectangles from a second view. Computer vi-
sion research in re-id largely focuses on two challenging issues. The first is feature selection, or determining 
effective ways to extract representative information from each cropped rectangle to produce descriptors. The 
second issue is metric learning, or determining effective ways to compare descriptors from different view-
points. These aspects work together so that images of the same person from different points of view yield 
high similarity, while images of different people yield low similarity. 
However, feature selection and metric learning only represent two aspects of creating an effective real-world 
re-id algorithm. In practice, a re-id system must be fully autonomous from the point that an end user draws 
a rectangle around a person of interest to the point that candidates are presented to them. This implies that 
the system must automatically detect and track humans in the fields of view of all cameras with speed and 
accuracy. The candidates in the re-id gallery in practice are, thus, automatically generated and are typically of 
much lower-quality than the hand-curated gallery of a benchmark dataset; in fact, many candidate rectangles 
may not even represent humans. Furthermore, in a typical branching camera network, the camera in which 
the target reappears is unknown, so there are actually several separate galleries to search. The timing of the 
reappearance is also unknown; the galleries will be constantly updated with new candidates over the course 
of minutes or hours instead of being presented to the algorithm all at once. Finally, real-world re-id maps 
naturally onto a multi-shot problem. That is, there are multiple images available to describe both the target 
and the matching candidates, since after a target of interest is detected in the field of view of one camera, he/
she is usually tracked until leaving the current view. 
This project addresses the design and deployment of real-world re-id algorithms specifically designed for 
mass transit environments. This involves:
• The design and analysis of new computer vision algorithms for human detection and tracking, feature 

selection, and metric learning problems for re-id; 
• The evaluation of the suitability of such algorithms for real-world homeland security applications, taking 
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into account tracking/detection errors, latency/congestion, and human-computer interfaces to software 
systems; and 

• The design of new experimental protocols and datasets that more closely resemble the types of re-id 
problems practitioners will encounter in real-world deployments.

The ideal end-state of the research is a suite of re-id algorithms that are directly applicable to the homeland 
security enterprise (HSE) and ready for large-scale system integration. The project will also produce an up-
to-date assessment of the re-id state of the art, and accompanying benchmarking datasets, which will inform 
Department of Homeland Security (DHS) stakeholders about what is technologically feasible in this area, 
thus informing policies and technology solicitations.

B. State of the Art and Technical Approach

Conventional person re-identification research typically falls into one or more of the following categories: (1) 
Appearance modelling [1-4], which aims to develop robust feature descriptors for cropped person images to 
tackle challenges like viewpoint and illumination variations; (2) metric learning [5-7], in which the goal is to 
learn, in a supervised fashion, a distance metric that minimizes the distance of feature descriptors of the same 
person for different camera views, while maximizing the distance of feature descriptors of different person 
under the same camera view; and (3) multi-shot re-id [8-11], in which both the probe and gallery candidates 
are represented as short image sequences/video clips instead of single frames. There are many approaches 
to date [1-11] to solve the above three problems. In Year 4, we exhaustively tested hundreds of combinations 
of feature extraction, metric learning, and multi-shot ranking methods across 15 public benchmarking re-id 
datasets. Our full report [12], now accepted by IEEE Transactions on Pattern Analysis and Machine Intelli-
gence, provides detailed component-wise analysis of the best-performing feature extraction, metric learning, 
and multi-shot ranking approaches, along with the effects of hyper-parameter choices and dataset attributes 
on re-id performance. 
While these aspects are all critical for designing successful re-id algorithms, research in these areas generally 
oversimplifies the problem that would face a real-world user of a deployed re-id system. In particular, the 
temporal aspect of the re-id problem is ignored in most academic re-id research. Specifically, conventional 
re-id performance evaluation and analysis on a specific dataset (usually generated from a whole video se-
quence) are based on the assumption that person images are available before algorithm analysis, ignoring 
the arrival time and order of each person in the video sequence. On the other hand, in a real world re-id sys-
tem, person images will most likely be generated by person detection sub-systems [13-14]. Candidates would 
be constantly added to the gallery as new subjects are automatically tracked, as opposed to presented to an 
algorithm all at once. The gallery will be constantly populated by new incoming candidates as the system con-
tinues processing and generating person images. Even if a correct match to the probe appears in a rank-or-
dered shortlist shortly after they appear in a gallery camera, this is not helpful to a user if the candidate is im-
mediately pushed off the list after a few minutes by a new wave of incoming candidates. To the user, a natural 
question is, how long can a correct match be expected to stay in the shortlist under typical circumstances? 
To answer this question, in Year 5 we focused on studying several temporal aspects of re-id algorithms, and 
developed new evaluation methodologies that allow different re-id algorithms to be compared based on the 
notion of persistence in time, which we call rank persistence [15].
The key evaluation metric we proposed is called the Rank Persistence Curve (RPC), which presents temporal 
evaluation results of re-id algorithms performed on a given video sequence. A comparison of RPCs and con-
ventional raw batch performance evaluation presented in a Cumulative Match Characteristic (CMC) curve is 
given in Figure 1. In Figure 1(a), we show RPCs for five different ranks (r=1, 5, 10, 20, 50), in which each curve 
quantifies the percentage of candidates who stay within that rank for a given duration. Specifically, consider 
the RPC for r=1 shown in blue. The RPC starts at 57% and stays there for 241 seconds, meaning that 57% of 
the probes had a re-appearance at rank 1 that persisted for 241 seconds. The RPC ends at 3%, meaning that 
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only 3% of the probes had a persistence of rank 1 if we consider the longest possible duration (more than 
8000 seconds). The RPC visualizes how likely and for how long a candidate is to stay at rank 1 across a long 
video sequence. RPCs at higher ranks (e.g., r=20) dominate those at lower ranks (e.g. r=1), which is intuitive 
since more correct matches will be included if we consider a longer ranking list. In contrast, the traditional 
CMC for the same set of probes is shown in Figure 1(b). It evaluates what percentage of candidates have cor-
rect matches for a certain rank at the end of the video. For example, 50% of the probes have rank-1 correct 
matches, 68% of the probes have correct matches within the rank-10 shortlist, and so on. Overall, the CMC 
curve ignores the arrival time of each individual, while the RPC integrates the underlying temporal informa-
tion in an easy-to-read graph. These considerations are important both in terms of the length of the shortlist 
(real-world end users, typically not computer vision experts, would not want to scroll through pages and 
pages of candidates to find the person of interest) and the duration of persistence (in real-world scenarios, 
end users may only get around to checking the output of a re-id surveillance system a few times an hour).

For analyzing temporal attributes of re-id algorithms as presented in Figure 1(a), we need datasets that come 
with explicitly time-stamped images. Current re-id benchmarking datasets such as VIPeR [16], iLIDSVID [17], 
and MARS [18] lack the kind of time stamps for the gallery sets needed to understand the full potential of the 
RPC concept, rendering them inappropriate for our use here. In order to help evaluate the temporal perfor-
mance of re-id algorithms using RPCs discussed above, in Year 5, we collected a new large-scale multi-shot 
multi-camera dataset, named RPIfield [19]. It includes multiple reappearances of 112 “actors” walking along 
specified paths, among almost 4000 distractor pedestrians. RPIfield is constructed from 12 synchronized 
cameras placed around an outdoor field on the RPI campus, and has a total length of ~30 hours of video, 
with each individual video being about 150 minutes in duration. The probes in RPIfield correspond to known 
actors, who were provided specific walking and re-appearance instructions to aid in the kind of temporal 
research we seek to study. Explicit time-stamp information for each probe and distractor is preserved in RPI-
field, which is unique compared to other academic benchmarking datasets. An illustrative example of multi-
ple re-appearances of a certain participant in multiple camera views is shown in Figure 2. Each subfigure in 
Figure 2 shows the appearance of the participant in a different camera at a different time.  While most of the 
multi-camera or multi-shot re-id datasets have no distractors (except DukeMTMC4ReID [20], Market-1501 
[21] and MARS [18]), our dataset preserves all image sequences of all detected distractors. Most importantly, 

Figure 1: Comparison of (a) our Rank Persistence Curve (RPC), developed for temporal evaluation of real-world re-id 
systems, and (b) a conventional CMC curve typically used in academic re-id research. 
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actors can reappear in one or multiple cameras multiple times in our dataset, which allows us to study re-id 
algorithms in a more general way than usual. 

C. Major Contributions

As described in more detail in Section II.B., the major contributions from Year 5 include:
• (Year 5) We created a new large-scale real-world re-id dataset, RPIfield [19], using 12 disjoint surveil-

lance cameras placed around an outdoor field at RPI. RPIfield contains the largest number of camera 
views in the context of benchmarking datasets in the re-id research community. It includes 112 known 
“actors” walking along predefined paths among ~4000 distractors, which simulates the mass-transit en-
vironments of interest to DHS.  With time-stamp information preserved for every person image, the data-
set allows extensive temporal analysis of re-id algorithms that was not previously addressable by existing 
benchmarking datasets. 

• (Year 5) Temporal attribute analysis of re-id algorithms is mostly ignored in academic re-id research;  
however, these considerations are essential to real-world deployment. Specifically, for a real-world re-id 
system that automatically detects and tracks people for a long time (e.g. several days), the gallery sets will 
be continuously populated with incoming candidate images. Consequently, existing measures adopted to 
evaluate re-id algorithms, such as CMC curves, fall short because they ignore such time-varying behavior 
of the gallery. In Year 5, we extended the idea of Rank Persistence Curve (RPC) proposed in Year 4, exten-

Figure 2: Illustration of the reappearances of a participant in different camera views. T is the time for each reappear-
ance. Figures (a) to (i) are placed in time order of the appearance of the participant. The right column of each subfigure 
shows sample automatically extracted person images used as input to the re-id algorithms.
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sively evaluating and analyzing the temporal performance of benchmarking re-id algorithms on our new 
RPIfield [19] dataset. This kind of analysis is critical for bridging the gap between real-world system ap-
plication and academic research in this area.  The results are currently under review at IEEE Transactions 
on Pattern Analysis and Machine Intelligence.

Milestones achieved in the project since its inception include:
• (Year 4) In Year 4, we initially proposed the Rank Persistence Curve (RPC) methodology. We designed 

both qualitative and quantitative evaluation metrics that are generic and can be used to evaluate the 
“temporal robustness” of any re-id algorithm. We assessed preliminary results using a custom re-id data-
set we built specifically to model such temporal aspects of real-world re-id, constructed from the camera 
views collected by the ALERT team at the Greater Cleveland Rapid Transit Authority (GCRTA) in Years 2 
and 3. However, this dataset was quite limited and necessitated the collection of a larger dataset in Year 
5 as described above.

• (Years 4-5) The ALERT Airport Re-Identification Dataset was curated and released on ALERT’s website, 
generating substantial interest from the research community. See more information below.

• (Year 4) We began to investigate the transition of the best-performing re-id algorithms identified by our 
extensive benchmarking analysis (see below) to a large environment equipped with multiple pan-tilt-
zoom (PTZ) cameras. The goal is to actively orient the cameras in conjunction with real-time re-id, for ex-
ample, to keep promising candidates in sight by panning and acquire higher-resolution images by zoom-
ing. The problem is complicated by the issue that there may be more candidates than cameras, requiring 
time-sharing schemes to be developed to entertain multiple hypotheses. 

•  (Years 3-5) The public release of several datasets and code for vision algorithms has facilitated rapid 
progress in re-id research over the past decade. However, directly comparing re-id algorithms reported 
in the literature has become difficult since a wide variety of features, experimental protocols, and eval-
uation metrics are employed. In order to address this need, we undertook an extensive review and per-
formance evaluation of single- and multi-shot re-id algorithms. The experimental protocol incorporates 
the most recent advances in both feature extraction and metric learning. All approaches were evaluated 
using a new large-scale dataset created using videos from Cleveland Hopkins International Airport (CLE) 
as well as existing publicly-available datasets. This study is the largest and most comprehensive re-id 
benchmark to date, and has been accepted and published online at IEEE Transactions on Pattern Analysis 
and Machine Intelligence in February 2018.

• (Years 3-4) We refined and improved the end-to-end system solution for the re-id problem installed in 
CLE in Year 2. We constructed a new large-scale dataset that accurately mimics the real-world re-id prob-
lem using videos from CLE and conducted several new experiments in the concourse testbed. The overall 
system architecture and the challenges of bringing academic re-id research to a real-world deployment 
were described in an overarching journal paper that should be quite valuable to both the academic and 
industrial research communities. This work appeared online in IEEE Transactions on Circuits and Systems 
for Video Technology in April 2016, and was published in March 2017.

• (Years 3-4) We introduced an algorithm to describe image sequence data using affine hulls and to learn 
feature representations directly from these affine hulls using discriminatively trained dictionaries. While 
existing metric learning methods typically employ the average feature vector as a data exemplar, this 
discards the rich information present in the sequence of images available for a person. We show that us-
ing affine hull representations computed with respect to the learned dictionary results in superior re-id 
performance when compared to using the average feature vector as done in existing methods. This work 
was accepted by IEEE Transactions on Circuits and Systems for Video Technology and appeared online in 
July 2017.

• (Year 3) We proposed a new approach to address the person re-id problem in cameras with non-over-
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lapping fields of view. Unlike previous approaches, that learn Mahalanobis-like distance metrics in some 
embedding space, we propose to learn a dictionary that is capable of discriminatively and sparsely en-
coding features representing different people. To tackle viewpoint and associated appearance changes, 
we learn a single dictionary in a projected embedding space to represent both gallery and probe images 
in the training phase. We then discriminatively train the dictionary by enforcing explicit constraints on 
the associated sparse representations of the feature vectors. In the testing phase, we re-identify a probe 
image by simply determining the gallery image that has the closest sparse representation to that of the 
probe image in the Euclidean sense. Extensive performance evaluations on two publicly-available multi-
shot re-id datasets demonstrate the advantages of our algorithm over several state-of-the-art dictionary 
learning, temporal sequence matching, spatial appearance, and metric-learning based techniques. This 
work was presented at the IEEE International Conference on Computer Vision (ICCV) in December 2015.

• (Years 2-3) We introduced an algorithm to hierarchically cluster image sequences and use the represen-
tative data samples to learn a feature subspace maximizing the Fisher criterion. The clustering and sub-
space learning processes are applied iteratively to obtain diversity-preserving discriminative features. 
A metric learning step is then applied to bridge the appearance difference between two cameras. The 
proposed method was evaluated on three multi-shot re-id datasets, and the results outperformed state-
of-the-art methods. This work was presented at the British Machine Vision Conference in September 2015.

• (Year 2) We proposed a novel approach to solve the problem of person re-id in non-overlapping camera 
views. We hypothesized that the feature vector of a probe image approximately lies in the linear span of 
the corresponding gallery feature vectors in a learned embedding space. We then formulated the re-id 
problem as a block sparse recovery problem, and solved the associated optimization problem using the 
alternating directions framework. We evaluated our approach on the publicly-available PRID (person 
re-id) 2011 and iLIDS-VID multi-shot re-id datasets, and demonstrated superior performance in compar-
ison with the current state of the art. This work was presented at the IEEE/ISPRS 2nd Joint Workshop on 
Multi-Sensor Fusion for Dynamic Scene Understanding in June 2015.

• (Year 2) We proposed a novel metric learning approach to the human re-id problem with an emphasis 
on the multi-shot scenario. First, we perform dimensionality reduction on image feature vectors through 
random projection. Next, a random forest is trained based on pairwise constraints in the projected sub-
space. This procedure repeats with a number of random projection bases so that a series of random 
forests are trained in various feature subspaces. Finally, we select personalized random forests for each 
subject using their multi-shot appearances. We evaluated the performance of our algorithm on three 
benchmark datasets. This work was presented at the IEEE Winter Conference on Applications of Computer 
Vision (WACV) in January 2015.

• (Year 2) An end-to-end system solution of the re-id problem was installed in an airport environment, 
with a focus on the challenges brought by the real-world scenario. We addressed the high-level system 
design of the video surveillance application and enumerated the issues we encountered during our devel-
opment and testing. We described the algorithm framework for our human re-id software and discussed 
considerations of speed and matching performance. Finally, we reported the results of an experiment 
conducted to illustrate the output of the developed software, as well as its feasibility for the airport sur-
veillance task. This work was presented at the Eighth ACM/IEEE International Conference on Distributed 
Smart Cameras (ICDSC) in November 2014.

• (Years 1-2) In collaboration with the R4-A.1 project, the design and deployment of an on-site re-id al-
gorithm for the new branching testbed at CLE occurred, leveraging a software architecture using Data 
Distribution Service (DDS), including an experimental graphical user interface for tagging subjects of 
interest and viewing top-ranked matching candidates.

• (Years 1-2) ALERT-guided design and deployment of a new 6-camera branching testbed leading from the 
exit of the central security checkpoint in CLE to each of the three concourses.

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-A.3

458



• (Year 1) Development of a novel re-id algorithm that mitigates perspective changes in surveillance cam-
eras. We built a model for human appearance as a function of pose using training data gathered from a 
calibrated camera. We then applied this “pose prior” in online re-id to make matching and identifica-
tion more robust to viewpoint. We further integrated person-specific features learned over the course 
of tracking to improve the algorithm’s performance. We evaluated the performance of the proposed al-
gorithm and compared it to several state-of-the-art algorithms, demonstrating superior performance on 
standard benchmarking datasets as well as a challenging new airport surveillance scenario. This work 
was published in IEEE Transactions on Pattern Analysis and Machine Intelligence in May 2015.

• (Year 1) Developed an algorithm for keeping a PTZ camera calibrated. We proposed a complete model 
for a PTZ camera that explicitly reflects how focal length and lens distortion vary as a function of zoom 
scale. We show how the parameters of this model can be quickly and accurately estimated using a series 
of simple initialization steps and followed by a nonlinear optimization. Our method requires only 10 
images to achieve accurate calibration results. Next, we show how the calibration parameters can be 
maintained using a one-shot dynamic correction process; this ensures that the camera returns the same 
field of view every time the user requests a given (pan, tilt, zoom), even after hundreds of hours of oper-
ation. The dynamic calibration algorithm is based on matching the current image against a stored feature 
library created at the time the PTZ camera is mounted. We evaluated the calibration and dynamic cor-
rection algorithms on both experimental and real-world datasets, demonstrating the effectiveness of the 
techniques. This work was published in IEEE Transactions on Pattern Analysis and Machine Intelligence 
in August 2013.

• (Year 1) Establishment of an initial tag and track testbed in CLE that included a selection of cameras lead-
ing from the parking garage to the terminal.

D. Milestones

As described in more detail in Section II.C., the major milestones accomplished in Year 5 include:
• The creation of a new multi-shot multi-camera dataset, RPIfield [3], for the study of spatio-temporal as-

pects of re-id. This dataset contains 3 hours of video from each of 12 cameras. 112 subjects participated 
in a controlled study in which their time-stamped re-appearances in multiple cameras were carefully re-
corded, among almost 4000 “distractor” pedestrians. A short paper describing the dataset was presented 
at a workshop at the IEEE Conference on Computer Vision and Pattern Recognition in June 2018, and the 
dataset was publicly released at the same time.

• The full development of the Rank Persistence concept prototyped in Year 4 on the new RPIfield dataset.  
We conducted extensive temporal analysis of single- and pairwise-camera performance for multiple re-id 
algorithms to prove the effectiveness and informativeness of our proposed evaluation methodology for 
real-world re-id systems. The work was submitted to IEEE Transactions on Pattern Analysis and Machine 
Intelligence in March 2018.

• The final publication of the culminating re-id benchmarking paper in IEEE Transactions on Pattern Anal-
ysis and Machine Intelligence, a long-term joint effort between RPI and NEU. 

As described in more detail in Section II.E, the major milestones to be achieved during Year 6 include:
• The design and demonstration of a robust “chained re-id” algorithm that can recover the spatial path of a 

tagged person by following them through a network of cameras. 
• The development of a robust factorized feature representation algorithm based on Deep Convolutional 

Neural Networks (DCNNs). It will be designed to counter challenges such as occlusions and partially 
cropped person images, which commonly occur in real-world re-id systems based on automatic human 
detection and tracking subsystems.
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E. Future Plans (Year 6)

The two key Year 6 research plans are:
• The development of a robust “chained re-id” algorithm that can recover the spatial path of a tagged per-

son by following them through a network of cameras. To date, all of our re-id research and development 
has focused on re-identifying a target person in a second camera (and then stopping). In contrast, we plan 
to investigate the operationally important problem of reconstructing the time-stamped re-appearances 
of people across many cameras (e.g. Person X appeared in Camera 1 at 12:30, Camera 4 at 12:33, Camera 
2 at 12:35, etc.). We will apply learned temporal models and multi-hypothesis testing to approach the 
problem. The application of active/online/reinforcement learning to the re-id problem will also be inves-
tigated—for example, understanding how the real-time corrections of a human in the loop can improve 
re-id rankings of future candidates. Our RPIfield dataset provides exactly the right kind of information 
for us to address this problem. The developed algorithms could be directly transitioned to and evaluated 
in a multi-camera surveillance environment (e.g. the mock airport security checkpoint at the Kostas Re-
search Institute developed for the CLASP project, or a real airport when a relationship is brokered during 
CLASP Phase II). This task is relatively low risk since the data has already been collected and we have 
clear ideas for how to proceed. The deliverable would be an algorithm description (in the form of a paper 
and accompanying codebase).  

• The design of a new deeply-learned feature representation algorithm to deal with common challenges in 
real-world re-id systems, namely occlusions and partially cropped person images. As discussed in Section 
II.B, for a real-world re-id system, person images are most likely generated by automatic human detection 
and tracking algorithms, and thus are often incomplete or deficient. We plan to investigate a state-of-art 
deeply learned feature representation approach, combined with factorized learning techniques to learn 
separate feature representations for foreground, background, and different human body parts for a single 
person image. Instead of learning a global feature representation for the whole image with background 
and occlusion noise, diverse local feature representations for partially occluded person images should 
improve the re-id performance for real-world re-id systems. These new feature representations can be 
directly transitioned into the overall re-id system described in the previous bullet.  These plans involve 
a slightly higher risk since the research and development remains to be done in Year 6, but we do not 
anticipate major issues. The deliverable would again be an algorithm description (in the form of a paper 
and accompanying codebase).  

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

1. Video surveillance is an integral aspect of homeland security monitoring, forensic analysis, and in-
telligence collection. Automatically detecting and identifying a person of interest in different surveil-
lance cameras is particularly appealing in areas such as crime detection or prevention, which were 
directly motivated (and in fact, requested) by DHS officials as critical needs for their surveillance 
infrastructure.

 The specific metric we aim to achieve for this aspect is a high probability of detection and recog-
nition accuracy, with a low probability of false alarm that Transportation Security Officers can use 
operationally. 

2. For real-world DHS deployment, designing user-friendly interfaces to help with the choice and in-
terpretation of re-id techniques and algorithms is of critical importance from an operational aspect.

 Our goal here (which is difficult to quantify in a metric) is the legibility, usability, and informative-
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ness of user interfaces to our designed algorithms.  This would require discussion and user studies 
with end users (likely out of scope for ALERT core funding).  We hope to have at least a few conver-
sations with problem holders in Year 6 about this issue.

B. Potential for Transition

In the first three years of the project, the video analytics group built a strong relationship with Cleveland TSA, 
CLE, and the GCRTA. Initially, we transferred a set of counterflow algorithms to detect people entering the 
airport exit lanes with a probability of detection above 99% and a less than 1% probability of false alarms, 
and we worked with the TSA and airport officials to display the counterflow events in their coordination 
center for human-in-the loop analysis and action. The counterflow system was in successful operation for 
three years. Next, we worked with the same group to develop re-id and tracking algorithms that match their 
CONOPS, so that the presented results could be used in their operation. The developed re-id algorithms were 
implemented on a custom-built PC at CLE, with a working user interface, though the re-id system was not 
used in normal TSO operation.
ALERT, in collaboration with another DHS Center of Excellence (COE), Visual Analytics for Command, Control, 
and Interoperability Environments (VACCINE), also collaborated with the GCRTA police to address a problem 
related to re-id in the context of rail platforms, bus stops, and concourses. We followed a similar pathway 
forward with respect to problem specification and CONOPS definition. The specifications and CONOPS for the 
GCRTA are somewhat different (e.g. only performing re-id over a single camera, but doing so over the course 
of many days), making the problem easier in some ways but harder in others. This motivated the R4-A.3 work 
in Years 5 and 6.
We believe the success of both Cleveland projects (i.e. the counterflow algorithm system became part of the 
Control Center’s operation, while the re-id system was implemented on the airport camera network but did 
not become a part of the Control Center operation) could be replicated at other sites with the right resources 
and level of cooperation from local authorities.  
The most likely path forward for transition of the current project is to parlay the relationships with airports 
being developed under the associated CLASP effort. If a connection with a new airport is made for that proj-
ect, it would be natural to test the re-id algorithms in the new operational setting.

C. Data and/or IP Acquisition Strategy

ALERT at Northeastern has retained the services of a DHS recommended consultant to assess the feasibil-
ity of technology transfer for video analytics research and development in the Center. As new intellectual 
property is created, the video analytics groups write descriptions of the new property and disclose it to their 
respective universities. As the work matures, the disclosures would become patent disclosures and perhaps 
patents. To date, the Rensselaer Office of Technology Commercialization has declined to pursue patent dis-
closures on the described technology (partially due to the increasing difficulty of patenting software algo-
rithms).
In terms of datasets, the research in this task uses both public benchmark datasets and new, custom data-
sets created from on-site collections at either the Rensselaer campus or a partner rail station/airport. These 
publicly-released custom datasets and accompanying codebases promote ALERT’s thought leadership in the 
area of video analytics.

D. Transition Pathway 

The described counterflow research was already transitioned to CLE end-users throughout Years 1-3 as part 
of the associated Task Order 5, resulting in a working, on-site system, which was tested extensively and fully 
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described in a journal publication that appeared in Year 4. Unfortunately, the ALERT camera/computer net-
work at CLE was dismantled in Year 3 and there are no immediate plans to reconstitute it. ALERT continues 
to pursue potential customers for counterflow and related video analytics technology.
In general, the video analytics group is well-connected to practitioners/users of video (e.g. through the ADSA 
events) that are willing to supply application ideas, use cases, and CONOPS. Previous ALERT collaborations in 
this thrust included representatives from Siemens Corporate Research, several divisions of which are regular 
contractors to the video surveillance community. We use all of this input to help understand how to apply our 
research to real problems and to forge a transition pathway forward.
To some extent, this task depends on the main ALERT enterprise at NEU for connecting customers to re-
searchers, since their connections are more extensive. The new CLASP project underway at Northeastern’s 
Kostas Research Institute is a good example of extending a project originally developed at Rensselaer and 
bringing it to a wider DHS audience, and the second phase of CLASP in 2018 is expected to bring a strong 
emphasis on real-world, real-time algorithm deployment that will be reflected back to this project.
Algorithms and datasets developed in this project are fully available to DHS stakeholders, both in the form of 
detailed published research papers and code libraries/datasets available on request.

E. Customer Connections

This project historically involved regular contact with DHS, CLE, GCRTA, and law enforcement collaborators, 
including:
• Michael Young, former Federal Security Director, TSA at CLE
• Jim Spriggs, former Federal Security Director, TSA at CLE
• John Joyce, Chief of Police/Director of Security, GCRTA
• Don Kemer, Transportation Security Manager, Coordination Center, TSA at CLE
• Fred Szabo, Commissioner, CLE
• Michael Gettings, Lieutenant, Cleveland Transit Police
Little contact was made with these individuals in Years 4 and 5 due to retirements and reorganizations. The 
proposed research in this thrust would be quite relevant to airports and rail stations, if the contacts were to 
be reestablished and sufficient resources made available.
There was considerable interest from many TSA/DHS stakeholders in the related CLASP project at the May 
2018 program review, and some of these contacts may also be interested in the re-id problem.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Peer Reviewed Journal Articles 

1. Karanam, S., Gou, M., Wu, Z., Rates-Borras, A., Camps, O., & Radke, R.J.  “A Systematic Evaluation and 
Benchmark for Person Re-Identification: Features, Metrics, and Datasets.” IEEE Transactions on Pat-
tern Analysis and Machine Intelligence. Published online February 2018.  http://dx.doi.org/10.1109/
TPAMI.2018.2807450 

2. Karanam, S., Wu, Z., & Radke, R.J.  “Learning Affine Hull Representations for Multi-Shot Person 
Re-Identification.” IEEE Transactions on Circuits and Systems for Video Technology, special issue on 
Large Scale and Nonlinear Similarity Learning for Intelligent Video Analysis. Published online July 
2017. http://dx.doi.org/10.1109/TCSVT.2017.2732822 

Pending-
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1. Zheng, M., Karanam, S., & Radke, R.J. “Measuring the Temporal Behavior of Real-World Person 
Re-Identification.” Submitted to IEEE Transactions on Pattern Analysis and Machine Intelligence, 
March 2018.

B. Peer Reviewed Conference Proceedings

1. Zheng, M., Karanam, S., & Radke, R.J., “RPIField: A New Dataset for Temporally Evaluating Person 
Re-Identification.” IEEE Conference on Computer Vision and Pattern Recognition Workshops, June 
2018.

2. Karanam, S., Lam, E., & Radke, R.J. “Rank Persistence: Assessing the Temporal Performance of Re-
al-World Person Re-Identification.” ACM/IEEE International Conference on Distributed Smart Cam-
eras, Special Session on Target Tracking and Person Re-Identification, September 2017. https://doi.
org/10.1145/3131885.3131929 

3. Guo, M., Karanam, S., Liu, W., Camps, O., and Radke, R.J.  “DukeMTMC4ReID: A Large-Scale Multi-Cam-
era Person Re-Identification Dataset.” 1st Workshop on Target Re-Identification and Multi-Target 
Multi-Camera Tracking (in conjunction with CVPR 2017), July 2017.  https://doi.org/10.1109/
CVPRW.2017.185

C. Software Developed

1. Datasets
a. The RPIfield dataset collected on the RPI campus is publicly accessible on Google Drive at 

https://drive.google.com/file/d/1GO1zm7vCAJwXgJtoFyUs367_Knz8Ev0A/view?usp=sharing
b. The DukeMTMC4ReID dataset is available at https://github.com/NEU-Gou/DukeReID
c. The ALERT Airport Re-Identification Dataset is available at   http://www.northeastern.edu/

alert/transitioning-technology/alert-datasets/alert-airport-re-identification-dataset/
2. Algorithms

a. The code accompanying the benchmarking and evaluation paper is available on Github at 
https://github.com/RSL-NEU/person-reid-benchmark 
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R4-B.1: Toward Advanced Baggage Screening: 
Reconstruction and Automatic Target  
Recognition (ATR)

I. PARTICIPANTS 
 

Faculty/Staff 
Name Title Institution Email

Charles Bouman Co-PI Purdue University bouman@purdue.edu

Ken Sauer Co-PI University of Notre Dame sauer@nd.edu

Dong Hye Ye Research Assistant Professor Purdue University yed@purdue.edu

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Venkatesh Sridhar PhD Purdue University 9/2020

Roger Brewer MS University of Notre Dame 8/2017

Obaidullah Rahman PhD University of Notre Dame 5/2021

II. PROJECT DESCRIPTION 

A. Project Overview

X-ray Computed Tomography (CT) for checked baggage scanning is among the most important elements of 
transportation security [1]. The performance of image analysis algorithms is highly dependent on the quality 
of reconstruction imagery that is used as input to this analysis. When components of a reconstructed slice of 
a bag are poorly resolved or corrupted by artifacts resulting from highly attenuating materials such as metal 
objects, poor segmentation of materials may result in sufficient ambiguity in the bag’s content to require 
human intervention due to a “false alarm” [2,3]. Any improvement in image quality is expected to reduce the 
number of such cases and reduce the cost of operation of the overall system. The great majority of deployed 
CT systems utilize image reconstruction methods based on deterministic descriptions of the mapping from 
the data (sinogram) domain and the image domain. Variants of filtered back-projection are most common 
and can be implemented at high frame rates appropriate for continuous-flow 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, 
which may transfer to the security arena. We call this class of methods “model-based image reconstruction” 
(MBIR) [4-8] because they rely on the relatively precise modeling of pixel/Xray interactions, detector behav-
ior, photon counting and electronic noise. MBIR offers a number of potential advantages. First, it can reduce 
noise streaking artifacts caused by metal as compared to traditional filtered back projection (FBP) [7,9]. 
Importantly, MBIR is much less susceptible to the streaking artifacts that occur when the view angles are 
sparse [10]. This is particularly important in security applications where there is a desire to field CT baggage 
scanners without rotating gantries that only can obtain sparse views.
The following projects have a collective goal of technologies that can ultimately increase the probability of 
detection and reduce the probability of false alarm for the detection of threats checked baggage scanning. 
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Our research effort during Year 5 focused on three major topics: CT Image Reconstruction, Automatic Target 
Recognition, and Fast Distributed Computation for CT Reconstruction.

A.1. Research on CT Image Reconstruction

The objective of this project is the improvement of MBIR in its specific application to security scanning. In 
particular, image artifacts such as streaking due to metal objects contained within baggage can result in 
mis-segmentation and mis-classification, thereby reducing the probability of detection and increasing the 
probability of false alarm. In this research, our goal is to improve image quality by a combination of improved 
models of the scanning process (i.e. forward model) and the object (i.e. prior model). 
In previous research, we have focused on better forward models of the scanner that better account for the 
difference in attenuation of metal versus other materials [9,11]. In the past year, we have focused on devel-
oping a general framework for the integration of advanced prior models into MBIR reconstruction based on 
the Plug and Play (P&P) algorithm [12-14]. Most recently, we have developed a generalization of P&P that we 
call consensus equilibrium (CE) [15]. The CE approach allows many models to be consistently integrated in 
order to solve a single problem. 
Moreover, the P&P and CE methods provide a framework for the integration of traditional physical models 
with data driven models such as the deep neural networks and convolutional neural networks (CNNs) that 
are finding such wide application [16]. Our research in this area has taken two directions. First, we have used 
the P&P framework to build prior image models that can be directly integrated into the MBIR framework 
[17]. Second, we have developed methods, which we call deep learning (DL)-MBIR, in which we train CNNs 
to approximately reproduce the results of MBIR [17,18]. This DL-MBIR approach has the potential to meet or 
possibly exceed the potential of MBIR with a fraction of the computational requirements.

A.2. Research on Segmentation and Automatic Target Recognition (ATR)

Automatic target detection and recognition from scanned images are essential in current pre-screening meth-
ods for checked baggage, reducing labor costs, and helping inform human judgment. Independent of success 
with advanced reconstruction/segmentation methods above, ATR research will be critical for high-volume 
image analysis. The objective of this portion of our work is to develop ATR systems that can robustly deal 
with inherent image artifacts and close proximity of multiple, similar materials [1, 2, 19]. We continually val-
idate new algorithms on large numbers of baggage scans.
Specific challenges addressed here are: 
• Enhancement of ATR with tools tailored specifically to CT metal artifacts: ATR for CT scans can be chal-

lenged by artifacts due to highly attenuating objects (e.g. metal) which present streaks in reconstruct-
ed images. Metal artifacts lead to poor segmentation and ambiguity in object recognition resulting in 
misdetection and false alarms in ATR. People have developed metal artifact reduction (MAR) methods, 
such as pre-processing for segmentation, but little research has been done to benefit MAR from accurate 
segmentation. Therefore, we have developed a joint MAR/segmentation method in a unified optimization 
framework toward synergistic effects. We demonstrated that the proposed joint approach had higher 
segmentation accuracy and more effective artifact reduction thereby improving ATR performance. 

• Adaptive ATR: Our goal is to develop ATR methods that can be quickly deployed to the field with new 
target information. Currently deployed ATR at the airport cannot be reconfigured according to the evolv-
ing risk. Those ATRs are trained to detect a specific set of threats and have been validated for multiple 
months. To tackle the challenges, we will adopt the advanced machine learning techniques for adaptive 
ATR. Specifically, we will use transfer learning where we update the existing trained classifier by fitting it 
into the new target definition. This transfer learning approach has enabled us to adapt target recognition 
with new risk information efficiently while preserving probability of detection and false alarms. 
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A.3. Research on Fast Distributed Computation for CT Reconstruction

While MBIR has been demonstrated to improve image quality, it also is very computationally demanding. In 
previous research, we have introduced new methods for mapping the MBIR algorithm to compute hardware 
that can dramatically increase computation speed [20-25]. In this project, we build on this previous research 
to design parallel computing systems that can dramatically speed reconstruction by introducing algorithms, 
which can parallelize MBIR reconstruction by breaking the problem of MBIR optimization into the optimiza-
tion of a sum of terms, each of which can be operated on by a separate cluster node [26]. This new algorithm, 
which is based on consensus equilibrium (CE) [15], not only reduces computation time through paralleliza-
tion, but just as importantly, it reduces the memory storage requirements per compute node. This makes it 
possible to perform large reconstructions in memory, which would otherwise not be possible. Most recently, 
we have used this CE framework for computing reconstructions from ceramic matrix composition (CMC) 
material from synchrotron data on the full Cori Xeon Phi Knights Landing supercomputer at the National En-
ergy Research Scientific Computing Center (NERSC) [27], one of the largest super-computers in the world. In 
this application, the CE framework is essential since it both allows MBIR to scale across the entire computer 
cluster, and it also reduces the memory requirements per compute node.

B. State of the Art and Technical Approach

B.1. Research on CT Image Reconstruction

The objective of this project is the improvement of MBIR in its specific 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 the beam hardening effect of metal [7]. The technique separates metal from other image con-
tent and models the total attenuation as a polynomial function of both the total attenuation in metal and the 
total in other materials. The coefficients of the polynomial, which will vary with the X-ray’s spectral shape, 
are estimated along with the image to allow the best fit to the sinogram data, eliminating some of the large 
inconsistencies due to beam hardening and other metal effects that force artifacts in images when attempting 
to match data.
A second thrust is the use of advanced prior models in image reconstruction problems that better capture the 
statistical aspects of real bags. One approach to this problem is to formulate a prior model that incorporates 
aspects of both segmentation of the target cross-section into distinct objects, as well as modeling the con-
tinuous density variation within each object. We developed such a model in [15], which can be incorporated 
as a prior distribution for image reconstruction; however, the restriction of prior models to fit into the tradi-
tional optimization framework of regularized inversion is a major restriction. In particular, the optimization 
framework does not allow for the use of prior models based on deep neural networks or more specifically, 
convolutional neural networks (CNNs), which have recently been shown to have breakthrough accuracy in 
application such as image classification and restoration [17].
Recently, we have developed general methods for directly integrating machine learning methods into MBIR 
prior models. We call this method Plug and Play (P&P) because it allows one to “plug in” any image denoising 
algorithm as a prior model in MBIR [12,13]. This allows algorithms such as CNNs trained to denoise images 
to be used as prior models in MBIR. In the past year, we have generalized the P&P method to a consensus 
equilibrium framework that allows for the fusion of a variety of both physics-based and data-driven models 
such as CNNs [15]. This CE framework will also be used in the research described in Section II.A.3.
One of the most exciting directions for our research is the possible replacement of traditional MBIR recon-
struction with CNNs specifically trained to approximate the MBIR result as shown in [17]. Currently, this is 
done by training a CNN to take as input the FBP image, and produce as output the MBIR image. This is done 
by training the CNN with pairs of images, (xn, yn),  where xn is the nth FBP image and yn is the nth MBIR image 
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both generated from the same data. We refer to this as DL-MBIR.
The DL-MBIR algorithm uses the FBP as input because the convolution of the CNN requires that the input and 
output data have the same spatial locality; however, one limitation of this framework is that the CNN does not 
have direct access to the original sinogram measurements, so that the results may be sub-optimal. In order 
to address this issue, in recent research we introduced a deep back-projection algorithm as illustrated in 
Figure 1 below [18]. In this architecture, the input is a tensor formed by a set of images each consisting of a 
back-projection of a single view. Consequently, the input tensor contains all the information associated with 
the full sinogram. The CNN then is trained to reconstruct the image from the back-projection tensor. Initial 
experimental results indicate that the method can be very effective for sparse view imaging problems.

B.2. Research on Segmentation and Automatic Target Recognition (ATR)

Our ATR system consists of several separate processing units, including image segmentation and target clas-
sification as illustrated in Figure 2.  In the following sections, we give descriptions of how we advanced each 
component of the proposed ATR system with computer vision algorithms.

Figure 1: Illustration of the Deep-Back Projection algorithm developed during the research. The input to the CNN is a 
tensor that contains all in the information in the original sinogram [24]. 
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B.2.a. Image Segmentation

CT image segmentation is challenging as raw images often contain artifacts, such as streaks, due to dense 
metal objects. While there has been a great deal of research focusing on metal artifact reduction (MAR) in the 
sinogram-domain, there have been very few attempts to solve the problem of segmenting raw CT images with 
image-domain processing [28-30]. In this research, we study the problem of metal artifact reduction as an 
image in-painting problem. Figure 3 shows the example of the proposed MAR in image-domain. Notice that 
we correct CT values only inside the object and MAR image is uniform without shading.

Even though CCL can separate objects in the bag very efficiently, it is not sufficient to separate highly clut-
tered objects due to tight packing because it does not take intensity information into account. Merged object 
separations are required on CCL results with the segmentation that utilizes intensity information; however, 

Figure 2: High-level overview of proposed ATR system: Given the CT image, we apply connected component labeling 
(CCL) after metal artifact reduction. We further divide identified the merged object with intensity-based segmenta-
tion. For each segmented object, we extract histogram features and feed them into a target classifier for final output. 
The target classifier is adaptively trained on a large database by ATR development system (ADS) given object require-
ment specifications (ORS). 

Figure 3: Image-domain processing for Metal Artifact Reduction: Given a CT image, we identify the metal streak mask 
by simulating beam-hardening effects from metal. Then, we apply a dictionary-learning based in-painting to correct 
CT values inside artifact masks from a clean dataset. 
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the intensity-based segmentation can lead to over-segmentation particularly on the thin structure. There-
fore, we identify the merged object by the number of peaks in the histogram and apply intensity-based seg-
mentation only for merged objects. Figure 4 shows the merged object separation results along with the direct 
multi-label segmentation. Notice that, due to the tight packing, CCL fails to split two different materials. Our 
proposed merged object separation with intensity-based segmentation can split those two materials in a box 
while preserving the thin structure. Therefore, the segmentation label is preferable for following ATR.

B.2.b.	 Target	Classification

For each segmented object, we need to determine whether it is a target or a non-target. For this task, we first 
need to transform the image data into the set of features that describe the properties of the segmented ob-
ject. Toward this end, we construct the high-dimensional features, based on a normalized histogram. Figure 5 
illustrates the benefit of our normalized histogram features. Figure 5, from left to right, shows the histograms 
of saline and a rubber object. Among high-dimensional normalized histogram features, the location at the 
peak of each histogram is most representative of the object of interest. This reflects that material density is 
a key factor to differentiate targets from non-target. It is worth noting that we do not use any shape informa-
tion for target classification.

Given the extracted features, we feed them into the classifier that determines whether the segmented object 
is a target or not. Toward this end, we use a k-nearest neighbor (kNN) classifier for supervised learning [31]. 
kNN infers the label for unseen testing example based on the distance to the training data. This kNN is very 
efficient in training with decision tree implementation. We use L-2 norm based distance indicators such as 

Figure 4: Merged object separation: CCL is limited to separate tightly packed objects. Our proposed intensity-based 
segmentation with merged object identification can split the merged object while preserving thin structures to pre-
vent over-segmentation.

Figure 5: Histogram features in training sets of saline object (left) and rubber object (right). Notice that the location 
of max histogram represents the material types of the object. This will be informative to differentiate target materials 
from non-targets. 
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Euclidean and Mahalanobis to define neighbors. In addition, we vary k (the number of neighbors) over train-
ing and find the best k via 10-fold cross-validation. 

B.2.c. Adaptive ATR

We adapt ATR according to the object requirement specifications. To achieve target PD/PFA specification, we 
tune the parameters in the target classifier with 10-fold cross-validation on a training dataset. Specifically, 
we find the best parameter that maximizes weighted PD for all objects of interests while matching target 
PFA. For min-mass and min-thickness specifications, we first apply a bulk/sheet classifier based on shape 
features. Then, we use simple thresholding to prune bulk objects less than min-mass and sheet objects less 
than min-thickness. This shape-based thresholding is developed to be robust on mis-segmentation due to CT 
noise. For density specification, we select the ground-truth objects according to median value. For example, 
we define the ground-truth as the objects whose median value is between rho min and rho max. In addition, 
we synthesize the normalized histogram by Gaussian modeling from selected ground-truth objects to deal 
with limited training dataset.

B.3. Research on Distributed Framework for Fast Iterative CT Reconstruction

Model-Based Image Reconstruction (MBIR) methods significantly enhance the quality of tomographic re-
construction in contrast to analytical techniques; however, the intensive computational time and memory 
required by MBIR limits its use for many practical real-time applications, but with increasing availability of 
parallel computing resources, distributed MBIR algorithms can overcome this limitation. 
We propose a novel approach called View-subset Parallelization that parallelizes Computed Tomography (CT) 
reconstruction across multiple loosely communicating nodes of a distributed memory system [22]. We parti-
tion the entire set of sinogram-views for a given object among the individual nodes of the distributed cluster. 
We formulate reconstruction as a consensus optimization problem. In such a formulation, every node renders 
a limited-view reconstruction from its own sparse subset of sinogram data, and through repeated centralized 
communication with other nodes, drives its individual reconstruction towards the true global solution.
In a standard implementation of Plug & Play or Multi-Agent Consensus Equilibrium (MACE), each sub-prob-
lem requires iterative optimization of its own, resulting in several nested iterations and consequently slow 
convergence. To overcome this limitation, we developed the concept of partial update (PU), where we solve 
each sub-problem inexactly. This accelerates the convergence of our distributed approach. The resulting al-
gorithm is called PUMACE (see Section B.3.a).
In addition, we show that we can decouple the data fidelity fit and denoising operations of the MACE ap-
proach, and consequently provide a framework wherein novel advanced priors or Plug-n-Play (PnP) priors 
can be incorporated. This provides the opportunity for better reconstruction quality, which in turn enables 
better segmentation.

B.3.a. View-subset Parallelization Approach

Figure 6 illustrates how view-subsets are generated. All sinogram-views of the same object slice are divided 
among N disjoint subsets in an interleaved manner. In this specific example, the total number of views, Nθ, is 
4, and N is 2. In general, when N is sufficiently large, each subset contains a very sparse subset of all views 
acquired.
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We shall refer to the reconstruction of the object from all Nθ views as the true reconstruction. Figure 7 depicts 
the intuition behind our approach of view-subset parallelization. Each of the N sparse view-subsets can be 
used to render a reconstruction of its own, albeit, of a relatively lower quality than the true reconstruction. 
We can choose any suitable sparse-view reconstruction method for the above, including Iterative Coordinate 
Descent (ICD) [5]. Intuitively, we wish to perform these N individual sparse-view reconstructions in parallel, 
and then somehow “fuse” them together to arrive at the true solution, as shown in Figure 7. A naive approach 
would be to merely average the N individual sparse-view reconstructions as an approximation to the true 
solution; however, such a simplistic approach would be far from the true reconstruction, especially when N 
is large. This is primarily because there is no consensus between the individual sparse-view reconstructions, 
and further, each one of them would be riddled with artifacts, particularly when dealing with real sinogram 
data. Therefore, a more sophisticated mathematical framework is required to both achieve parallelism across 
multiple view-subsets and yet, guarantee convergence to the true solution.
During the project period, we developed a practical algorithm for splitting up the reconstruction of view-sub-
sets across compute nodes, which we call partial update multi-agent consensus equilibrium (PUMACE) [21], 
and we used this algorithm to do large-scale reconstructions on Cori Xeon Phi Knights Landing supercomput-
er at the National Energy Research Scientific Computing Center (NERSC) [27].

                      

Figure 6: Generation of view-subsets. Sinogram-views are divided among multiple disjoint subsets in a round-robin 
fashion. In this example, four views of an object are split between two subsets.
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B.3.b. Mathematical Framework for View-Subset Parallelization 

The goal of our research is to take a large-scale CT reconstruction problem and to break into a set of loosely 
coupled MBIR reconstruction problems. In order to do this, we can first represent the complete MBIR prob-
lem in the form

where for each i, fi(x) is the portion of the MBIR reconstruction problem associated with the ith view subset. 
More specifically, we define

where yi is the data from the ith view subset, Ai is the projection operator for the ith view subset, and u(x) is 
the regularizing prior model for the MBIR reconstruction problem. So then the MBIR reconstruction is given 
by the minimization of the function f(x). 
In [15], we showed that the solution to this MBIR optimization problem is also the solution to the following 
set of consensus equilibrium equations for i = 1, ···, N,

where each function Fi(vi) is a proximal map given by

Figure 7: Intuition behind view-subset parallelization. Individual sparse-view reconstructions based on any technique 
including ICD, are rendered in parallel from each of the N view-subsets, and then combined to obtain the true solution.

Minimize , 
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and σλ > 0 is a parameter that can be selected arbitrarily, but that effects convergence speed. 
Intuitively, computing the solutions to the CE equations has the advantage that the solution to each proximal 
map optimization problem can be computed on a different compute node. More specifically, it can be shown 
that if we define the following operators

Then the CE equations can be compactly represented as (v*) = G(v*), where v* is then the solution to the CE 
equations. Once v* is known, then desired solution to the MBIR optimization problem is given by the average 
of each of its resulting components of v*.

It can be shown that the solution to the CE equations is also the solution to the following fixed-point problem.

where we define the operator T = (2G − I)(2F − I). Then the fixed point solution can be computed using the 
Douglas-Rachford algorithm given by

where again ρ is a user selectable parameter that effects convergence speed of the algorithm. Interestingly, 
when ρ = .05, this corresponds to the consensus ADMM algorithm [15].

B.3.c. Experimental Results on TO3 Data Set

We benchmark the convergence of our distributed view-subset approach using a serial baseline approach. 
This serial baseline approach is conventional ICD reconstruction using the complete set of views. The dis-
tributed view-subset approach is based on the PUMACE framework, where each partial update is computed 
using only one pass of ICD optimization. 
We measure computational time for reconstruction in units of equits rather than machine time. For the case 
of the serial baseline algorithm, we define one equit to be the computation associated with exactly one up-
date of all the pixels within the region of interest (ROI). In contrast, our distributed approach utilizes N paral-
lel processes, each owning �1⎻N�

th
of the total number of views. Therefore, in this case, a single update of all the 

voxels on a single node represents �1⎻N�
th

of an equit. 
For the baggage scan dataset, a convergence of 1% NRMSE corresponds to less than an RMSE of 10 HU 
(Hounsfield units), and is considered a tight metric of convergence. We use the fully converged reconstruc-
tion from the baseline approach as reference x*. 
We state that our distributed approach achieves convergence, if the merged result v� * in the PUMACE Algo-
rithm in Section B.3.a and Section B.3.b satisfies the condition NRMSE( v� *,  x*)< T, where T is a certain thresh-
old. In our experiments we set T=4% for the Iron Hydroxide Dataset, and T=5% for the Baggage Scan dataset. 

(2G − I)(2F − I)v* = v* ,

v k+1 = ρv k + (1− ρ)Tv k
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We measure speed-up of our distributed approach with N view-subsets, or equivalently N distributed nodes, 
as

The dataset used for reconstruction in Figure 8 is a baggage scan from the ALERT Task Order 3 dataset. It has 
720 views and 1024 detector channels. The reconstructed image is of size 512 × 512. Sub-figure (a) shows the 
reconstructed image with the serial baseline approach.  Sub-figure (b) shows that we are able to achieve the 
same solution by partitioning the problem among 16 processes (view-subsets) using the PUMACE approach. 

The method of PUCE can be extended to include non-proximal map prior models much like as with P&P 
methods. This allows one to incorporate denoising algorithms such as BM3D as prior models. Figure 9 il-
lustrates the use of novel priors such as BM3D. Sub-figure (a) shows the PUMACE reconstruction with 16 
processes and q-GGMRF prior. Sub-figure (b) shows the reconstruction with BM3D prior. This reconstruction 
retains smoothness in uniform regions and reduces streaking artifacts as highlighted in the encircled areas.

Figure 8: PUMACE reconstruction of ALERT Task Order 3 baggage. Sub-figure (a) shows the fully converged image 
from conventional serial reconstruction (using one processor). Sub-figure (b) shows the resulting reconstruction using  
PUMACE framework with 16 processors at 1% NRMSE.
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Figure 10 shows how the convergence of PUMACE varies with N, the number of processes (or view-sub-
sets). The y-axis of the semi-log plot is the NRMSE with respect to the true solution x* and the x-axis is the 
computational time in equits. At slightly lower NRMSE levels such as 2%, the convergence is almost uniform 
irrespective of N. At tighter NRMSE levels such as 1%, higher value of N requires more equits to converge. 
For example when N=1, it takes around 8 equits to achieve convergence to 1% NRMSE, while when N=16, it 
takes 11.65 equits to achieve convergence to same NRMSE level. Therefore, while increasing N provides more 
parallelism and consequently faster reconstruction, it takes more equits to converge. 

Figure 9: PUMACE reconstruction with 16 processors using PnP priors. Sub-figure (a) shows the reconstructed image 
using q-GGMRF prior. Sub-figure (b) shows the reconstructed image using BM3D prior, which has reduced streaking 
artifacts in the encircled areas.  

Figure 10: Semi-log plot showing how the convergence of PUMACE varies with the number of processors. 
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Figure 11 illustrates the scalability of our approach by plotting the speedup versus the number of view sub-
sets, N. The blue curve corresponds to our standard PUMACE approach, while the red curve corresponds to 
the case using a PnP prior model. First, note that we achieve convergence even at high values of , or, equiva-
lently when the views per subset are very sparse. We achieve convergence even when N=64, or equivalently, 
only 11 views per subset in this example. Second, note that while increasing N provides us higher speed-ups, 
the parallel efficiency reduces. In this case, we achieve a speed-up of approximately 21 when N = 64.

Figure 12 shows reconstructions of the individual view-subsets, vi*, i = 1, ..., N, and the merged consensus 
result v* at convergence. Note that while the individual sparse-view reconstructions have conspicuous arti-
facts, no such artifacts are present in the consensus result. This is because the artifacts in each vi* represent 
its disagreement with the consensus solution. Consensus optimization resolves these disagreements, and so, 
the merged consensus result is the true solution that is devoid of the above stated artifacts. The above notion 
is summarized mathematically by the second of the two MACE conditions in Section B.3.b.

Figure 11: Speed-up of the PUMACE algorithm compared to serial reconstruction, as the number of processors chang-
es. Higher number of processors provides more speed-up due to increased parallelism but with less efficiency.
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B.3.d Extreme-scale Consensus Equilibrium

In this research, we used the consensus equilibrium inversion engine (ACIE) to implement MBIR on the Na-
tional Energy Research Scientific Computing Center (NERSC). This supercomputer has 9,464 working nodes 
in total, and each node features 68 cores with 96-GB memory and 16-GB high bandwidth memory (in cache 
mode). Each core has a 32-KB private L1 data cache, and a 1-MB L2 cache shared among every two cores. 
Experimental results on a Ceramic Matrix Composite dataset show that the computations for ACIE are at least 
4.6 times more scalable, 2.4 times faster, and 4.1 times smaller communication overhead than the current 
state-of-the-art implementation.
Figure 13 summarizes how the consensus equilibrium method functions. In every iteration, each node is as-
signed a view-subset and minimizes fi(vi). Then, the consensus solution x is updated by merging sparse-view 
reconstructions, vi . If the consensus solution, x, is not the same as  then iterations repeat.

Figure 12: Converged PUMACE images from different processors. Sub-figures (a)-(c) depict vi* from 3 different proces-
sors i = 1, ..., 3, and sub-figure (d) shows w

_
*, the average of wi* over all N processors, i = 1, ..., N, where N = 16. The noise 

in (a)-(c) disappears in (d), since the condition u*
_

 = 0 is satisfied by PUMACE.
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To apply consensus equilibrium to extreme-scale MBIR, ACIE has the following hierarchical levels of paral-
lelism:

1. Parallelism among clusters. Each cluster of nodes minimizes a consensus equilibrium function, 
Fi(vi), with a view-subset, and the number of clusters equals to the number of view-subsets.

2. Parallelism among nodes in a cluster. Each node in the cluster updates its sub-volume in sparse-view 
reconstruction, vi .

3. Parallelism among cores. Each core updates a super-voxel (SV) in a sub-volume.
4. Parallelism among and across SIMD vectors of a core. Each SIMD vector updates a voxel- line within   

SV.
Parallelism among clusters: In a typical consensus optimization method, the master node updates the con-
sensus solution, x, while the remaining worker nodes update sparse-view reconstructions, vi ; however, such 
a centralized optimization algorithm has a large global communication overhead because the master node 
needs to wait for all worker nodes. To address this issue, the parallelism among clusters is a unique asyn-
chronous and distributed consensus optimization algorithm. It is asynchronous because each node is the 
worker and the master at the same time. In addition, communications are required only among a small group 
of nodes.
To implement this algorithm, we group nodes in a supercomputer into clusters, and each cluster updates a 
sparse-view reconstruction, vi , by minimizing a consensus equilibrium function. In addition, each node in a 
cluster is represented by a pair P(i, j), where i is the cluster it belongs to, and j is the node’s identity in the 
cluster. (i, j) also represents that the node receives the ith view-subset and updates the jth sub-volume in the 

Figure 13: Shows the logical flow of the consensus equilibrium method. Notice that the consensus solution, x, has sig-
nificantly better image quality than sparse-view reconstructions, v1 and v2.
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sparse-view reconstruction, vi . Figure 14 shows an example of how two clusters communicate in the merging 
operation, and P(1,2) updates v1’s second sub-volume, which is depicted in white. In every iteration, each 
cluster updates its assigned sparse- view reconstructions. Then, nodes in different clusters but with the same 
identity, j, merge their assigned sub-volumes in the sparse-view reconstructions into the jth sub-volume in the 
consensus solution, x. In the example of Figure 14, nodes with the same j are assigned with sub-volumes that 
have the same color. When v1 and v2 are updated, sub-volumes with the same color in v1 and v2 are simultane-
ously merged to the same color sub-volume in x.
In this level of parallelism, each node is a worker by updating a sub-volume in vi , but also functions as a 
master by updating the corresponding sub-volume in x through the merging operation. In addition, com-
munication overhead in the merging operation are required only among nodes that have the same identity, 
j, thereby greatly reducing the parallel overhead. Experimental results show that the asynchronous updates 
in ACIE reduce the communication overhead by 4.1 times compared to the previous state-of-the-art NU-PSV 
algorithm [25].

Figure 15 shows results from the application of the ACIE method to the reconstruction of a Ceramic Matrix 
Composite (CMC) dataset, imaged using the synchrotron at Lawrence Berkeley National Laboratory when 
the CMC was heated to 1200°c for mechanical testing. CMCs are a composite material that are much tougher 
and more light-weight than metal alloys that are of interest for the next-generation aviation turbine engine 
blades, as well as jet engine hot components for NASA space shuttles and deep space exploration.
The CMC dataset sinogram size is 2560x2366x1024, where 2560x2366 is the X-ray detector size, and 1,024 
is the number of view angles. The image reconstruction for the CMC dataset contains 2366 slices, and each 
slice is a 1280x1280 image with a voxel resolution of 2:6323 μm3. A zoom-in picture of a representative re-
constructed slice is shown in Figure 1. The image on the left is a region in a slice reconstructed by FBP, and 
the image on the right is the same region reconstructed by ACIE. Notice that the FBP reconstruction has much 
more noise, and the ACIE/MBIR reconstruction has better image quality with less noise. Therefore, material 
scientists can better examine the micro-structure of CMCs by using ACIE reconstruction.

Figure 14: Shows how two clusters communicate in ACIE. When both sparse-view reconstructions v1 and v2 are updated, 
the same color sub-volumes in v1 and v2 are merged to the same color sub-volume in x.
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C. Major Contributions

C.1. CT Image Reconstruction

We developed methods for incorporating advanced prior models into MBIR. We also took our first steps to 
the creation of CNN algorithms that have the potential to achieve similar or even better quality than MBIR 
with reduced computational requirements.
• Introduced framework for advance prior modeling in MBIR reconstruction by using Plug & Play frame-

work. This was demonstrated to result in improved reconstruction image quality.
• Introduced DL-MBIR framework for using deep learning CNNs to rapidly reconstruct approximations to 

the MBIR image.
• Introduced method for directly computing sparse view reconstructions from sinogram data using a deep 

back projection algorithm. 

C.2. Research on Segmentation and Automatic Target Recognition (ATR)

We have developed and implemented a new ATR system for CT baggage scans that adapted the advanced 
image segmentation, feature extraction, and target classification in computer vision to a particular security 
screening CT system. The major contributions are listed in the following:
• Image segmentation

 ○ MAR in image domain

 ○ Multi-label segmentation on merged objects

• Feature extraction
 ○ Normalized high-dimensional histogram bins

• Target classification
 ○ Adaptive training with new specifications

(b)(a)

Figure 15: (a) Shows a zoom-in region of an example slice reconstructed by FBP. Each circle in the porous structure rep-
resents ceramic fiber in the ceramic matrix composite (CMC), and the dark ring within each circle represents boron fiber 
coating for CMC. (b) Shows the same region reconstructed by MBIR.
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Evaluation using a realistic set of passenger baggage scans demonstrated significant quality improvement in 
terms of Probability of Detection (PD) and Probability of False Alarm (PFA). The proposed segmentation al-
gorithm splits the merged objects by tight packing and corrects the partial loss due to the metal artifacts. Our 
classification help to differentiate targets from non-targets, thus decreasing false alarms. These are all factors 
that can lead to improved target detection in ATR systems. During Year 5, we have expanded our application 
of ATR adaptive to new target specification. We have also developed methods for synthesizing dataset for 
unknown material.

C.3. Research for Fast Distributed Computation for CT Reconstruction

We developed a generalization of the P&P method that allows MBIR reconstructions to be distributed across 
multiple nodes in a large-scale computing cluster.
• Introduced CE method for distributed computing of MBIR reconstructions on large scale clusters

 ○ Reduced computation time

 ○ Decreased per node memory requirements

• Implemented distributed CE reconstruction method on large-scale NERSC supercomputer at Lawrence 
Livermore National Laboratory

D. Milestones

The following milestones from the Year 5 Work Plan were achieved:
• Advanced adaptive ATR algorithms: We worked on the creation of adaptive ATR algorithms that can be 

configured for different target scenarios. Our adaptive ATR could be customized for various specifica-
tions including target PD/PFA, min-mass/min-thickness, relative weights on multiple targets, and un-
seen materials without CT scan. 

• CE algorithms for massive parallelization of tomographic reconstructions: We developed a class of algo-
rithms which we call PUCE/ACIE that use the consensus equilibrium framework to compute the solution 
to either traditional MBIR or P&P problems on a distributed cluster of computers. We also demonstrated 
the use of these algorithms on large-scale computers with real CT data sets.

E. Future Plans (Year 6)

In the following year, we plan to build on our previous successes in three major areas: faster/better recon-
struction algorithms; better segmentation algorithms; and better classification algorithms. Below we detail 
our plans in these three critical areas.
Specific challenges to be addressed here are: 
• Faster/Better CT reconstruction using deep learning: We will use a deep learning approach to build fast 

algorithms that reproduce near MBIR reconstruction quality using must faster CNN computations. These 
algorithms, which we collectively refer to as DL-MBIR have the potential to dramatically reduce the com-
putation required for fielding MBIR in security scanners. Specifically, a CNN will be trained from FBP and 
MBIR reconstructions of the same scan data to generate a function that maps the FBP to the MBIR. The 
trained CNN will be then applied to any FBP to produce an MBIR-equivalent image, without the computa-
tionally expensive iterative optimization in MBIR. Besides FBP and MBIR image pairs, the DL-MBIR can be 
generalized to any desired target behavior for the output of the processing such metal artifact reduction.

• Deep Learning for CT Image Segmentation/Metal Artifact Reduction: CNN segmentation methods have 
the potential to learn the structure of CT image artifacts so that more accurate segmentations can be 
formed by imperfect reconstructions. We have developed joint segmentation/metal artifact reduction 
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methods incorporating image-domain processing based on dictionary learning in-painting. While these 
have shown promise, we believe that CNN processing can result in improved CT Segmentation/ MAR 
leading to better feature extraction and target detection. In the coming year, we plan to build a database 
of reconstruction (FBP) images based on the TO3 dataset, and design a CNN to accurately segment them.

• Deep Learning Target Classification: Current KNN/SVM classifiers in our ATR system achieved approxi-
mately 90% Probability Detection and 10% False Alarm Rates even for very challenging scenarios with 
various object specifications. We will further improve the target classification performance by using ad-
vanced deep neural networks (e.g. fully connected neural networks). In addition, we will investigate gen-
erative adversarial networks to synthesize normalized histograms on unknown target materials.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Our research aims to improve the PFA/PD tradeoff for detection of explosives in checked baggage though the 
adaption of MBIR algorithms in airport security systems. Below is a list of accomplishments during the prior 
years of funding that serve to either improve image quality of reconstruction or reduce reconstruction time.
Our recent publications indicate that:

1. Beam hardening artifacts can be substantially reduced even when imaging a diverse set of materials 
by adaptive estimation of the beam hardening function.

2. Joint metal artifact reduction/segmentation was shown to reduce metal artifacts by 27% and re-
duced segmentation error by 47%.

3. 2D SV-ICD reconstruction algorithms reduced computation time by a factor of 17x on a single core 
processor and 187x on a 20 core processor.

4. 3D SV-ICD reconstruction reduced data set reconstruction time by a factor of 182x on one 20 core 
node and a factor of 637x on 10 nodes as compared to existing state-of-the-art parallel reconstruc-
tion algorithms. This resulted in a total reconstruction time of 10secs on 120 slices of the data set 
generated as part of the ALERT Task Order: Research and Development of Reconstruction Advances 
in CT-Based Object Detection Systems.

B. Potential for Transition

Research done in the form of the ALERT transition task and also the Task Order study indicates that MBIR 
reconstruction can reduce the PFA at a specific PD, thereby reducing cost in TSA screening of checked bag-
gage; however, a barrier to adoption of this technology is the high computational cost of computing MBIR 
reconstructions. In addition, we believe that MBIR and iterative reconstruction methods more generally can 
play a critical role in security scanners that require sparse view reconstruction, such as those that do not use 
rotating gantries. 
We envision two paths to transition of MBIR technology. One path is to increase the speed of MBIR recon-
struction though more effective parallelization and mapping to modern computing hardware such as GPUs 
and FPGA. A second is the fast computation of approximate MBIR results using machine learning methods 
such as convolutional neural networks (CNNs).

C. Data and/or IP Acquisition Strategy

As part of our research in SV-ICD algorithms, we have filed two patents through Purdue University, which 
we believe could be of important value in commercializing this technology among vendors who produce 
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either checked or carry-on baggage scanners. One patent was filed on 2018-01-05 (US patent application 
US20180025514A1) the second patent was filed on 2016-07-03 (US patent application 15063054). The first 
is for the SV-ICD algorithm as disclosed in the associated super-computing and PPoPP publications [23-25]. 
The second is for the FPGA implementation of related algorithms speedups as disclosed in [22]. In addition, 
we have filed patent applications for our concepts in DL-MBIR, which we believe have important value in 
transportation security applications.

D. Transition Pathway 

In addition, we have created a small company, High Performance Imaging, with the specific goal of develop-
ing and commercializing the SV-ICD technology for MBIR reconstruction. HPI received DHS funding through 
a SBIR Phase I (2014-09-01 through 2015-02-28) and II (2015-07-22 through 2017-08-05), and through an 
AS&E subcontract (2017-07-31 through 2017-05-01). As part of this commercialization effort, we are talking 
with vendors about the use of our technology, but do not have any specific pathway established yet. We are 
also using HPI as a vehicle to commercialize our algorithms in other related industries such as NDE for in-
spection of additively manufactured parts as part of the Metals Affordability Initiative (MAI). While this is not 
directly a DHS application, we hope that the technology developed in these related efforts may help mature 
the technology so that it can be more easily transition to the DHS applications.

E. Customer Connections

Currently, we are working to transition our technology both through High Performance Imaging and through 
direct collaborations with DHS vendors such as Analogic that would focus on advanced algorithms for CT 
image segmentation in the presence of reconstruction artifacts.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Peer Reviewed Journal Articles 

Pending - 
1. D. Ye, P. Jin, C. Bouman. “Joint Metal Artifact Reduction and Segmentation of CT Images.” In prepara-

tion to IEEE Transactions in Image Processing, 2018.

B. Peer Reviewed Conference Proceedings

1. Sridhar, V., Buzzard, G.T., & Bouman, C.A. “Distributed Framework for Fast Iterative CT Reconstruc-
tion from View-Subsets.” Proceedings of IS&T Electronic Imaging Conference, May 2018.

Pending - 
1. Wang, X., Sridhar, V., Ronaghi, Z., Thomas, R., Deslippe, J., Parkinson, D., Buzzard, G.T., Midkiff, S.P., 

Bouman, C.A., & Warfield, S.K. “Consensus Equilibrium Method for Extreme-Scale CT Iterative Recon-
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2. D. H. Ye, G. T. Buzzard, M. Ruby, and C. A. Bouman, “Deep Back Projection for Sparse-View CT Recon-
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R4-B.2: Multi-energy, Limited View Computed 
Tomography (CT)

I. PARTICIPANTS 

Faculty/Staff 
Name Title Institution Email

Eric Miller PI Tufts University eric.miller@tufts.edu

Brian Tracey Professor of the Practice Tufts University btracey@eecs.tufts.edu

Graduate, Undergraduate and REU Students
Name Degree Pursued Institution Month/Year of Graduation

Hamideh Rezaee PhD Tufts University 08/2018

II. PROJECT DESCRIPTION

A. Project Overview

The development of energy selective photon counting detectors for X-ray sensing applications has created 
the possibility for significantly enhancing materials characterization capabilities relative to existing energy 
integrating or dual-energy systems. Energy integrating methods provide information only regarding material 
density while dual energy systems, at best, can image both density and effective atomic number (or equiv-
alently spatial maps of Compton and photoelectric coefficients).  In practice, the overlapping nature of the 
spectra employed in fielded dual energy systems as well as the nature of X-ray physics significantly compli-
cates the stable recovery of atomic number/photoelectric coefficient (PE). Multi- or hyper-spectral forms of 
sensing, where data are collected over a large number of narrow energy bins in such a manner as to reflect 
both attenuation as well as X-ray scattering, have the potential to move X-ray based screening significantly 
beyond the limitations of the current state-of-the-art systems.
In more detail, the energy integrating and dual-energy methods recover information concerning the object of 
interest based on the way X-rays are attenuated as they pass through the medium. The attenuation properties 
reflect both the absorption of the X-rays, as well as the scattering of the X-ray photons from the beam. For 
all fielded X-ray systems in use by DHS, these scattered photons are ignored.1 As the work in this project has 
begun to demonstrate, significant information is embedded in these photons. With appropriate processing, 
this information can enhance materials characterization from X-ray data, specifically in the context of limited 
view systems currently under investigation and development.  Indeed, in recent years, the Department of 
Homeland Security (DHS) has been exploring X-ray systems comprised of spatially fixed sources and detec-
tors in contrast to traditional computed tomography (CT) types of systems where source/detector arrays 
rotate around the items being scanned. Complicating the development of these systems, the limited number 
of source-detector paths compared to the full-scale CT case creates substantial challenges in terms of image 

   1 The one exception here is the Morpho Yxlon XES 3000 system, which collects and processes diffracted photons.  As we discuss shortly, the effort in 
this project is focused not on diffraction, but rather on Compton scattering.  While both processes result in photons exiting the main X-ray beam, the 
physical processes underlying these modalities are distinct.  Our focus here is on Compton scattering.  Over the long term, there may well be reason 
to consider fusing data from both of these processes.
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formation and, ultimately, target detection. Using the detectors in these systems to collect scattered photons 
(in addition to the traditional attenuation-based data) significantly increases the information content in the 
data even for these fixed geometries. 
In this regard, the most interesting scattering process for the energy range of interest in this application do-
main, Compton scattering, is characterized by two key properties. First, the intensity of Compton scattering 
is directly proportional to the mass density near the event.  Second, Compton scattering is inelastic, meaning 
that the energy of the photons shifts after a scattering event, thereby necessitating the use of energy resolv-
ing detectors to usefully capture and quantify these processes. The shift in energy determines the direction 
in which photons are scattered.  In a sense, this energy-dependent scattering direction very much “encodes” 
density at a specific location. These two properties have significant systems-level implications for DHS.
Realizing this potential, however, required that we address several challenges in the first five years of this 
project. First, the physical processes and mathematical/computational models associated with these scatter-
ing processes are more complex than traditional attenuation imaging. The development of a model during 
Years 1 and 2, which links the observed data to the material properties of interest, was necessary to address 
the second challenge, which has been the focus of our effort in Years 3-5: How we use these scattered photons 
in addition to traditional attenuation data to form images. Only after these image formation methods are in 
place can we quantify the true benefits of these new data (e.g. attainable image resolution and reduction in 
imaging artifacts, as well as target detection and false alarm rates).
The immediate significance of this project relative to the larger ALERT program lies in the potential of these 
models and associated processing methods to improve the accuracy of screening both checked baggage as 
well as luggage inspected at the checkpoint. The algorithms at the heart of the current collection of Trans-
portation Security Administration (TSA) certified systems are not sufficient for the processing of the data 
that will be produced by the next generation of X-ray scanning systems.  Even the state of the art model 
based iterative reconstruction methods are not designed to fully exploit the information provided by multi-/
hyper-spectral X-ray data. Neither are they capable of addressing the challenges encountered when consid-
ering the severely limited view nature of the data provided by these fixed source/fixed detector systems. 
Our proposed approach to explore the utility of scattered X-ray information to materials characterization is 
intended to address both challenges and, to the best of our knowledge, is the only effort within the ALERT 
program with this focus.    
Finally, we note the steps taken by this team in technology transition. As discussed in last year’s report, the 
initial promise of combining Compton scatter and traditional attenuation data was confirmed using simula-
tion data by the Tufts-based PhD research assistant, Ms. Hamideh Rezaee, whose efforts have been directly 
supported by the ALERT center.  Based on her results, the team from Tufts in collaboration with scientists 
from American Science and Engineering (AS&E) were supported under a DHS “13-05” project from mid-
2016 to mid-2017 to build a testbed system and associated processing methods to demonstrate the utility of 
combining energy resolved scatter and attenuation data in a limited view geometry for imaging mass density 
and PE. Notably, imaging results obtained in 2017 using data from this testbed clearly demonstrated similar 
benefits as Ms. Rezaee saw in her simulations specifically in terms of density reconstruction.  The project con-
cluded before we could explore the recovery of photoelectric spatial maps.  Transition of this work, initially 
seeded by ALERT, is continuing in the form of a collaboration between the Tufts group and Drs. Dan Strellis 
and Ed Morton from Rapiscan on a project to be funded under BAA HSHQDC-17-R-B0003, focusing on com-
bining X-ray diffraction, scatter, and attenuation data in a non-rotating source/detector system.

B. State of the Art and Technical Approach

Material characterization from X-ray data in the context of limited-view systems employing energy-resolved 
detectors is the specific interest of this report. We are motivated by current issues in security applications, 
such as developing advanced screening methods at the checkpoint where logistical constraints including 
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system size, power, and cost prevent installation of full CT systems [1]. Addressing these issues has led to the 
study of systems with a few fixed sources and detectors (or arrays of detectors) installed in fixed locations. 
The construction of spatial maps of materials properties in such systems is quite challenging due to the lim-
ited number of raypaths scanning the region of interest as compared to a rotating full-view CT system. Prior 
efforts have addressed these challenges by supplementing conventional attenuation data with other forms 
of X-ray-based information and developing associated processing methods capable of exploiting these new 
sources of information [2]. In this report, we focus on fixed source/detector systems in which we augment 
conventional attenuation data with observations of scattered X-rays. While efforts in security are most rele-
vant to the work done here, the proposed ideas are drawn from and related to a range of application domains 
and X-ray-based disciplinary areas, which will be reviewed here. 
Within the context of X-ray based materials characterization for security applications, the state of the art in 
terms of fielded systems is based on full view, dual energy methods employing X-ray sources capable of emit-
ting radiation in generally overlapping “high” and “low” spectral regimes [3]. In terms of processing, most 
methods employing these data focus on sinogram decomposition techniques aimed at the recovery of Comp-
ton scattering and photoelectric absorption maps [4]. These algorithms start with a nonlinear optimization 
scheme to convert the measured low and high energy data into “pure” sinograms associated with the projec-
tion of the spatial maps of Compton attenuation and photoelectric absorption. Filtered backprojection (FBP) 
is then employed to recover these properties, which are converted into any of a number of two-dimensional 
feature vectors to be used in material identification. For example, in [5] a dual-energy technique is presented 
to recover effective atomic number and CT numbers [6] resulting in substantial false alarm rate reduction. In 
[7], a Gauss-Newton scheme is adopted to estimate the effective atomic number and electron density using 
dual-energy CT. In [8], a novel polychromatic dual-energy processing algorithm is proposed to recover the 
Compton scattering attenuation and photoelectric absorption. 
As indicated above, in the majority of dual-energy CT efforts, full-view systems are required for high quality 
image reconstruction where the reconstruction process is based on the use of FBP. For limited view cases, 
iterative methods must be employed to obtain meaningful images. In [9], the potential of model-based re-
construction in improving image quality and artifacts reduction relative to FBP in multi-slice helical CT for 
baggage inspection is shown. 
In addition to the use of energy-diverse data, for security-focused X-ray materials characterization, fixed 
source/detector systems collecting, and processing scattered (as opposed to attenuated) photons are also 
of increasing interest. For example, a “side scattered” X-ray system is introduced in [10] to enhance edges 
in objects of interest and improve the detection performance for X-ray backscatter systems. Alternatively, in 
[11], observations of scattered X-rays in pairs of highly collimated detectors are used to map material density. 
To the best of our knowledge, there has been no previous work aimed at security applications employing the 
model-based tomographic inversion ideas for processing scattered (or scatter plus attenuation data) such as 
those considered here.
X-ray CT has been used widely in fields beyond security including medical imaging [12], non-destructive 
evaluation [13], and the investigation of the internal structures of geo-materials [14]. Material characteriza-
tion in these applications has drawn much attention in recent years to dual- and multi-energy CT acquisition 
systems [15]. For example, in the context of medical imaging, a comparative evaluation performed in [16] 
between spectral CT and conventional CT shows that spectral CT is more reliable in terms of image noise, CT 
numbers, and quality of reconstruction. 
Despite these efforts, simultaneous reconstruction of both photoelectric absorption coefficient and mass 
density (or the related property, Compton scatter attenuation [17]) is still challenging due to the lack of sen-
sitivity in the data to variations in the photoelectric absorption coefficient [18]. One approach to this difficul-
ty has been to consider the recovery of attenuation as a function of space and energy. Here, much work has 
focused on methods that exploit the correlated structure in attenuation as a function of energy. For example, 
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in [19], a FBP reconstruction is used to learn a tensor-structured dictionary, which is then employed in an 
iterative reconstruction method. In [20], a multi-linear image model and associated tensor-based regulariza-
tion scheme was used specifically to enhance the reconstruction results of low energy channels. The method 
in [21] exploits the availability of a high-quality reference image from a “full-dose” CT scan to aid in the re-
covery of information from “low-dose” data. 
In cases where photoelectric absorption is sought directly, again structural regularization ideas have been 
considered. For example, in [8], a regularization method is developed which encourages the edges in the 
photoelectric image to be correlated with those in the stably-obtained Compton attenuation reconstruction. 
In [18], a non-local mean (NLM) patch-based regularization is developed which again stabilized the photo-
electric attenuation map based on an assumed accurate Compton attenuation image. Finally, we point to the 
framelet-based ideas in [22] and the linear mapping techniques in [23] for addressing this challenge. 
The methods cited in the previous two paragraphs focus on cases in which either full view data are provided 
or, at worse, a limited number of sources (and associated detectors) which fully encircle the object are avail-
able for generating data. Reconstruction of photoelectric coefficients in applications with severely limited 
view geometries is more challenging. In many applications [24], access to the object from different views 
are limited, while material characterization remains quite critical. In [24], a maximum-likelihood model em-
ploying patch-based regularization is proposed to estimate attenuation coefficients for a set of kVp switch-
ing-based sparse spectral CT experiments. In another kVp switching spectral CT application [25], attenuation 
coefficient images are transformed to the Fourier domain and presented in the form of a low-rank Hankel 
matrix with missing elements which are recovered by applying SVD-matrix minimization using ADMM. In 
[26], an iterative algebraic reconstruction method is proposed for sparse-view CT in medical applications 
using discrete shearlet transformation (DST) for denoising.
Moving beyond conventional attenuation-based imaging, Compton scatter tomography has also shown some 
promise in nondestructive evaluation applications [27]. Compton tomography also provides a powerful tool 
for materials characterization [28]. Most of the Compton scattering tomography reconstruction methods 
can be divided into analytical and numerical approaches. Although the analytical methods provide efficient, 
closed form solutions (see [29] for a nice review), they are typically developed for very specific data acqui-
sition geometries. Numerical methods such as those considered here provide increased flexibility to obtain 
quantitatively accurate results for more general systems. Most of the work on these methods has focused on 
recovering either the electron density or the total attenuation. A generalized Compton scattering transform 
for recovering attenuation was proposed in [30]; however, the energy dependency of the attenuation coeffi-
cient at the scattering point was not considered. In [31], the attenuation is approximated as a linear function 
of energy; however, the validity of the linear approximation requires systems operating over a specific range 
of energies, which is not the case for the systems of interest here. One of the few studies seeking to recover 
the electron density combined fluorescence, Compton scatter, and absorption data [32]. Alternatively, in [33] 
the authors looked to estimate electron density from Compton scatter data assuming the energy-dependent 
attenuation map is known from a traditional CT-type scan. 
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In summary, for most of the work performed 
in the context of energy-resolved systems, 
only conventional attenuation data has been 
considered while the majority of Compton 
scatter-based imaging has focused on the 
recovery of attenuation coefficients. Also, to 
the best of our knowledge, there has been 
no previous work aimed at security appli-
cations employing the model-based tomo-
graphic inversion ideas for processing scat-
tered (or scatter plus attenuation data) such 
as those considered here. The work in this 
project moves past both of these restrictions 
and presents an approach for naturally com-
bining both attenuation and scatter data to 
jointly recover maps of mass density and 
photoelectric absorption.
To illustrate the models and methods we 
have developed, we consider here a limited 
view system shown in Figure 1 in which pen-

cil beams produced by each source with a specific energy spectrum, called “primary” raypaths, are scattered 
in different directions with different energies while passing through the object. We note that the attenuation 
data collected along these primary raypaths constitute a typical data set for absorption-based X-ray imaging 
methods.
For a given primary raypath, the total attenuated beam intensity is calculated by the detector at energy Em as

where I(ES ) is the initial intensity of the X-ray beam at energy ES , δrD,r s
(r) is a Dirac delta function support-

ed along the primary raypath connecting the source position rS to the detector located at rD , μ(r, ES ) is the 
absorption coefficient at energy ES [34] and Sm(ES ) is the sensitivity function for the mth energy channel, 
centered at Em. We have used the Gaussians model introduced in [35] for sensitivity functions which depends 
on detector material properties. As stated earlier, the goal of this problem is material characterization which 
requires in our case recovery of mass density and photoelectric absorption coefficient which are related to μ 
according to

where ρ(r) is the mass density, NA is the Avogadro number, Z(r) and A(r) are the atomic number and atomic 
weight, p(r) is the photoelectric coefficient, fp(ES ) = Es⁻3 and fkn(ES ), the Klein-Nishina cross section is 

and  . The ratio  can be approximated to  for most of the elements allowing us to write the  
absorption as

Figure 1: Setup of the sources and detectors. A ray from source S1 
to primary detector D2 is scattered with angle θ3 at the interaction 
point r and is absorbed by secondary detector D’.

 (1)

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-B.2

491



With this model and as discussed in the report from last year, the total attenuated beam intensity calculated 
at each detector in discrete form simplifies to

such that a set of equations linear with respect to density and photoelectric coefficients can be written as                                      

where KA,ρ is the linear operator (matrix) mapping density to attenuation data; KA,ρ is the matrix taking vari-
ations in photoelectric attenuation to the data; and ρ and p are lexicographically ordered vectors of density 
and photoelectric images respectively. The vector gA consists of all the observed attenuation data as a func-
tion of source location, primary detector location, and energy. The number of elements in gA is equal to NA = 
NSD × NE, the product of the number of primary raypaths NSD  and energy bins NE. 
As discussed in our Year 2 report, the model we have developed linking the number of scattered photons 
absorbed by detector  to the material properties of interest takes the form:            

where
•  f(r, rS , ES ) is the attenuation of the beam intensity at energy ES  along the line connecting r and rS ;
• h(rD’, r, E’) is the attenuation of the beam intensity at energy E’ where we describe below the relationship 

between E’, the energy of the photon emerging from the scattering event, and ES , the initial energy of the 
photon;

• ρ(r) is the mass density at the interaction point;
• s(r, θ, ES ) is the scattering factor; and  
• δrD,r s

(r) is a delta function along the line connecting the source to the primary detector.
By replacing the ideal finite energy resolution response of detectors, with the Gaussian model, the actual 
number of scattered photons recorded by detector D’ at energy Em is found by integrating over the detector 
sensitivity function as

where and Sm(.) is the sensitivity function for the mth energy channel, centered at Em. In discrete form, the 
observed scattered data is

where S is the detector sensitivity matrix with the size of NE × NQ, the product of the number energy bins NE 

 (2)

 (3)

 (4)

 (5)

 (6)
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and the number of photon energies incident on the detector NQ, and the elements of  sm,k = Sm(Ek’ ). As shown 
in [34], (6) can be formulated as a set of equations nonlinear in the photoelectric coefficient and quasi-linear 
in density resulting in a measurement model taking the form

After successfully evaluating the robustness of our proposed model and reconstruction methods with ad-
ditive, white Gaussian noise [34] over the last year, we have focused on exploring the performance of our 
system in two different scenarios: First, using the data generated with Poisson model; and second, using the 
data generated with the GEANT4 Monte Carlo (MC) code, where in the latter case the following processes are 
modeled:

1. Compton scatter (includes Doppler shift correction for bound electrons)
2. Rayleigh scatter (coherent scatter)
3. Photoelectric absorption
4. Effects of Polarization of Compton scattered X-rays on secondary and tertiary scatter
5. Beam hardening effects as primary beams traverse objects
6. Finite energy resolution of detectors
7. Detection efficiency of detector elements (detector signals based on actual energy deposition of the 

detected X-rays in the detector crystal)
8. Realistic detector array collimation
9. Realistic input Bremstrahlung spectrum for primary beams
10. Scanning X-ray beam profile includes finite X-ray tube focal spot and realistic collimating aperture
11. Effects of multiple scattering
12. Air scatter effects

For the first case, we have used a Poisson model which is more appropriate for describing the attenuation 
and scattered data [37] in which case the data vectors, gA,d for attenuation and gS,d for scatter, are comprised of 
independent Poisson random variables whose means are given by gA and gS respectively.  For the MC data, the 
true maps of materials (specifically, their chemical compositions) were provided as input to GEANT4 which 
then generated gA,d and gS,d .
To recover density and photoelectric images given both attenuation and scatter data, we solve the following 
variational problem:

The first two terms measure the mismatch between the scattering and attenuation data respectively and our 
prediction of these data for a given ρ and p. The regularization terms Rρ(ρ) and Rp(p|Iref ) for density and pho-
toelectric respectively stabilize the reconstruction by imposing prior information such as smoothness. We set 
the weights,  and  to normalize the impact of the two data sets on the reconstruction. We 

employ a cyclic coordinate decent method for solving the optimization problem given in (8). At each itera-
tion, density reconstruction is performed using an estimate of the photoelectric coefficient from the previous 
iteration. Density reconstruction itself is an iterative procedure detailed further. Subsequently, we use the 
current estimated density image to recover photoelectric coefficient image in another iterative process. For 
details, we refer the reader to the full technical report available on line [34].

 (7)

(8)
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To evaluate our proposed method, we consider a model, limited view system of the form provided in Figure 1. 
The area to be imaged is taken to be 20 cm × 20 cm. Three rotating pencil beam sources are located exactly in 
the center of the left and bottom edges and left-bottom corner of the scanning area. Forty-one detectors with 
the width and height 1 cm are equally spaced along the top and right edges. As mentioned in Section II.B, we 
test the performance of our reconstruction method for two different datasets; the data using Poisson model 
and the data generated with the GEANT4 Monte Carlo code, which accounts for more of the physics than our 
proposed model. 

We consider two phantoms consisting of materials with moderate to high attenuation properties shown in 
Figure 2. The first phantom consists of the letters “T” and “U” (the initials of Tufts University ) with the ma-
terial properties of plexiglass and provides an interesting challenge in terms of recovering an object with a 
complex geometry. The second phantom is composed of three rectangular objects consisting of water, eth-
anol, and graphite. The characteristics of the materials used in these phantoms are taken from the XCOM 
database and are described in detail in Table 1.   
Both attenuation and scatter data are collected in the range of 20 ⎯ 120 KeV. We employ a photon-counting 
detector model described in [35]. For our work, the sensor material will be CdTel with a bandwidth of ΔE = 
5 KeV. 
All the simulations are performed in MATLAB with the processing architecture of 8 core Intel CPU and 50 
gigabytes of memory. The code used in these experiments is not optimized in terms of time and complexity 
efficiencies. The main computational load belongs to the LSQR solver [38] and calculating forward model and 
Jacobin matrices, with 352 sec., 4.6 sec., and 25.2 sec. on average per iteration respectively. To evaluate the 
performance of the proposed method quantitatively, we have calculated the two-norm of the relative mean 

Figure 2: Simulated phantoms. Density and photoelectric (at the energy level of E0=20KeV) ground truth images of 
different objects described in Table I. (a) and (b) are plotted in the range of [0, 2.4] g/cm3 and (c) and (d) are plotted in 
the range of [0, 0.6] cm-1.

Table 1: Density, photoelectric and chemical formula of simulated phantoms.
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square error (MSE) for each of density and photoelectric images using

                                                                                                                                                               
where Î is the reconstruction of either the density or the photoelectric image and Itrue is the corresponding 
ground truth image. 
There are several aspects of the reconstruction process we wish to explore with these examples. We first an-
alyze the recovered density and photoelectric maps with the Poisson model of the data. This analysis allows 
us to explore our ability to recover both parameters of interest in the case where the underlying physics is 
matched to that used in the reconstruction process but for a noise model that is much more realistic than 
the additive Gaussian case considered in the past. Second, the use of MC data allows us to explore the per-
formance of our approach using data generated in a controlled manner from a model whose physics is far 
more complex than the single scatter model underlying the inversion routine. We note that in all cases, the 
fusion of scatter data with traditional attenuation greatly improves both the quantitative as well as qualita-
tive characteristics of the processing results. Note that the effects of using only attenuation (resp. scatter) 
data are obtained by setting w1 = 0 and w2 = 1 (resp. w1 = 1 and w2 = 0) in (8). For the combined case, we use 
the weights as indicated previously.

Density reconstruction results and associated root-mean-square error (RMSE) for attenuation-only data and 
combination of both attenuation and scattering information using Poisson model are shown in Figure 3 for 

(9)

Figure 3: Density reconstruction results obtained using attenuation data and combination of both attenuation and 
scatter data. The combination of datasets improves the performance of the density reconstruction by taking advan-
tage of scatter data in recovering the structure of the object and attenuation data in increasing the accuracy of the 
reconstructed amplitudes. Subplots (a) and (d) show true density of phantom I and II respectively. In (b) and (e) atten-
uation-only density reconstruction and in (c) and (f) density reconstruction for a combination of both attenuation and 
scatter data for phantom I and II are obtained respectively.

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-B.2

495



the first and second phantoms, respectively. These images indicate that attenuation-only data, while provid-
ing reconstructions whose amplitudes are in the right quantitative range, suffer from significant artifacts 
making clear identification of the distinct regions in the scene virtually impossible. From Figures 3 (b) and 
(e), for both phantoms, the attenuation-only density reconstructions contain artifacts and noise around and 
along the objects so the structure of the objects is not well recovered. The images in Figures 3 (c) and (f) 
clearly demonstrate the advantages (both quantitative and qualitative) of employing both types of data. Spe-
cifically, both the geometric structure of the objects as well as the pixel-by-pixel estimates of the density value 
are improved in the latter optimization compared to the previous ones. For example, the hollow parts of the 
“TU” phantom are better resolved, and we can distinguish both the geometries of the three separate shapes, 
as well as the material properties in the second phantom. Finally, we see far fewer background artifacts and 
note that the RMSE at the end of the multi-scale process is reduced by 58.04% and 86.62% relative to the 
attenuation-only reconstructions for the first and second phantom, respectively.

Having examined the utility of different data types on our ability to recover mass density, we now turn our at-
tention to mapping the photoelectric attenuation coefficient. As in the case of density, we wish to explore the 
impact of attenuation-only and combination of both datasets in reconstructing photoelectric coefficient. To 
estimate a photoelectric map, we use only attenuation data and the attenuation-only density reconstruction 
in Figure 3 (b) for the first phantom and Figure 3 (e) for the second. The resulting estimates of photoelectric 
coefficient are shown in Figure 4 (b) and Figure 4 (e), respectively. In both cases, the errors associated with 
the attenuation-only density initialization and attenuation data lead to relatively poor recovery of photoelec-
tric. The same procedure is applied to the combination of both datasets which yields the results in Fig. 4(c) 
and Fig. 4(f). Using both attenuation and scatter data for photoelectric reconstruction, compared with the 

Figure 4: Photoelectric reconstruction results obtained using attenuation data and combination of both attenuation 
and scatter data. The combination of datasets improves the performance of the photoelectric reconstruction. Subplots 
(a) and (d) show true photoelectric maps of phantom I and II, respectively. In (b) and (e) attenuation-only photoelectric 
reconstruction and in (c) and (f) photoelectric reconstruction for combination of both attenuation and scatter data for 
phantom I and II are obtained, respectively.

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-B.2

496



previous cases, shows that the combination of both datasets improves the accuracy of photoelectric recon-
struction significantly since the density reconstruction is derived from both datasets.
Finally, we evaluate the performance of our proposed method to recover density and photoelectric maps 
using Monte Carlo data. Density reconstruction results and associated RMSE for attenuation-only data and 
combination of both attenuation and scatter data are shown in Figure 5 for both of the phantoms. From 
Figures 5 (b) and (e), the attenuation-only density reconstruction contains artifacts and noise around and 
along the objects which makes clear identification of the distinct regions in the scene virtually impossible. 
Specifically, in Figure 5 (a), the source located on the bottom edge of the scanning area and edge of the ‘U’ 
are aligned on a vertical line and the raypaths within the top-right corner of the phantom so the combination 
of attenuation-only data and edge preserving regularization fails in recovering the structure of the objects 
and causes a blocky structure in the recovered image. The images in Figures 5 (c) and (f), indicate that the 
geometric structure of the objects as well as the pixel-by-pixel estimates of the density value are improved 
as a result of fusing both attenuation and scatter data, and, we see that the RMSE is reduced by 62.74% and 
30.25% relative to the attenuation-only reconstructions. 

While adding the scattering data to the conventional attenuation data improves density reconstruction re-
sults, when using the Monte Carlo data in the context of the three-source data acquisition scenario photo-
electric reconstruction does suffer significantly using the method in [35]. To improve our ability to determine 
the photoelectric map, we have found it necessary to modify the manner in which we create the reference 
image in the photoelectric regulation term in (8). Rather than merely using the density map generated at the 

Figure 5: Density reconstruction results obtained using attenuation data and combination of both attenuation and 
scatter Monte Carlo data. The combination of datasets improves the performance of the density reconstruction by tak-
ing advantage of scatter data in recovering the structure of the object and attenuation data in increasing the accuracy 
of the reconstructed amplitudes. Subplots (a) and (d) show true density of phantom I and II, respectively. In (b) and (e) 
attenuation-only density reconstruction and in (c) and (f) density reconstruction for a combination of both attenuation 
and scatter data for phantom I and II are obtained, respectively.
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initial iteration of the algorithm as in [35], we first segment that estimate to identify “target regions” and 
build the weight matrix for the non-local means regularization scheme using the structure of the density 
reconstruction over these resulting regions. More specifically, we apply a combination of thresholding and 
morphological image processing steps to the density reconstruction to obtain an estimate of the target sup-
port (i.e. an image which is one where there is a target and zero otherwise). The NLM reference image is then 
the pixel-by-pixel product of this window function and the initial density estimate.  
Using this approach, the resulting estimates of photoelectric coefficients shown in Figure 6 (b) and Figure 6 
(e), respectively, derived from attenuation-only density reconstruction show that attenuation-only data and 
the refined density reconstruction for the first phantom fails to estimate the photoelectric map completely. 
The photoelectric reconstruction results using the combination of both datasets are shown in Figures 6 (c) 
and (f). Using both attenuation and scatter data for photoelectric reconstruction, compared with the previ-
ous cases, shows that the combination of both datasets improves the accuracy of photoelectric reconstruc-
tion significantly however the structure of the objects are not completely preserved.

C. Major Contributions

• Year 5: In the process of writing a manuscript detailing the processing method developed by our group 
under support from ALERT, we were asked by the reviewers of the paper to test the approach on data sets 
more realistic than those employed to date. To meet this need, we have considered (a) the generation of 
data with Poisson statistics based on the single scatter model used in the processing (i.e. model matched 

Figure 6: Photoelectric reconstruction results obtained using attenuation data and combination of both attenuation 
and scatter Monte Carlo data. The combination of datasets improves the performance of the photoelectric reconstruc-
tion. Subplots (a) and (d) show true photoelectric maps of phantom I and II, respectively. In (b) and (e) attenuation-only 
photoelectric reconstruction and in (c) and (f) photoelectric reconstruction for combination of both attenuation and 
scatter data for phantom I and II are obtained, respectively.
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data), as well as (b) the creation of data using sophisticated Monte Carlo codes (specifically, GEANT4 
[39]) which in essence contain “all” of the physics that would be seen in experimentally obtained data.  
We have developed a collaboration with Dr. Peter Rothschild of Heuresis Corporation to generate the 
Monte Carlo simulation data for a number of test scenarios. The effort of generating the data and reduc-
ing it to a form that can be input to our algorithms has taken most of Fall 2017 and Winter 2018.  From 
the late Winter 2018 through the writing of this report, we have focused on the processing of the Poisson 
and Monte Carlo data. Initial results demonstrate that even within the context of severely limited view 
geometries, our formulating of the imaging problems clearly demonstrates that the addition of scatter 
data to the processing provides significant benefits in terms of recovering the density relative to attenu-
ation-only data sets. It is likely that accurate recovery of the photoelectric signature will not be possible 
in this data acquisition scenario.  We hypothesize that sparse angle data (i.e. data acquired from a small 
number of angles but fully encircling the object) should yield much improved performance.  Moreover, 
such a data acquisition geometry is consistent with the system to be considered under our upcoming 
“17-03” project with Rapiscan Systems, which forms the fundamental component by which this ALERT 
project will transition its ideas to vendors. 

• Year 4:  The initial image formation method developed in Year 3 has been refined, as we have tested 
the approach on test cases far more complex than those considered during Year 3. Specifically, we have 
achieved the objectives in Year 4 that were outlined in the Year 3 project report.  First, we have developed 
an objective method based on the discrepancy principle for choosing the regularization parameters de-
fining the cost functions used as the basis for estimating both the mass density and photoelectric (PE) 
images from X-ray observations. Second, we have augmented the Compton data with energy resolved 
attenuation data and demonstrated the gain achieved from the fusion of these two data types. Finally, 
building on our prior efforts in multi-energy CT, we have developed a method for stabilizing the recovery 
of the PE image, which is based on the use of a NLM regularization scheme.  

• Year 3: We have demonstrated a method for joint recovery of both density as well as the photoelectric 
coefficient from severely limited view, multi-energy Compton scatter data.  The overall approach is based 
on a variational formulation of the imaging problem. Physical intuition has guided the specific method 
used to solve this problem. Initial results on simulated data were quite promising.

• Year 2: We have developed a tractable, analytical model capable for X-ray scattering and attenuation.  
The model has been instantiated in the form of a MATLAB-based code that will be made accessible to the 
broader DHS community. We believe that the model can be used effectively and efficiently in the context 
of image reconstruction methods seeking to recover spatial maps of electron density and photo-electric 
absorption information from limited view, multi-energy X-ray data.  

• Year 1: Our initial efforts under Phase 2 of ALERT support was the development of a computational for-
ward model for multi-energy, limited view X-ray scanner modeled on the AS&E CANSCAN system, the 
limited view system that formed the basis for the 13-05 project. At the start of Year 2, we decided to move 
away from this absorption-only model as we began to explore the potential for scattered photon data to 
address the many challenges associated with the processing of limited view information.

D. Milestones

Below, we quote the Years 5 and 6 milestones for this project (underlined text) along with progress made or 
to be made:

1. Year 6, Milestone #1: Complete the work with the Monte Carlo simulation data to validate the per-
formance of the current image formation methods. Included in this effort is the consideration of 
sparse angle data acquisition geometries under which we believe the photoelectric maps can be 
better recovered.
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2. Year 6, Milestone #2: Conclude the project with the development and validation of an alternate image 
formation approach, rather than exploring the system design topic as explained in the Year 5 Work 
Plan for this project. Based on an initial investigation by Ms. Hamideh Rezaee, the PhD research 
student supported on this activity, we believe that a fruitful course of action is to consider an alter-
nate means of image formation for materials characterization. Instead of mapping photoelectric and 
density, the unknowns would be density (a function of space) and attenuation (a function of space 
and energy). While it is true that attenuation is known to be dependent on mass density, Ms. Re-
zaee’s initial efforts suggest that making density and attenuation the “primary” variables will result 
in a better posed inverse problem than using density and photoelectric absorption. As part of this 
approach, the relationship between attenuation and density can be factored into the recovery pro-
cess most likely as a “soft constraint.” Finally, we have considered the estimation of an attenuation 
tensor (function of three variables in this case) under prior support from ALERT in the context of 
absorption-only imaging resulting in the 2014 IEEE Trans. On Image Processing paper “Tensor-based 
formulation and nuclear norm regularization for multi-energy computed tomography” by Oguz Se-
merci, Ning Hao, Misha Kilmer, and Eric Miller (66 citations to date).  We will use this experience to 
facilitate the problem of interest here with scatter and absorption data considered. The quantitative 
outcome of this effort will be a new algorithm validated on both model-matched simulation data, as 
well as the much more realistic Monte-Carlo data currently in development for this project

3. Year 5, Milestone #1: Continue to explore the issue with stable recovery of photoelectrical attenua-
tion for mixed material problems where high density objects are present. Given the success we have 
seen in the first half of 2017 under the AS&E/Tufts 13-05 effort, we shall not consider this milestone. 
The refinements in the processing associated with high density objects are better addressed in the 
context of a transition effort, which we shall be undertaking with Rapiscan.  

4. Year 5, Milestone #2:.  The second focus of the work in Year 5 will be system design. The interaction 
of the Tufts group with the scientists and engineers at American Science and Engineering (AS&E) 
under 13-05 has brought to our attention the need for tools and methods that can inform the design 
of scanning systems. Understanding the impact of a wide number of variables on one’s ability to si-
multaneously resolve closely spaced objects and distinguish materials of interest would be of great 
use as part of the initial system design effort. These variables include:

a. X-ray data types including attenuation, Compton scatter, diffraction, and backscatter.

b. Number, location, and spectral structures of X-ray sources for each data type.

c. Number, location, sizes, and energy resolution characteristics of detectors for each data type.

As discussed in Section II.C above, the review process for the manuscript we submitted to IEEE Transactions 
on Computational Imaging has forced us to revise our focus this past year from system design to the creation 
of more realistic data sets and the refinement of our initial processing methods to form images from these 
data. At the conclusion of Year 5, we have developed a much better understanding of the performance of 
our algorithm specifically as a result of testing it (and refining as needed) using highly realistic Monte-Carlo 
generated data.

E. Future Plans (Year 6)

In Year 6, we plan to pursue two objectives:
1. Complete the work with the Monte Carlo simulation data to validate the performance of the current 

image formation methods.
2. Conclude the project with the development and validation of an alternate image formation approach, 
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rather than exploring the system design topic as explained in the Year 5 Work Plan for this project. 
For details, please see Year 6, Milestone #2 on the previous page.  

Moreover, we hope that by Fall 2018, the Tufts University team will be under contract with Rapiscan Systems 
on a 17-03 project that has been selected for funding. The focus of that project is image formation from a 
combination of attenuation data, elastic scatter (Bragg scatter), and inelastic scatter data, specifically in the 
context of a sparse angle data acquisition geometry. Just as the previous 13-05 project with American Sci-
ence and Engineering saw the initial photoelectric and density methods moved from Tufts to an industrial 
collaborator, the work on the 17-03 project with Rapiscan will provide the primary means of transitioning 
the Year 6 ALERT processing methods out of academia. The results we have obtained thus far indicate that 
the information content from spatially limited, but spectrally rich X-ray attenuation and scatter data can help 
resolve material properties; however, we have not focused on the computational burden of the processing 
methods, which are indeed intensive as currently implemented. Moving forward, the focus would be on en-
hancing the speed of these methods. Two approaches would be considered. First, there is a high degree of 
obvious parallelism that can be exploited. Implementation of the core projection and backprojection opera-
tions at the heart of the method on GPU architectures would be one area to examine. The second is to revise 
the algorithms themselves. Specifically, processing of the attenuation data can be done quite quickly. It is the 
scatter data that gives rise to the long processing times. We hypothesize that the attenuation data can be used 
to quickly identify small regions of interest where the additional information provided by the Compton data 
would be most valuable for enhancing materials characterization. Focusing on these locales will result in a 
much-reduced computational load and more efficient processing. We note that these two activities (hard-
ware and algorithmic) are quite synergistic. The localized Compton tomographic methods will likely have 
parallelizable components themselves and certainly can make use of the GPU-based projection and back-pro-
jection routines. Finally, we are aware that Rapiscan is currently interested in analytical Compton scatter 
inversion methods generalizing the common filtered backprojection ideas at the heart of X-ray CT. Should 
there be interest on their part, we would be quite excited to explore transition opportunities that combine 
their work on analytical methods with our iterative ideas.

III. RELEVANCE AND TRANSITION 

A. Relevance of Research to the DHS Enterprise

The value of this research to the Homeland Security Enterprise (HSE) lies in the potential of these models 
and processing methods to improve the accuracy of screening checked baggage, as well as luggage inspected 
at the checkpoint. The algorithms at the heart of the current collection of TSA certified systems are not suf-
ficient for the processing of the data that will be produced by the next generation of X-ray scanning systems. 
Even state of the art model-based iterative reconstruction methods are not designed to fully exploit the in-
formation provided by multi- and hyper-spectral X-ray data. Neither are they capable of addressing the chal-
lenges encountered when considering the severely limited-view nature of the data provided by these fixed 
source/fixed detector systems. Our approach to explore the utility of scattered X-ray information to materials 
characterization is intended to address both challenges, and to the best of our knowledge, is the only effort 
within the ALERT program with this focus.
We are seeking to address challenges associated with automated scanning and threat detection in both 
checked luggage and baggage that is inspected at checkpoints.  The overall goal is to determine spatial maps 
of material properties in an automated manner from multi-energy X-ray data collected in limited-view types 
of geometries characteristic of many systems currently under development by DHS contractors. Any met-
ric that quantifies the accuracy of the material maps can be used to evaluate the performance of our work  
including:
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• Confusion matrices capturing the percentage of correctly and incorrectly labeled pixels for scenarios 
where ground truth is known.

• If one is concerned with purely binary problems (threat object versus all other types of materials), then 
that receiver operating curves plotting detection probabilities versus false alarm measures could be de-
veloped.

• Finally, we could visualize accuracy using uncertainty cloud analysis developed as part of ALERT Task 
Order 3 and employed in “Tracey, Brian H., and Eric L. Miller. ‘Stabilizing dual-energy X-ray computed 
tomography reconstructions using patch-based regularization.’ Inverse Problems, Vol. 3, No. 10 (2015): 
105004.” These clouds would plot the average value and first standard deviation ellipse of the distri-
bution of photoelectric and electron density over known target regions in our reconstructions. In com-
paring multiple candidate processing methods, smaller ellipses and means closer to ground truth are 
indicators of higher accuracy.  

B. Potential for Transition

Transition has been affected through our previous collaboration with AS&E and our upcoming project with 
Rapiscan. The former was a joint 13-05 project led by American Science and Engineering (AS&E) with Tufts 
University as a subcontract in which AS&E constructed a scanner that was capable of collecting the type of 
data required by the processing methods being pursued in this ALERT project. Over the 2016-2017 lifetime 
of that project, the models and processing methods developed with ALERT support were transferred directly 
from the graduate student funded by ALERT to the post-doctoral researcher supported by 13-05, and ulti-
mately, to AS&E itself. In that time, we consistently met the milestones for the 13-05 project.  
In response to BAA HSHQDC-17-R-B0003, Tufts University teamed with Rapiscan on a project selected for 
funding whose focus will be on combining energy resolved attenuation, coherent (Bragg) scatter and inco-
herent scatter data. Unlike the system developed with AS&E, the Rapiscan system will collect data from a 
limited number of sources which fully surround the region of interest. As such, we anticipate that the meth-
ods developed under ALERT and 13-05, which showed the advantages of adding incoherent scatter to the 
processing for a far more constrained data acquisition scenario, will be even more impactful in our work with 
Rapiscan.  We expect our work to reach end-users through our participation in 13-05, 17-03, as well as ADSA 
and other ALERT-based meetings.

C. Data and/or IP Acquisition Strategy

Not applicable. 

D. Transition Pathway 

1. We completed a successful 13-05 effort with AS&E, which focused directly on the ideas in this proj-
ect (fusion of energy resolve scatter and attenuation data for materials characterization in limited 
view systems). That effort concluded in Summer 2017 at which time the computational models and 
processing methods developed by Tufts University were in fact delivered to AS&E.

2. The Tufts University group is on a team led by Rapiscan whose proposal in response to DHS RFP 
HSHQDC-17-R-B0003 has been selected for funding. We believe the contracting should be in place 
by Fall 2018. The iterative reconstruction ideas developed under support from this ALERT project 
will form the basis for processing methods developed in collaboration with Rapiscan aimed at com-
bining energy resolved X-ray attenuation, diffraction, and scatter data.  

3. The Tufts University group has continued to talk with our collaborators at AS&E in the application of 
the ideas from ALERT Project R4-B.2 to problems in cargo and vehicle screening, but also potentially 
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to other challenges, such as tomographic imaging of unclaimed parcels. Transition along these path-
ways is certainly in the future; however, there is good reason for optimism of success given the long 
and successful collaboration between Tufts University and AS&E, which originated due to ALERT 
and has been supported in many ways both by ALERT, as well as by DHS S&T.

In addition to the collaborations with AS&E and Rapiscan, the team at Tufts University is very willing to pres-
ent the work discussed in this report at future ADSA workshops, ALERT Industrial Advisory Board meetings, 
etc.   

E. Customer Connections

• At AS&E: Drs. Aaron Couture and Jeffrey Schubert.  Until the end of the 13-05 project, we were meeting 
weekly. Since then, we have met once or twice with Dr. Couture who serves on the thesis committee of Ms. 
Hamideh Rezaee, the student being supported by DHS on this ALRERT project.

• At Rapiscan: Drs. Dan Strellis and Ed Morton. We anticipate meeting with the Rapiscan group weekly 
once the new project begins.

We also note that in addition to the X-ray imaging work conducted at Tufts University through ALERT, our 
team has also established a working relationship with Pendar Technologies in Cambridge, MA.  Specifically, 
Tufts is a subcontractor to Pendar Technologies on a DHS-funded SED-V project.  The Tufts component of 
the program focuses on computer vision methods to support the Pendar-developed hyperspectral imaging 
(HSI) system for the standoff detection and identification of trace chemicals on vehicles. The Tufts PI for the 
project, Prof. Shuchin Aeron is developing machine learning-based computer vision methods for automat-
ically identifying from RGB video regions such as car door and luggage handles where HSI data are to be 
collected. Tufts Co-PI Miller will support the development of inversion methods for identifying the chemical 
compounds and their concentrations from the HSI data. Our primary contact at Pendar is Dr. Mark Witinski. 
We communicate with Pendar approximately monthly in support of Sed-V.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Peer Reviewed Journal Articles 

Pending- 
1. Rezaee, H., Tracey, B., & Miller, E. L. “On the Fusion of Compton Scatter and Attenuation Data for 

Limited-view X-ray Tomographic Applications.” http://arxiv.org/abs/1707.01530v1. Submitted and 
under review. 
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R4-C.1: Advanced Multispectral Computed  
Tomography (CT) Algorithms
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II. PROJECT DESCRIPTION

A. Project Overview

Explosives represent a continuing threat to aviation security [1-4]. Multi-energy X-ray computed tomography 
(CT) attempts to use the additional energy-dependent material information obtained by making multiple en-
ergy-selective measurements of attenuation. Multi-energy methods estimate a small number of material-spe-
cific parameters at each image location and use them for material discrimination. The most common methods 
use dual-energy computed tomography (DECT) to estimate a small number of material-specific parameters 
at each image location and use them for material discrimination. A pair of commonly used parameters are 
the photoelectric and Compton coefficients, which are derived from a physics-based X-ray attenuation model; 
however, the development of a new generation of photon-counting detectors has made practical the design of 
multispectral energy systems that use more than two energy spectra in their measurements. In recent years, 
we have seen an increase in the development of experimental multispectral CT systems for medical imaging 
[44-46].  Furthermore, the development of a new generation of photon-counting detectors [53] has made the 
development of multispectral CT systems in security practical.  
In security applications, image noise and metal artifacts are more severe, and can lead to less reliable esti-
mates of the photoelectric and Compton coefficients. Furthermore, there are other materials of interest, such 
as classes of military explosives including Baratol, that have features that cannot be readily captured using 
photoelectric and Compton decompositions. The use of multispectral CT techniques beyond DECT provides 
potential additional information that can identify the presence of these materials in luggage and other con-
tainers.  
In this project, we develop new methods for the formation of enhanced material property images (such as 
photoelectric and Compton). These methods greatly reduce noise and artifacts present in conventional im-
agery. The improved object and material information can subsequently lead to more accurate material and 
object identification, resulting in fewer false alarms, greater security, and reduced passenger inconvenience. 
We have also begun investigations into the application of deep learning techniques for multispectral CT imag-
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ing. Our initial investigations focus on the alleviation of metal artifacts, an effect that is more pronounced in 
multispectral imaging because of the lower photon count associated with individual spectral measurements. 
Reduction of these artifacts in the collected sinogram images will enhance the quality of the reconstruction, 
and subsequent algorithms for material recognition. 

B. State of the Art and Technical Approach

The majority of the work on multispectral X-ray CT focuses on dual energy CT (DECT). Several DECT tech-
niques have been suggested since the 1970s [5-7]. They are mostly targeted at medical applications and do 
not deal with the image artifact mitigation necessary for security applications [8-12]. Extensions of dual en-
ergy techniques for security applications can be found in [12, 13]. We overview the basic approach for DECT 
below.
In DECT, X-ray transmission measurements of an image are collected using two excitations with different 
spectra.  The observed normalized log-sinogram data in DECT sensing follows the non-Beer-Lambert law [5, 
6, 15]:

where ws(E) is the spectral weighting used in the measurement; μ(x, E) is the linear attenuation coefficient 
(LAC) of the material at spatial location x; and energy E and Is(ℓ) is the measurement along ray-path ℓ 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 [5, 12]. A com-
mon choice of basis functions in DECT are the photoelectric and Compton functions. The LAC representation 
in the photo-Compton model is given by:

Figure 1: The LAC curves of a few example materials (left). Examples of spectral weighting functions ws(E) (normalized 
to unit sum) (right).
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where fp(E), fc(E) are the photoelectric and Compton energy-dependent basis functions; and ap(x), ac(x), are 
the corresponding material-dependent coefficients at each spatial location x. The photoelectric and Compton 
basis functions and coefficient pairs for a few example materials are shown in Figure 2. The goal is to separate 
materials on the basis of their coefficient values. 

In many DECT methods, the goal is to reconstruct the coefficient images ap(x) and ac(x), given the dual-ener-
gy tomographic projection measurements I1(l), I2(l). Since the problem is nonlinear and high dimensional, a 
well-known solution approach is to separate it into two decoupled sub-problems [5]. In the first sub-prob-
lem, a nonlinear set of equations is solved at each detector, to obtain the basis coefficient sinograms Ap(l), 
Ac(l), defined as:

The second sub-problem is tomographic reconstruction of the basis coefficient images ap(x) and ac(x) from 
these sinograms. This reconstruction step is usually accomplished by applying filtered back projection (FBP) 
or iterative reconstruction methods to each sinogram individually; therefore, mutual structure information 
is not used.
An early focus of our work was on developing reconstruction algorithms that simultaneously formed ba-
sis coefficient images and exploited mutual structure information in each sinogram. We called this method 
Structure-Preserving Dual Energy (SPDE), which was documented in our past publications [16-18].  
The general formulation of our SPDE method in vector form is given by the following:

Figure 2: The photoelectric and Compton basis functions (top). A scatter plot of the photoelectric and Compton coeffi-
cients of a few example materials (bottom).  
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where s is a common mutual boundary field; T is the tomographic projection operator; D is a derivative oper-
ator;  Wz  is a data weighting matrix; Wps and Wcs are weighting matrices derived from s; and λi are non-nega-
tive regularization parameters. 
Three effects are explicitly captured in the formulation above. First, the scanner tomographic model T, cap-
turing the geometry of the data acquisition, is used. Inclusion of this model allows for the use of non-con-
ventional scanning geometries such as non-rotational or limited angle X-ray scanners. Second, explicit use 
is made of a mutual object boundary-field S to mitigate and limit the propagation of artifacts as well as to 
fuse information from both scans, thereby improving object delineation and suppressing streaks. Third, the 
sinogram data are weighted through Wz to reduce the effect of unreliable, low count rays caused by metal. 
The presence of explicit prior knowledge about artifact effects is important to improving the quality of the 
final images. 
Another major result in our previous work was the development of a joint segmentation/recognition ap-
proach for direct estimation of material labels from dual energy labels. In typical explosive detection systems 
[19-21], segmentation of reconstructed images is used to identify volumes of interest, from which features 
are extracted to classify the volume. In our approach, we formulate a combined segmentation/classification 
optimization problem for dual-energy systems. We extended the previous multi-energy formulation to direct 
estimation of material labels, but combined a dual energy learned appearance model with a Markov random 
field material model. In the dual energy case this formulation becomes:

where μ⎯H and  μ⎯L are the formed effective attenuation images obtained from measurements with two differ-
ent (high and low) spectral weightings; lx is the material label at pixel x;

is the learned appearance model for material label lx at pixel x; vj are data weights which down-weight data 
points in the vicinity of metal; λ is a non-negative regularization parameter; and gMRF(l1, l2, …, lN, s) is a Markov 
Random Field smoothing term, which is based on an estimate of the image boundary field s. This MRF model 
captures local coherence of material labels and takes into account an estimate of object boundaries to further 
ensure label homogeneity within an object.  
The resulting optimization problem is a non-convex, discrete label problem, which in general, is challenging 
to solve. To accomplish this optimization, we developed an efficient graph-cut method. Such graph-cut meth-
ods have been popular in computer vision and discrete optimization literature, but have not been used in this 
domain. These methods map the original optimization problem to an equivalent graph flow problem, and a 
minimal cut of this graph provides the optimal solution when there are only two labels. In our experiments, 
there are multiple labels, so we use a rotation method to obtain a solution. These methods have shown great 
success in producing efficient, near optimal solutions for very challenging discrete problems, and are well 
suited to our application. We call this patch-based method “learning-based object identification and segmen-
tation” or LOIS.  Our algorithm development and initial results were documented in [16, 17].  
In our recent work, we extend this approach to learn spatially correlated models of the dual energy recon-
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structions for different materials. That is, using sample reconstructions that include regions with known 
materials, we learn the conditional probability distribution of the materials over a neighborhood patch that 
includes k pixels, as

where μ j
k,n  refers to the reconstructed attenuation at energy j for pixel number k in patch at location n.  

In our work, we use patches consisting of 2 x 2 pixels to better capture the special energy dependence. We 
then optimize the following energy function over the labels and patches:

where NN is the number of patches; ln is the label of patch n; and φ(ln ,lj ) is 0 if ln=lj, 1 otherwise.  The resulting 
discrete optimization problem is solved by a multi-label graph-cut algorithm [22], leading to fast assignment 
of material labels to patches. The development of the patch-based version of the LOIS algorithm is presented 
in our paper [23] and the thesis [24].  
The LOIS approach described above for the joint segmentation/classification of materials requires the forma-
tion of CT images. As part of our research under this task, we have also developed approaches that can direct-
ly estimate discrete labels associated with spatial regions from single-energy or dual-energy sinograms. This 
bypasses conventional CT image formation, and results in discrete tomography formulations.  In our work, 
we examined the difficult general problem of inverting tomographic data where the scene is constrained to 
be discrete valued using a variational approach. Our original problem is defined as:

where x is the desired, unknown, discrete-valued quantity of interest; Jdata(x) is a data penalty (e.g. negative 
log-likelihood) that projects how the label field would generate sinograms that match the observed data; and 
||Dx||1

1 is a total-variation edge-preserving dissimilarity penalty on the reconstructed label field. 
The main feature of the above formulation is that it is a combinatorial formulation: each voxel must be la-
beled with one of a finite number of material labels (which includes background), as in LOIS.  As such, this is 
no longer a convex optimization problem of the type solved by iterative CT algorithms; furthermore, the data 
fidelity term now involves matching the sinogram data, rather than matching the learned appearance model 
in the image space. The tomographic relationship between sinograms and the underlying properties of the 
label images does not permit the direct application of fast combinatorial algorithms, such as graph cuts, to 
solve the discrete problem.  
Our early work on discrete tomography is documented in [25, 26]. Our approach in that work was focused on 
extensions of graph-cut algorithms that would be applicable to discrete tomography, either through sequen-
tial linearization or through the use of decomposition techniques. During the past year, we have pursued a 
different algorithmic approach, developing a new variable splitting approach based on the Alternating Di-
rection Method of Multipliers (ADMM) from convex optimization theory. ADMM is designed to solve convex 
optimization problems involving two blocks of variables by splitting the overall hard optimization into a se-
quence of simpler optimizations [27]. The ADMM algorithm is used for convex optimization with continuous 
variables, and our discrete optimization framework is notably non-convex.  
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Our new ADMM-based algorithm, which we term Tomo-SPL, provides an efficient, inherently discrete solu-
tion; however, using a particular variable splitting:

Specifically, we reconstruct a continuous approximation to the discrete label field in the form of x, and we then 
solve for the best label z to assign to that discrete field that is close to x. Our particular splitting thus breaks 
down (in a joint iterative optimization) a field reconstruction step similar to CT iterative reconstruction, to-
gether with a joint segmentation/label step; the former step is done using standard iterative CT techniques, 
whereas the latter step can be performed efficiently using graph-cut techniques. This work is documented 
in our recent papers in [28-30].
Another result from Year 4 that integrates learning into reconstruction was the development of a new algo-
rithm to reduce metal artifacts in CT images when data is acquired using a single source spectrum, which 
is a major problem in both medical and security CT [8, 9, 11]. Such metal artifacts arise from many effects, 
including beam hardening. With a single energy spectrum, one cannot use basis decomposition techniques 
to correct these artifacts.  
Our algorithm is a hybrid approach, which corrects the sinogram vector followed by an iterative recon-
struction. Many prior sinogram correction algorithms [31-33] identify projection measurements that travel 
through areas with significant metal content and remove those projections, interpolating their values for use 
in subsequent reconstruction. In contrast, our algorithm retains the information of random subsets of these 
metal-affected projection measurements, and uses an average procedure to construct a modified sinogram. 
To reduce the secondary artifacts created by this interpolation, we apply an iterative reconstruction in which 
the solution is regularized using a sparsifying transform [34]. The basis functions used in the sparsifying 
transform are learned from reconstructed imagery, enforcing the natural structure that appears in CT recon-
structions. Our experiments indicate that our algorithm reduces the extent of metal artifacts significantly, 
and enables accurate recovery of structures in proximity to metal. These results are documented in our re-
cent publication [35].  
In the above discussion, we have primarily focused on dual energy CT systems. The emergence of new threat 
materials and variations in manufacturing processes have introduced new challenges for separating mate-
rials of interest using dual-energy spectra. There has also been an increase in new measurement technolo-
gies for extracting additional signatures that would enhance the capability for identifying materials; these 
include commercial photon-counting detectors to facilitate multi-spectral CT, as well as new measurement 
technologies such as x-ray diffraction imaging and phase contrast imaging. Furthermore, new features are 
being proposed for dual-energy systems, either in terms of basis materials or in terms of electron density or 
effective atomic number [5, 12, 14].  
Given these developments, it is important to understand the limits in performance of potential designs for 
new systems that include changes in architecture, processing, measurement technology, and extracted fea-
tures. To that end, we have developed an approach based on information theory metrics that can characterize 
bounds on the explosives detection performance of alternative system architectures with different feature 
extraction approaches.   
A drawback of using information theory is that computing the measures requires knowledge of the underly-
ing probability distributions of the features for different materials; furthermore, exact computation can only 
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be conducted for small classes of distributions such as Gaussian, Poisson, or exponential models.  An alterna-
tive approach using machine learning is to estimate the underlying probability distributions of the different 
material classes from sample values using non-parametric techniques such as kernel density estimation. Un-
fortunately, most of these non-parametric techniques result in densities for which the relevant information 
theory divergence measures cannot be computed in closed form. This requires Monte Carlo techniques, a 
process that can be slow and require many samples when the feature values are multi-dimensional. 
In our work in Year 4, we adapted novel techniques in non-parametric statistics for estimating informa-
tion-theoretic measures of explosives detection performance directly using graph techniques, avoiding the 
need to learn distributions. Our algorithms are graph-based estimators based on minimal spanning trees that 
compute an approximation to a particular f-divergence measure. This f-divergence can estimate bounds on 
the Fisher information as well as the Bayes error in binary classification [36]. Unlike many other divergence 
measures, this f-divergence can be estimated directly from data samples without generating estimates of the 
underlying distributions. In our paper, we describe a framework for performance estimation for novel threat 
detection systems using these performance bounds. We illustrate the framework by computing bounds on 
the Bayes error for a class of multi-spectral X-ray CT systems using photon-counting detectors with different 
energy quantization bins.   
The use of photon-counting detectors, or with additional illumination spectra beyond two, raises the possi-
bility of extracting more than two features for summarizing material properties. Previous work [5, 12, 14] 
has established that two features (e.g. photoelectric and Compton coefficients) are usually sufficient to rep-
resent the linear attenuation properties of materials with an effective atomic number below 14. However, 
this representation is inaccurate for many explosive materials, such as Baratol or lead styphnate, which have 
component elements with k-edges in the relevant energy range of the CT instruments (usually from 30-120 
keV). In Year 5, we explored the utility of additional basis representations when photon-counting detectors 
are used, and developed CT algorithms that can reconstruct the coefficients of the different materials in an 
image from multi-energy projection sinograms. These algorithms are extensions of the dual energy approach 
in [5,12,13] using enhanced sparse optimization techniques and statistical methods. The idea is to select 
basis representations that capture the variability of the linear attenuation coefficients in Figure 1 accurately.
Some of the potential basis representations that we explored are based on machine learning features.  Given 
a database of materials with linear attenuation coefficients, one can find basis functions using principal com-
ponent analysis, and select the basis corresponding to the 3-5 largest principal directions, which typically 
capture most of the variability among the linear attenuation coefficients of the different materials.  If we 
separate the materials into explosives and non-explosives, we can choose basis functions with techniques 
from discriminant analysis, which can capture the primary differences between the explosive class and the 
non-explosive class.  In particular, we are exploring the use of the sequential linear discriminant analysis 
basis suggested in [18]. As a final set of basis functions, we are exploring extensions of physical bases such as 
photoelectric and Compton, adding the linear attenuation functions of materials with k-edges in the 30-120 
keV region. While this last set of bases may have more functions than spectra used for sinogram measure-
ments, we used a sparse decomposition where the measured photon counts for each spectrum k, denoted by 
bk and converted to log scale, are decomposed at each detector into sparse coefficients α for the basis using 
the following optimization:

The resulting decomposition at each detector can be used to construct coefficient images, which provide the 
needed signals for explosives detection.  
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C. Major Contributions

One of the major results of our work in Years 1 and 2 was the development of the SPDE reconstruction frame-
work that generates a unified, joint estimate of the coefficient images for dual-energy CT. We implemented a 
2-D version of this framework, and demonstrated results in reducing the artifacts in dual-energy photoelec-
tric and Compton imagery on two representative slices using data generated for ALERT under Task Order 3 
(TO3) [37].
In previous annual reports, we have detailed results of our experiments with this algorithm, documented in 
[17, 37]. Figure 3 shows results obtained from 95kVp and 130kVp data obtained from the Imatron C300 CT 
scanner under TO3. The top row shows the results of conventional reconstructions of the photoelectric and 
Compton coefficients. The presence of metal causes severe streaking in the photoelectric image, and shading 
and intensity variation in homogeneous regions of the Compton image. Such light and dark streaking can lead 
to object splitting in subsequent segmentation and labeling tasks of an automatic target recognition (ATR), 
thus compromising threat identification. In contrast, the bottom row shows our SPDE method. The reduction 
of streaking artifacts is readily apparent, as is the improved uniformity of homogeneous object regions. 

Another major result of our Years 2 and 3 efforts was the learning-based joint segmentation and classifica-
tion algorithm LOIS, documented in [16-18]. These results were extended in Year 4 to a patch-based formula-
tion to account for spatial correlations in voxel values [23]. To illustrate the improvements of the patch-based 
LOIS over the voxel-based LOIS algorithm, we tested both algorithms on some of the dual-energy reconstruc-
tions obtained from the TO3 dataset [37]. This data was collected on the Imatron scanner with two different 
peak voltages, 135 KV and 95 KV. Based on multiple images, we trained both a single-pixel appearance model 
and a 2 x 2 patch-based appearance model.  
Figure 4 shows the results using the pixel-based LOIS and the patch-based LOIS algorithms on a slice includ-
ing clay objects, a partially filled bottle with sugar water, and background. The results highlight the improve-
ments in segmentation obtained from using the correlated patch information. They also illustrate that the 
patch-based algorithm can lose some resolution, grouping some of the clay objects that are closely spaced.

Figure 3:  Two example slices from the Imatron data set for TO3. Conventional FBP-based photoelectric and Compton 
reconstructions based on decoupled processing (top). Severe streaking and shading due to metal are evident. New 
SPDE reconstructions (bottom). Reduction of streaking and improved uniformity of object regions are demonstrated. 
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The above experiments indicate that using a learned appearance model with spatial correlation can lead to 
significant improvements over the use of independent single-pixel appearance models, even at the loss of res-
olution in the segmentation. Notice that the approach we used was based on independent high-energy and 
low-energy reconstructions using FBP algorithms with no major metal artifact reduction techniques. Hence, 
they are applicable to most dual-energy algorithms that are used in reconstructions. The results should only 
improve on dual-energy data obtained using reconstructions, such as those generated from SPDE or other 
more complex techniques with metal artifact reduction.  
An important aspect of the above results is that they did not require integration with segmentation informa-
tion from reconstructions such as SPDE, or even direct identification of metal masks in order to down weight 
information, as was done in LOIS [16]. This suggests that integration of information into a spatially-correlat-
ed appearance model can lead to a significant reduction in the use of heuristic tuning techniques aimed at 
reducing specific types of errors.  
Another result in Year 4 was the development and implementation of the ADMM-based framework for dis-
crete tomography that we term TOMO-SPL. The variable splitting used in this framework breaks the original 
problem into sub-problems that allow for the use of very efficient graph-cut methods, but more importantly, 
the overall solution method is very robust to data imperfections, as we illustrate next. Figure 5 demonstrates 
the results of using our discrete tomography algorithm on an extremely sparse angle tomography problem 
with only eight projections, a very limited angle problem. The phantom is binary valued. The results show 
that TOMO-SPL has enhanced accuracy over the alternatives based on gray-scale reconstruction followed by 
discretization. Figure 6 contains similar results for another popular phantom with multiple levels of values, 
using a limited range (70 degrees) of noisy projections. These and other results are discussed in our papers 
[28-30].  

Figure 4:  Simultaneous segmentation/reconstruction using LOIS and patch-based LOIS algorithms.  The left picture 
shows the human-labeled segmentation of water, clay, and background in the scene. The center picture shows the 
pixel-based LOIS performance, where background near objects is labeled as water. The right picture shows the patch-
based LOIS avoids these erroneous labels.

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-C.1

515



Note that TOMO-SPL preserves the connectivity between regions, splits are prevented, noise is suppressed, 
and boundaries are maintained. These characteristics would prove valuable for use in new scanner geome-
tries that use limited angle sensing for speed, size, or power reasons. Such scenarios can occur in machine 
configurations used at the checkpoint. Such robust retention of object properties can lead to improved threat 
identification. 
Other results in Year 4 included the new approach for metal artifact reduction documented in [24, 35]. The 
approach combines aspects from dictionary learning together with random sampling to provide enhanced 
reconstructions in regions with significant metal presence. We tested the algorithms both on simulated data, 
as well as data obtained from the Imatron scanner with significant metal presence. Figure 7 shows the results 
of our algorithms, compared with several state-of-the-art algorithms from the literature, on simulated data 
using the FORBILD head phantom [50]. The input data consisted of an FBP reconstruction at peak 130 KV. 
The region of interest included two enclosed areas surrounded by steel and filled with ethanol to test the 
ability of algorithms to estimate the contents of thin enclosures accurately. A key aspect of our algorithm is 
that it tries to preserve the information in projections that pass through metal regions. The average recon-
structed attenuation in the ethanol regions of our algorithms was 0.27 cm-1; the nominal value was 0.25 cm-1. 
In contrast, the other algorithms reconstructed values above 0.5 cm-1 or, in another case, reconstructed no 
value in that area.  

Figure 5: Comparison of results with only eight projections: True is the true field; SART is a conventional thresholded re-
construction based on the SART method; DART is the popular “Discrete Algebraic Reconstruction Tomography” meth-
od; and TOMO-SPL is our new method. Our new method produces nearly perfect reconstructions even from extremely 
limited data. 

Figure 6: Comparison of results on multi-level phantom with only 70-degree angular coverage and 20 dB SNR projec-
tions: True is the true field; SART is a conventional thresholded reconstruction based on the SART method; DART is the 
popular “Discrete Algebraic Reconstruction Tomography method;” and TOMO-SPL is our new method. Our new meth-
od again produces nearly perfect reconstructions even from only a narrow angular range of projections.

ALERT  
Phase 2 Year 5 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-C.1

516



Figure 8 shows the results of our algorithms on data collected using the Imatron scanner, with peak voltage 
130 KV. In this case, we do not have a ground truth image, so we show the original FBP image with metal 
artifacts, a reconstruction using the linear interpolation scheme of [32], and the reconstruction provided by 
our algorithm. The results show that our algorithm recovers structures near metal regions more accurately 
than the alternatives. 

Another result in Year 4 was our work on performance bounds for detection performance of CT systems 
using non-parametric statistics. The key concept in our results, as explained in [36, 38], is to simulate repre-
sentative measurements from different materials and reconstruct features as points in n-dimensional space. 
By computing a minimum spanning tree using Euclidean distances for those points, one computes a statistic, 
namely the fraction of arcs in the minimum spanning tree that connect a point in one class (explosives) to 
a point in the other class (non-explosives). This statistic converges to an f-divergence that can be related to 
upper and lower bounds on the probability of error in detection.  

Figure 7: Comparison of alternative metal artifact attenuation algorithms on phantom with two steel cylinders filled 
with ethanol, plus bone, iron, and air materials. Sinogram inpainting techniques, such as Metal Deletion Technique 
(MDT), that remove rays that pass through metal, fail to capture information on enclosed regions. Our algorithm had 
an average attenuation coefficient reconstruction error of 8% in the enclosed circular ethanol region. In contrast, the 
other metal artifact reduction algorithms tested in our publication had errors of 90% or higher in those regions.

Figure 8: Comparison of alternative metal artifact attenuation algorithms on Imatron data with a large metal presence 
in the neighborhood of a plastic bottle partially filled with water. The Linear Interpolation algorithm discards rays that 
pass through the metal region, and then refills the sinogram through interpolation techniques. In contrast, our algo-
rithm uses information from rays that pass through metal, and does an accurate reconstruction in the region.
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To evaluate our techniques, we constructed a database of 320 materials, with 124 explosives and the rest 
non-explosives. For each of these materials, we obtained linear attenuation coefficient information from Na-
tional Institute of Standards and Technology (NIST) models, and used these to generate representative linear 
attenuation coefficients as a function of X-ray energy. We then simulated measurements generated by photon 
counting detectors with counts aggregated to varying numbers. As features, we reconstructed the average 
linear attenuation coefficients in each detector energy bin. We also simulated measurements for a dual-ener-
gy system using photoelectric and Compton basis reconstructions.  
Figure 9 shows a set of upper and lower bounds computed as a function of the number of bins that pho-
ton-counting detector measurements are grouped into. As the results indicate, when the counts are aggre-
gated into a single energy bin, the optimal probability of error lies between 18 and 30%. This goes down to 
between 5 and 10% once 4 to 8 bins are used. The numbers depend on the size of the region of responsibility 
around the nominal linear attenuation coefficients, but illustrate how the results of our research, as docu-
mented in our publication, can be used for performance prediction. We have compared the performance pre-
dictions to the actual optimal performance in parametric models where the optimal performance is readily 
computed to establish that the bounds are indeed valid in those cases.

One of the limitations of the metal-artifact reduction approach we developed in [24, 35] was the large com-
putation requirements. This past year (Year 5), we have developed deep learning methods for artifact reduc-
tion in X-ray tomographic images. Many groups are applying conventional methods from computer vision to 
post-process images and attempt to improve them. In contrast, we have focused on removing artifacts direct-
ly from tomographic projection data, prior to image formation. The advantage of our approach is that it fits 
well into conventional data processing flows. In particular, once trained, applying a convolutional network to 
sinogram data can be very fast followed by conventional FBP reconstruction. Thus, our method can plug into 
existing vendor processing workflows with little alternation. Further, it is much faster during evaluation than 
computationally intensive iterative methods. 
An overview of the approach is shown in Figure 10. We train a fully-convolution network (FCN) to effectively 
remove metal artifacts in stream of commerce sinograms, conventionally reconstruct the output, and then 
add the metal back in. By using modern conventional networks together with generalized adversarial learn-
ing [51] we can apply the network to the entire sinogram, and not be limited to small patch-based processing, 
as some existing methods are. Since obtaining matches pairs of real sinograms for training is challenging, 
instead we generate synthetic pairs coupling a physically accurate X-ray simulator with a bag generator and 

Figure 9:  Upper and lower bounds on the optimal probability of error using our information theory bounds based on 
minimum spanning tree of samples. On the horizontal axis are the number of bins used to quantize the photon-count-
ing detector outputs. The blue bars correspond to a region of responsibility corresponding to 2% variability versus 
nominal. The orange bars correspond to 10% variability. 
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then augment this synthetic data with modest real measurements via transfer learning. 

We show some initial results in Figures 11 and 12. We compare our novel CGAN method with traditional 
linear interpolation and weighted nearest neighbor metal artifact reduction (MAR) methods. These prelimi-
nary results focused only on suppression of artifacts from large metal objects and have not been optimized.  
Further results can be found in our papers [39-43]. 

Figure 10:  Overview of Deep Network metal artifact reduction process.

Figure 11: Comparison of metal artifact reduction techniques for two slices of different suitcases with metal: Original 
reconstruction (top left), linear interpolation (top right), weighted nearest neighbor algorithm (bottom left), and re-
construction using our convolutional network metal artifact reduction (bottom right). 
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A new class of results in Year 5 is the development of new multispectral CT algorithms that use more than 
two spectra, and use a new class of basis functions which can accurately represent energy-dependent X-ray 
transmission characteristics in a few dimensions. Current approaches for dual energy decomposition use 
basis such as photoelectric and Compton cross-sections that have a continuous dependence on energy; how-
ever, many materials of interest, including explosives such as Baratol, where the linear attenuation coefficient 
has discontinuities in energy due to the presence of atoms that include K-edges in the relevant energy region 
of the excitation. Many of these compounds are used as contrast agents in medical imaging [44-46] precisely 
because their X-ray attenuation increases at specific energies that can be identified using multispectral CT 
imaging; however, medical imaging approaches for multispectral CT have been limited to direct imaging of 
each spectral signature separately, avoiding basis decompositions.
One of our main contributions is the development of a new class of basis functions that can represent the 
linear attenuation coefficients of complex materials that include atoms with K-edges in the region of interest.  
Figure 13 illustrates the linear attenuation coefficient of Baratol versus energy, with a discontinuity in energy 
arising because of the K-edge of Barium around 38 keV. As the figure indicates, the linear attenuation coeffi-
cient of Baratol is poorly approximated using a photoelectric-Compton basis, and imaging with dual energy 
systems in this basis leads to Baratol being classified as Iron.

Figure 12:  Comparison of metal artifact reduction techniques for two slices of different suitcases with metal:  Original 
weighted nearest neighbor algorithm (top left), and reconstruction using our convolutional network metal artifact 
reduction (bottom right). 
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To address this problem, we investigated several approaches at modifying the set of basis functions used for 
multispectral imaging systems.  Specifically, we introduced a new basis transform, termed SPECK, which is 
a short form for Sparse photoelectric, Compton, and K-edge basis. The first two basis functions in the trans-
form are the photoelectric and Compton basis functions. To these two functions we added the LAC functions 
of the atoms that have K-edges in the energy range 30-130 keV. Note that these other basis functions are 
linearly independent from each other and the first two bases, because they have discontinuities at different 
energy values; however, the number of basis functions K can be larger than the number of spectral measure-
ments in each detector, so we developed a different approach to estimate the decomposed measurements. 
Specifically, we proposed sparse regression techniques, where the decomposed measurements A1

L, …, AK
L are 

obtained for each detector by solving 

for a parameter λ that controls the desired level of sparsity in the coefficient vector. The details of this algo-
rithm can be found in [24, 47]. 
We also developed a multispectral CT reconstruction algorithm that takes the estimated coefficient sino-
grams from the previous equation, and constructs coefficient images in the volume of interest. We imple-
mented a joint reconstruction and recognition algorithm, and tested it on simulated data from a multispectral 
system photon counting detectors with ten energy bins on the energy range 30-130 keV. The reconstructed 
coefficient images were used to recognize the type of material in each region.  We compared the performance 
of the multispectral algorithms using the SPECK basis decomposition, the photoelectric-Compton basis de-
composition, reconstructing the average linear attenuation coefficient in each energy bin, and using a da-
ta-driven basis derived from principal component analysis of a large set of materials. The results are shown 
in Figure 14. The multispectral CT using the SPECK basis significantly outperformed the alternatives in  
material recognition.

Figure 13:  Linear attenuation coefficient of Baratol versus energy (in red); best approximation using photoelectric and 
Compton basis (orange); and material that is confused with Baratol when using dual energy CT (blue).
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We also performed a set of experiments to recognize wheth-
er a material was an explosive or not using the same basis 
functions. In these experiments, we trained a random forest 
classifier on a set of 80 training images containing multiple 
materials, and then tested the classification performance on 
a set of 20 test images. We ran the experiments with differ-
ent regions of responsibility around each material, where 
larger regions (10%) indicate a range of 10% variability 
from the nominal LAC of each material in the test data.  The 
resulting performance is shown in Figure 15.  Again, the use 
of the SPECK basis significantly improved explosives de-
tection performance; furthermore, the performance of the 
detection algorithms using the SPECK transform exhibited 
little degradation with increased region of responsibility, 
unlike the results for other algorithms. 

The final set of results in Year 5 was the develop-
ment of a novel approach toward joint CT recon-
struction, segmentation, and identification. This can 
be viewed as a significant generalization of our work 
on Discrete CT discussed earlier. In discrete CT, the 
underlying volume being imaged is composed of re-
gions with constant linear attenuation coefficients, 
and the imaging model is assumed to be linear. In 
our model, the underlying volume is composed of 
regions with constant material types, where the lin-
ear attenuation coefficients of material types can 
vary within each region, and will be energy depen-
dent, as is the case when using Bremstrahlung X-ray 
sources. As such, the corresponding imaging model 
is nonlinear, as discussed earlier.  
The resulting algorithm, termed JRIDE for Joint Reconstruction and IDEntification, is illustrated in Figure 16.   
The basis decomposition sinograms are inputs to the algorithm. JRIDE reconstructs basis coefficient images 
as well as the material labels for the different regions in the image.  
The details of the JRIDE algorithm can be found in [24, 48].  JRIDE performs a maximum a posteriori estimate 
of both the coefficient images as well as the underlying region labels. As such, the problem is posed as a joint 
optimization over region labels Z and coefficient images W, illustrated below. 

The minimization is broken into overlapping minimizations, where given the coefficient image reconstruc-
tions W, one finds the best segmentation and material labels for regions Z (a discrete optimization) using an 
efficient multi-label graph cut algorithm [22]. Subsequently, given the region segmentation and material la-
bels, the coefficient images can be reconstructed as a continuous optimization problem where the coefficient 
reconstructions in each segmented region should be consistent with the region’s material label. The details of 

Figure 14: Material recognition performance for 
multispectral CT experiments using different basis 
decompositions. 

Figure 15: Explosives detection performance for multispec-
tral CT experiments using different basis decompositions. 
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the algorithm can be found in [24, 48].  
Our JRIDE algorithm is similar in intent to a re-
cent algorithm proposed for medical imaging 
in [49], named JE-MAP. The major differences 
between JRIDE and JE-MAP are two-fold: First, 
JRIDE is based on a rigorous probabilistic max-
imum a posteriori framework. Second, JRIDE 
uses an efficient discrete optimization algo-
rithm that is orders of magnitude faster than 
the corresponding algorithm used in JE-MAP.
For the purposes of evaluating the advantages 
of JRIDE over JE-MAP and more conventional algorithms that form CT images prior to segmentation and sub-
sequent classification, we constructed a set of phantoms with eight materials in each phantom, with a total of 
54 materials in the experiment, including some materials with K-edges in the 30-130 keV range. We simulat-
ed CT measurements with photon-counting detectors using 10 energy bins in the range 30-130 keV.  For the 
basis decomposition technique, we used the SPECK features discussed earlier [24, 47] in each algorithm. The 
Sequential algorithm reconstructs the coefficient images first, and then performs segmentation and material 
identification. The JRIDE and JE-MAP algorithm reconstruct coefficient images, segmentation and material 
identification concurrently in a single algorithm.  
The results are shown in Figure 17. Surprisingly, the JRIDE algorithm outperforms JE-MAP significantly, in-
dicating the advantages of using a correct and rigorous probabilistic framework for the joint reconstruction 
and material identification problem. The results also indicate that there is significant improvement in mate-
rial identification performance when material properties are used in an integrated manner with reconstruc-
tion, as indicated by the difference in performance between the Sequential and JRIDE algorithms.

D. Milestones

The Years 4 and 5 major milestones achieved to date include:  
• The extension of integrated segmentation and labeling framework from 2D to 3D.
• The development and implementation of performance prediction framework.
• The development of ADMM-based discrete tomography methods.
• The fusion of the artifact mitigation reconstruction and integrated labeling frameworks into a discrete 

tomography framework, resulting in the JRIDE algorithm 
• Incorporating dictionary-based representations for multi-energy tomographic inversion and material 

characterization, resulting in the SPECK feature basis and associated reconstruction algorithms. 
• Extending the SPDE framework to multi-energy sensing and from 2D to 3D using the SPECK basis.

Figure 16:  Structure of JRIDE Algorithm

Figure 17:  Material identification performance for JRIDE vs alternative algorithms.
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The milestones still in progress include:
• Computational acceleration of SPDE implementation for sparse aperture illumination using graphics 

processing unit (GPU) architectures. 
Milestones added for Year 6 include:
• Develop and evaluate extensions of deep learning techniques for limited angle CT reconstruction and 

evaluation on experimental data from limited angle CT instruments.
• Develop fast GPU versions of multi-energy CT algorithms for transition to cargo and checkpoint CT sys-

tems.
• Evaluate performance of multispectral CT algorithms with experimental data in collaboration with LLNL 

using multispectral micro-CT systems.
• Transition multispectral CT algorithms into Livermore Tomography Tools software to facilitate transi-

tions to other applications.
• Transition integrated reconstruction/recognition multispectral CT algorithms into Livermore Tomogra-

phy Tools software.

E. Future Plans (Year 6)

The main themes of our proposed research in Year 6 are to mature the technology and to prepare it for tran-
sition. To that effect, the emphasis on the research is to develop the algorithms so they can be demonstrated 
on realistic problems (i.e. 3-D, multi-spectral sensors, real-time computation). 
Expected outcomes for Year 6 are continuing extensions of the deep learning techniques to enhance limited 
angle CT reconstruction with applications to checkpoint CT systems. We will also continue our work on GPU 
acceleration of multi-spectral CT algorithms so they can be readily transitioned into limited view checkpoint 
and cargo systems. We intend to validate the simulation performance of our multispectral CT algorithms 
with experimental data in collaboration with LLNL using multispectral micro-CT systems. To facilitate tran-
sition, we will integrate our new multispectral CT algorithms and the SPDE algorithms with the Livermore 
Tomography Tools [52]. This will enable Livermore and other researchers to use our algorithms for different 
CT missions, and to evaluate our algorithm performance on vendor systems. We will also continue the exten-
sions of these tools to address issues raised by the experiment results to mature the algorithms for transition.  
The biggest programmatic risk for this project is that the budget is very limited, and will barely support the 
effort of one graduate student, with little support for faculty. A mitigation strategy that we will pursue will be 
to seek additional funding, either from extramural sources or within alternative sources in ALERT, to support 
selected important milestones in this effort.
We envision the program to achieve the above milestones, including the deep-learning evaluation, by June 
2019. Many of them will be accomplished by June 2018, so the extra work will be toward modifying the tech-
nology for transition into specific applications. 

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

This project is of relevance to the DHS enterprise because it is developing methods to improve imagery for 
enhancing explosives and restricted object detection in X-ray-based sensing for checked luggage and at the 
checkpoint; furthermore, it is developing algorithm technology that takes advantage of new developments in 
sensor technology, and which will enable future systems to address emerging threats. Our approaches will 
increase the probability of detection as well as reduce the number of false alarms, which in turn can reduce 
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the need for On Screen Anomaly Resolution Protocol (OSARP) and manual inspection. These concerns will 
grow as the use of multi-spectral X-ray scanning increases at the checkpoint.

B. Potential for Transition

In Year 5, we transitioned selected dual-energy algorithms to Astrophysics for use in image reconstruction 
within a CT cargo screening system and a potential checkpoint CT system. In addition, we began interactions 
with the Nondestructive Characterization Institute at Livermore Laboratory to define joint experiments we 
could perform to validate the algorithm concepts developed using real data from multi-spectral micro CT 
systems. We received permission to obtain a copy of the Livermore Tomography Tools so that our algorithms 
could be integrated and transitioned to Livermore for use in experimental CT systems and in material char-
acterization for diverse applications, including the characterization of Regions of Responsibility for materials 
of interest to TSA. That integration will begin at the end of Year 5, but will need further completion. 
In Year 6, we will aim to finish the transitioning of our most recent work on basis-expansions of material 
representations, multi-energy CT reconstruction and integrated material identification, and deep-learning 
based artifact mitigation and reconstruction. We will also transition the next generation of dual energy re-
construction algorithms employing advanced regularization and joint photoelectric-Compton reconstruction 
for use in Astrophysics’ cargo CT screening products. 

C. Data and/or IP Acquisition Strategy

Our plan acquires relevant test data to test our hypothesis via our collaborations with LLNL and TSL, both of 
which have collected significant datasets that can be used to test some of our algorithms. We are also collab-
orating with some of the ALERT efforts in generating additional datasets. In particular, we were instrumental 
in the design of the data collection as well as the specific protocols used to collect the data for Task Order 7.

D. Transition Pathway 

The novel methods developed in this effort are being disseminated to vendors through workshops and prior 
student engagement in summer internships. The research was applied to TO3 validation data for proof of 
concept. In addition, as a result of the presentation of this work at the twelfth Advanced Development for Se-
curity Applications workshop (ADSA12), TSL/S&T personnel (R. Krauss, R. Klueg) created a task to see how 
these methods would perform on laboratory material samples. 
As part of our involvement in the ADSA workshops, we have developed relationships with specific companies 
that are interested in the technologies developed under this task. One of these companies, Astrophysics, Inc., 
is already involved in a joint effort to transition some of the earlier technology for use in prototype dual-ener-
gy systems for cargo and checkpoint CT applications. We expect that they will also be interested in our more 
recent technologies under development. 
In addition to direct efforts with companies and TSL, we plan to implement many of our newer technologies 
as part of the LTT, where vendors and other government agencies can use our algorithms on datasets repre-
senting challenging problems. This will allow for evaluation of our results on datasets that are not accessible 
to university research, and will provide a mechanism for easy access by companies and national laboratories 
to the products of our research. 

E. Customer Connections

• Simon Bedford, Astrophysics, Inc., meet weekly, ALERT industrial partner
• Harry Martz and Kyle Champley, LLNL, meet twice/month 
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• Ronald Krauss and Robert Kleug, Department of Homeland Security, meet occasionally

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Peer Reviewed Conference Proceedings

1. Ghani, M.U., &  and Karl, W.C. “Deep learning based sinogram correction for metal artifacts reduc-
tion,” in Computational Imaging, C. A. Bouman, K. Sauer, editors, Proc. of Electronic Imaging, San 
Francisco, CA, January 28-Feburary 2, 2018.

2. Ghani, M.U., &  and Karl, W.C. “CNN based Sinogram Denoising for Low-Dose CT,” in Imaging and Ap-
plied Optics 2017 (3D, AIO, COSI, IS, MATH, pcAOP), OSA Technical Digest, Optical Society of America, 
Orlando, FL, 25-28 June, 2018

3. Ghani, M.U., &  and Karl, W.C. “Learning based methods for CT correction,” in International Conference 
on Computational Photography 2018, Carnegie Mellon University, Pittsburgh, PA, May 4 - 6, 2018

4. Ghani, M.U., &  and Karl, W.C. “Sinogram Inpainting using Deep Learning,” 2018 IEEE Image, Video, 
and Multidimensional Signal Processing (IVMSP) Workshop, Zagori, Aristi Village, Greece, 10-12 June 
2018.  

5. Ghani, M.U., &  and Karl, W.C. “Deep learning in artifact reduction for medical imaging,” Gordon Re-
search Conference: Creating Knowledge from Imaging Data, Easton, MA, June 17-22, 2018.

6. Babaheidarian, P., & Castañón, D. “Feature Selection for Material Identification in Spectral CT,” in 
Computational Imaging, C. A. Bouman, K. Sauer, editors, Proc. of Electronic Imaging, San Francisco, 
CA, January 28-Feburary 2, 2018.

7. Babaheidarian, P., & Castañón, D. “Joint reconstruction and material classification in spectral CT,” 
Proceedings SPIE: Anomaly Detection and Imaging with X-Rays (ADIX) III, SPIE Defense + Security, 
Orlando, FL, April 2018. 

B. Other Presentations 

1. Castañón, D. A. “Material Identification in Spectral CT,” Concealed Explosives Detection Workshop, 
Charlottesville, VA, Nov. 2017.

2. Castañón, D. A. “Spectral CT: Useful for Explosives Detection Systems?” Lawrence Livermore Nation-
al Laboratory, Livermore, CA, March, 2018. 

C. Student Theses or Dissertations Produced from This Project

1. Babaheidarian, P. “Algorithms for Enhanced Artifact Reduction and Material Recognition in Comput-
ed Tomography,” Department of Electrical and Computer Engineering, Boston University, January 
2018.
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D. New and Existing Courses Developed and Student Enrollment

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student 
Enrollment

Existing Course Image Reconstruc-
tion and Restoration, 
Spring 2018

Principles and methods of reconstruct-
ing images and estimating multidimen-
sional fields from indirect and noisy 
data; general deterministic (variational) 
and stochastic (Bayesian) techniques of 
regularizing ill-posed inverse problems; 
relationship of problem structure (data 
and models) to computational effi-
ciency; impact of typically large image 
processing problems on viability of 
solution methods; problems in imaging 
and computational vision including to-
mography and surface reconstruction.

15

E. Requests for Assistance/Advice

1. From DHS
a. Served as head of panel to review dual energy decomposition work by Lawrence Livermore Lab-

oratory and the Transportation Systems Laboratory, on request by Elizabeth Obregon, Program 
Manager, Explosives Division, Department of Homeland Security.
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July 01, 2017 - June 30, 2018

209
Faculty 36
Administrative Staff 14
Technical Staff 15
Graduate Students 78
Undergraduate Students 60
K-12 Teachers 0
K-12 Students 6

62
Co-authored with Students 40

21
41

1
13

3
23

8

5

4
1
0
1

18

39,714
802

1

5

7

11
2
5
1

7
9
3

# of Events 3
Total # of Attendees 406

# of Events 21
Total # of Attendees 511

# of Events 4
Total # of Attendees 290

Student Internships in Industry or Government

Workshops:

Doctoral Degrees Granted
Master's Degrees Granted

Short Courses

Educational Outreach Events for Community College or Undergraduate Students 

Publications That Result from Center Support

Industrial and Practitioner Participation, Collaboration and Associated Funding

Table 1: Center Accomplishments

TOTAL

Theses
Posters

Strategic Reports

Outputs
Personnel

In Peer-Reviewed Technical Journals
In Peer-Reviewed Conference Proceedings

All Publications

Patents Awarded

News Articles

Inventions Disclosed (Submitted to Agencies by Researchers or 
Technology Transfer Office)
Patent Applications Filed

Members
Technology Transfer

ALERT Graduates Working In

Degrees to ALERT Students

ALERT-Sponsored Active Information Dissemination/Educational Outreach

Spin-off Companies Started

Requests for Assistance or Advice from Federal, State, 
Local Government 

Industry

Bachelor's Degrees Granted

Undecided/Still Looking/Unknown

Government
Academic Institutions

Licenses Issued

Software Products Developed

Requests for Assistance or Advice from DHS
Publications Downloaded from Website
Website Page Views
Knowledge Transfer
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views and conclusions contained in this document are those of the authors and should not be interpreted 
as necessarily representing the official policies, either expressed or implied, of the U.S. Department of 
Homeland Security.

Photo Caption: ALERT R3 PI Dr. Jose Martinez-Lorenzo (center) demonstrates “On-the-Move” millimeter wave 
scanning technology to TSA’s Director of Security Training and Exercises Sonya Proctor (left) and TSA Admin-
istrator David Pekoske (right).

University of Puerto Rico at Mayagüez  •  Washington State University 
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