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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 fourth year (July, 1 
2016—June 30, 2017) 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  
Mexico State University, Rensselaer Polytechnic Institute, Texas Tech University, Tufts University, University 
of Notre Dame, University of Puerto Rico at Mayagüez, and Washington State University. This list of partners 
will change as new projects are added, and old ones terminated. 

Research Program

The ALERT research program is driven by inspiring challenges such as ultra-reliable screening, explosives 
detection at a distance, and actionable trace sampling. These challenges have 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, 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 purpose of the review is to help 
the Program Manager evaluate ALERT’s research portfolio at both theme and project levels. As a result of the 
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Biennial Review process, certain projects were pruned and an element of the Year 4 research program was 
the launching of several new projects. To that end, there is an “Innovation Pool” of funds that was be utilized 
for this purpose during Year 4. There were four new projects funded as a result of this process. These were:
• Project R1-C.3: Characterizing, Modeling and Mitigating Texturing in X-Ray Diffraction Tomography  
• Project R2-A.3: A Novel Method for Evaluating the Adhesion of Explosives Residues
• Project R2-B.4: Mid-Infrared Photonic Integrated Circuits for Stand-Off Detection of Trace Explosives
• Project R3-D.1: Anomaly Detection in Advanced Imaging Technology Systems Based on Graph Theory 
Details are contained in the individual project reports in Appendix A.
Moreover, each research project report was asked to address the outcomes of the Biennial Review process 
as it applied to the specific project. In particular, the reviewers identified both project strengths as well as 
weaknesses. The project reports all reflect how the researchers will overcome the weaknesses identified.

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 are being 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 user’s 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, supplement-
ing the fourteen held previously. We anticipate 2-3 workshops per year will be held on a variety of topics 
relating to the ALERT mission. In addition to ADSA, ALERT held two workshops focused on quantifying trace 
sampling efficiency known as the TESSA (Trace Explosives Sampling for Security Applications) 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 
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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 implementation 
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 
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 4 highlights. 

1.2 ALERT PHASE 2 YEAR 4 HIGHLIGHTS 

A.     ALERT Student Honors and Awards, and Accomplishments
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ALERT Science and Engineering Workforce Development Pro-
gram (SEWDP) student, Matthew Tivnan, completed his B.S. in 
Electrical Engineering and Physics at Northeastern University 
(NEU) in May 2017. During his time at NEU, Matt worked with 
R3 Thrust Lead, Professor Carey Rappaport on research related 
to the development of a data fusion toolset for multi-sensor in-
verse problems with specific application to DHS problems, such 
as the scanning of baggage and people. In the course of his par-
ticipation in the ALERT SEWDP, Matt participated in a 6-month 
co-op assignment which fulfilled one of the two summer re-
search internships required by the ALERT SEWDP. Matt worked 
at Photo Diagnostic Systems, Inc. (PDSi) in Boxboro, MA where 
he designed an algorithm to generate 2D projection images 
from 3D helical tomography measurements. He also wrote a 3D 
dynamic balancing procedure to prevent mechanical oscillation 
of the scanner.  Upon completion of his degree, Matt accepted 
full-time employment with PDSi in order to work toward com-
pleting the ALERT SEWDP requirement of working one year in 
paid employment related to the DHS Enterprise.

Northeastern University Scholar and ALERT Student, 
Kurt Jaisle was selected as a finalist in the 2017 IEEE 
Antennas and Propagation Symposium’s (AP-S) Stu-
dent Paper Competition for his paper, “Ray-Based Re-
construction Algorithm for Multi-Monostatic Radar in 
Imaging Systems.” Being selected as a finalist is quite 
an accomplishment, as each paper submitted to the 
IEEE 
AP-S Student Paper Competition undergoes three in-
dependent reviews from experts in the student’s field 
of study. Kurt’s submission was selected out of 159 
papers, most of which were submitted by doctoral stu-
dents. Kurt is a third year undergraduate student ma-
joring in Electrical Engineering and conducts ALERT 
research with Professor Carey Rappaport on the R3 Re-
search Thrust (Bulk Sensors & Sensor Systems). Under 
the guidance of Professor Rappaport, Kurt began cod-

ing the algorithm in the fall of 2015. Over the course of a year, Kurt brought the algorithm from a rudimentary 
2D simulation to a functional 3D simulation worthy of publication.
ALERT student, Anthony Bisulco of Northeastern University is the 2016-2017 recipient of The Saul and Gitta 
Kurlat Undergraduate Engineering Scholarship. This is the second year in a row that Anthony was selected 
for this award based on his academic excellence and strong dedication to the research he engages in with 
ALERT researcher, Dr. Jose Martinez-Lorenzo. Anthony is a third year undergraduate pursuing a B.S. in Elec-
trical and Computer Engineering. In addition to conducting ALERT research, Anthony also serves on the 
ALERT Student Leadership Council. 
In October 2016, Hamideh Rezaee, a Tufts University student, was awarded the 2016 Grace Hopper Celebra-
tion Scholarship. The Grace Hopper Celebration (GHC) is the world’s largest technical conference for women 
in computing. Hamideh is currently a doctoral student working with Professor Eric Miller on ALERT Project 
R4-B.2 titled, “Multi-energy, Limited View Computed Tomography (CT).”

Figure 1-1: Matthew  Tivnan, ALERT SEWDP  
student.

Figure 1-2: Kurt Jaisle (right), presenting his work 
during the poster session at 2017 IEEE Antennas and 
Propagation Symposium.
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Ben-Gurion University student, Natan Kalson, was 
awarded the Israeli Water Authority Fellowship for 
Graduate Research in October 2016. He received a 
graduate fellowship for conducting research in water  
treatment fields. Natan is pursuing his master’s de-
gree at Ben-Gurion University and working with Ron-
nie Kosloff of Hebrew University and Yehuda Zeiri of 
Ben-Gurion University.
Six University of Notre Dame graduate students, who 
work with Professor Hoffman (Project R2-B.4), were 
involved in an outreach event with Clay Middle School. 
Third-year graduate student, Owen Dominguez, orga-
nized the outreach project, which introduced students 
to light and spectroscopy, through student participa-
tion in different modules. Approximately 100 7th-9th 
grade students participated in the event. The event in-
cluded hands-on demonstrations, activities, and short 
discussion sessions. The students learned about fundamental concepts in optics, such as polarization, reflec-
tion and transmission, total internal reflection, lasing, and imaging (Figure 1-3). 
Zhenyun Qian, a NEU Postdoc working with Professor Matteo Rinaldi, received the IEEE SENSORS Best Stu-
dent Paper Award Finalist in Fall 2016 for his paper titled, “Narrowband MEMS Resonant Infrared Detectors 
based on Ultrathin Perfect Plasmonic Absorbers.” 
Sebastian Perez-Orozco, an undergraduate working with Professor Samuel Hernandez at the University of 
Puerto Rico at Mayagüez (UPRM), was accepted to participate in a REU program at Johns Hopkins University 
in Summer 2017.  
Elizabeth Wig, a NEU undergraduate working with Professor Rappaport, received the GE Women’s Network 
Award from the Society of Women Engineers in Spring 2017.
Srikrishna Karanam, who recently completed his Ph.D. at Rensselaer Polytechnic Institute and worked with 
Professor Rich Radke on Project R4-A.3, won two prestigious awards from RPI in 2017: the Charles M. Close 
‘62 Doctoral Prize and the Karen & Lester Gerhardt Prize in Science and Engineering. These prizes were 
awarded based on his significant research productivity under ALERT funding. Dr. Karanam is now employed 
as a Research Scientist in the Vision group at Siemens Corporate Technology, alongside another ALERT alum-
nus, Dr. Ziyan Wu.

B.     ALERT Faculty and Research Staff Honors and Awards

Professor Steve Beaudoin of Purdue University was awarded “Best Presentation” in his session for a paper 
he presented on at the Annual AlChE Meeting in November 2016. The paper was based on his research for 
Project R2-A.3 that was selected as a new ALERT project in Year 4. The new project, titled “A Novel Method 
for Evaluating the Adhesion of Explosives Residue,” aims to provide insight into the reasons why explosives 
residues stick to surfaces and what must be done to effectively detect those residues in air transportation 
security environments.
At Northeastern University, Professor Carey Rappaport and Professor Jose Martinez-Lorenzo were awarded a 
patent for “Signal Processing Methods and Systems for Explosives Detection and Identification Using Electro-
magnetic Radiation” (U.S. Patent 9,575,045) on February 21, 2017. This patent is for an algorithm designed 
to rule out non-explosive concealed foreign objects affixed to the skin (i.e. hidden under clothing). Current se-
curity screening systems, such as AIT Millimeter Wave Scanners used at airports to scan passengers, are able 

Figure 1-3:  Clay Middle School students participate in 
an “optical cloaking” demonstration with Notre Dame  
graduate student, Junchi Liu.
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to identify items with distinct shapes that are hidden on 
the body, such as guns and knives. However, explosives are 
considerably more difficult to identify in this manner due 
to the fact that the size and shape of explosives can vary 
greatly, leading to time-consuming and potentially danger-
ous security pat-downs to determine if a suspicious object 
is a security threat, or a wallet that a passenger forgot to 
place in the bin.
Professor Rappaport and Professor Martinez-Lorenzo be-
lieve their algorithm, when plugged into existing screening 
systems, will greatly reduce the number of false alarms, 
and thus, the number of pat-downs needed, leading to 
greater accuracy in threat detection and shorter security 
lines. The improved reliability would benefit many: pas-
sengers, airlines, and the Transportation Security Admin-
istration; and possibly lead to the expansion of AIT Milli-
meter Wave Scanners into everyday use, such as railway 
stations, sporting venues, and other soft targets.
ALERT Deputy Director and Electrical and Computer Engineering professor, Carey Rappaport was selected 
by the IEEE Antennas and Propagation Society (AP-S) as a Distinguished Lecturer for 2017-2019. The IEEE 
AP-S Distinguished Lecturer Program sends experts, the Distinguished Lecturers, to visit active AP-S Chap-
ters around the world and give talks on topics of interest and importance to the Antennas and Propagation 
community. 

Professor Jose Martinez-Lorenzo of Northeastern University was 
awarded a $500K National Science Foundation (NSF) CAREER 
Award for his work on developing a method for “4D mm-Wave 
Compressive Sensing and Imaging at One Thousand Volumetric 
Frames per Second.” Millimeter-wave sensing and imaging sys-
tems are generally used for a wide range of applications, such 
as security monitoring to detect potential threats at the airport 
and biological imaging for wound diagnosis and healing. Because 
this is the first four-dimensional millimeter-wave imaging system 
that can operate in quick-changing scenarios, it will benefit soci-
ety greatly.
Dr. Matteo Rinaldi, Associate Professor of Electrical and Comput-
er Engineering at Northeastern University and principal investi-
gator for Project R2-B.3, was awarded two patents for his work 
on nano- and microelectromechanical resonators. Dr. Rinaldi’s 
research proposes to develop innovative Nano-Electro-Opto-Me-
chanical (NEOM) sensing technology platforms for the chemical 
analysis of trace explosives residues. This work contributed to the 
creation of the novel resonators patented earlier this month.

Professor Yun Raymond Fu, ALERT affiliated researcher and interdisciplinary faculty member affiliated with 
the College of Engineering and the College of Computer and Information Science at Northeastern University, 
was selected as a fellow of the International Association for Pattern Recognition (IAPR). Fellows are elected 
to the IAPR every two years as an acknowledgment of distinguished contributions in the field of pattern 
recognition and to the organization’s activities. Professor Fu was selected to be a fellow for his contribu-

Figure 1-4: Prof. Jose Martinez-Lorenzo presenting 
his lab to Brian Dolph of the U.S. Coast Guard and 
Chris Mocella of U.S. Customs and Border Protec-
tion during their visit in March 2017.

Figure 1-5: Dr. Matteo Rinaldi, Associ-
ate Professor of Electrical and Computer  
Engineering at Northeastern University.
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tions to pattern recognition, data mining and visual intelligence. Professor Fu’s research interests include 
machine learning and computational intelligence, social media analytics, human-computer interaction, and 
cyber-physical systems. He is the founding director of the Synergistic Media Learning Lab.

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

The sixth Annual Student Pipeline Industry Roundtable 
Event (ASPIRE) was held on Thursday, March 16, 2017 
at Northeastern University, Boston. The event is coor-
dinated and led by ALERT’s Industrial and Government 
Liaison Officer, Emel Bulat. Participants at this year’s 
ASPIRE included representatives from nine industrial 
and government collaborators and students from six ac-
ademic partner institutions. 
The agenda included presentations by the industry and 
government members on their organizations, research 
needs, and job openings and 2-minute presentations 
from students. The presentations were followed by two 
separate roundtable networking sessions, in which rep-
resentatives from industry and government met one-on-
one with students, as well as with each other.
On the morning of the event, ALERT was pleased to 
welcome Brian Dolph of the U.S. Coast Guard and Chris 
Mocella of U.S. Customs and Border Protection to the 
laboratories of ALERT researchers, Dr. Octavia Camps, 
Dr. Jose-Martinez-Lorenzo, Dr. Carey Rappaport, and Dr. 
Matteo Rinaldi in order to showcase their research and 
its relevance to the Homeland Security Enterprise. 

D.    ALERT’s work in Improving Security Screening featured in IEEE Antennas & Propagation Magazine

ALERT Bulk Sensors & Sensor Systems Thrust Leader, Professor Carey Rappaport and Professor Jose Marti-
nez Lorenzo’s article on Improving Security Screening: A Comparison of Multistatic Radar Configurations for 
Human Body Imaging was one of four featured articles in the August 2016 issue of IEEE Antennas & Propaga-
tion Magazine. The four articles in this issue focused on “various  concepts  that could enhance future imaging 
scenarios” and asked the question, “…is  it  possible  to  combine  all  of  these  ideas  into  a  next-generation  
advanced  imaging  system  for  security  and  other  applications?.” The article presents the use of a fully 
multistatic millimeter wave radar system. The radar can be used for imaging concealed objects on the human 
body at airport security checkpoints with increased speed and accuracy. See section below for more details 
on this research. 

E.    Developing a Next Generation Screening System to Keep First Responders Safe, and People in Motion

ALERT is working on developing the first inexpensive, high resolution millimeter-wave radar (mm-wave) 
system for the purpose of detecting and identifying potential suicide bombers in motion and at a safe dis-
tance.  Current millimeter-wave imaging systems for security screening require people to stop and stand in 
front of the scanning system. The International Air Transport Association (IATA) has identified that being 
able to detect security threats without interrupting the motion of the person under test will be one of the 
most valuable features of the next generation personnel screening systems. 

Figure 1-6: ALERT Student, Amanda Figueroa-Nave-
do of University of Puerto Rico at Mayagüez (right) 
speaking with TSL Branch Manager, Robert Klueg 
(left) during the roundtable networking sessions at 
ASPIRE.
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Professors Carey Rappaport and Jose Martinez are lead-
ing a team that wants to make that feature a reality. 
ALERT’s mm-wave radar system uses multiple radar sen-
sors simultaneously. By coordinating transmitters and 
receivers from both sides of a walkway, the full picture 
of a subject moving between them is formed. At present, 
mm-wave radar is the only modality that can both pene-
trate and sense beneath clothing as far as 50 meters away.
The high resolution mm-wave radar system has two con-
figurations. The first configuration, “on-the-move,” will be 
able to distinguish security threats hidden on individuals 
at mid-ranges (2-10 meters) even when those individuals 
are in motion. The second “van-based” configuration of 
the system would be able to make detections at stand-
off ranges (10-40 meters). The system is non-invasive, 
provides minimally-disruptive scanning with quality im-
aging and a fast data collection time of less than 10ms. 
ALERT’s system would also be the first radar system that 
is capable of functioning at multiple ranges for both in-
door and outdoor scenarios.
One of ALERT’s Industrial Members, HXI Inc., has been 
collaborating with the ALERT research team on this 
technology. Together, HXI and ALERT have designed,  

fabricated, integrated, and validated the radar system. ALERT expects that after the assembling the first Gen-
3 prototype, the partnership will transition the technology to the millimeter-wave imaging market. Addi-
tionally, new low-cost miniaturized modules are being developed by HXI for the next generation mm-wave 
system.

F.    ALERT Launches Video Analytics Lab at Kostas Research Institute

Northeastern University’s George J. Kostas Research 
Institute (KRI) for Homeland Security is now home to 
ALERT’s new Video Analytics Laboratory. Providing 
secure access, 1225 sq. feet of open space, controlled 
lighting conditions, and a fully networked and flexi-
ble camera grid, ALERT can better investigate and de-
velop video and sensor technologies to address the 
needs of the Homeland Security Enterprise.
The first research project to leverage the lab is en-
titled “Research and Development of Systems for 
Tracking Passengers and Divested Items at the Check-
point.” Funded by the Department of Homeland Secu-
rity, this project is also known by the acronym CLASP 
(Correlating Luggage and Specific Passengers) and 
leverages the technical expertise of ALERT research 
teams from Boston University, Marquette University, Northeastern University, Purdue University, and Rens-
selaer Polytechnic Institute. These teams will work toward developing an automated system capable of track-
ing passengers and divested items at airport security checkpoints.

Figure 1-7:  General sketch of the inexpensive, high-res-
olution 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” config-
uration.

Figure 1-8: ALERT’s Video Analytics Laboratory at Kostas  
Research Institute.
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CLASP will primarily focus on using video technologies to assist the Transportation Security Administration 
(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 hopes to improve rates 
of detection and at the same time improve the passenger experience.
In order to deliver the system outlined in CLASP, the researchers working on the project require access to 
video data displaying real-world checkpoint security situations. Actual airport security video is generally 
restricted, so ALERT partnered with Massport, the Transportation Security Administration at Boston Logan 
International Airport, and industrial partners such as Rapiscan Systems to create an accurate representation 
of an airport security checkpoint in the ALERT Video Analytics Laboratory. This full-scale, mock airport secu-
rity checkpoint uses the same hardware and design specifications currently used by the TSA at airports such 
as Logan, and gives ALERT a space to generate usable video data for this project and hopefully to the video 
analytics research community as a whole.
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Section 2: Research and Transition Program - A Strategic Overview

The ALERT research and transition program is derived from a top-down understanding of the technical and 
societal issues related to characterizing, detecting, and mitigating explosives related threats to our homeland. 
These issues have been crystallized by considering a set of “Grand Challenges.” These challenges in turn in-
form and drive the ALERT programs through an organizing three-level strategy shown in Figure 2-1 (on the 
next page). In the following 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 in the Aviation Security Technology Research 
& Development Strategy, issued by DHS in 2011 which are: 
• TSA G1: Improve understanding of homemade explosive threats and address HME threat vulnerabilities.
• TSA G2: Reduce passenger privacy concerns in aviation security through increased integration and auto-

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

2.2	 THE	THREE-LEVEL	ALERT	STRATEGY:	GRAND	CHALLENGES

The ALERT research and transition program is described by the three-level strategy shown in Figure 2-1, 
which ties real-world grand challenges to fundamental research and technology transition, keeping them 
synchronized but able to adapt as societal and DHS needs change. The three-level structure is not static;  
spiral development occurs as the plan evolves.
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The	Grand	Challenge	Level	(top	level-red) contains the challenges (C1-C5) that must be addressed in or-
der to achieve a high level of protection from explosives-related threats. The grand challenges inform and 
drive the ALERT research and transition/E2E program as shown in Figure 2-1. Each grand challenge has spe-
cific goals. These are correlated with the TSA and NTSC recommendations described earlier. The challenges 
and associated goals are:
C1: Characterization & Elimination of Illicit Explosives (TSA G1, 3 and NTSC GC 2, 10) 
• Identify future explosives threats and develop small-scale, “early warning” tests.
• Prevent commonly available chemicals from being used to make explosives.
• Characterize explosive formulae to facilitate detection, destruction, and protection. 
• Safely and gently render an explosive inactive or less sensitive.
C2: Actionable Remote Trace and Vapor Chemical Detection (TSA G3-5 and NTSC GC 2, 4) 
• Create versatile 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.
• Non-invasively identify trace explosives on, or within cargo containers in transit.
• Develop miniaturized detection sensors suitable for fusion into larger systems.
C3: Ultra-Reliable Screening (TSA G2, 3, 5, NTSC GC 2, 3)
• Integrate multi-mode sensors to enhance threat 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.

Figure 2-1: The ALERT three-level strategy focuses resources on achieving protection from explosive threats.
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• Integrate new screening concepts and algorithms into vendor systems.  
C4: Effective Stand-Off Threat Discovery and Assessment (TSA G2, 3, 5, NTSC GC 2, 3)
• Reliably pinpoint trace explosives on left-behind packages or vehicles.
• Recognize potential suicide bombers through anomaly detection.
• Identify and track anomalous behavior in mass transit environments.
• Develop video analytics tools to be integrated into TSA airport camera systems.
C5: Seamless Transition of Research to the Field (TSA G5, NTSC GC 3, 4)
• Actively identify DHS stakeholder emerging needs to ensure research relevance. 
• 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, DeBoef (URI), Kosloff, Zeiri (HUJI), Son (Purdue), Greenberg (Duke), Yoo (WSU): Detection 
of explosives requires knowledge of the signature characteristics of various threat materials and seeks to an-
swer 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 
goal of this effort is to enable development of sensing and sampling systems capable of detecting ultra-low 
amounts of explosives which are both selective (i.e., able to reduce the number of false positives and false 
negatives), and adaptable (i.e., can accommodate new explosives as they become threats). This effort will 
require fundamental materials research for next generation sensors, such as development of hybrid quan-
tum dot/polymer array structures. The sensor concepts developed here can be integrated into multi-sensor 
systems as discussed in Thrusts R3 and R4.  
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R3: Bulk Sensors and Sensor Systems, Thrust Lead - Carey Rappaport (NEU)

Key Personnel: Martinez-Lorenzo (NEU), Hernandez (UPRM), 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. 

Testbed T1: CT Luggage Datasets to Test Algorithms

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

Testbed T2: Multimode Standoff Detection

There are two indicators for most suicide bombers: the metal for shrapnel and the explosive itself. Using sig-
natures of these indicators, the Multimode Standoff Detection testbed is envisioned as leading to a product in 
which multiple detection technologies are integrated into surveillance platforms for suicide bomber detec-
tion. Possible “bombers” will be 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.

Testbed T3: Advanced Imaging Technologies (Whole Body Imaging)

The objective of the Advanced Imaging Technologies (AIT) testbed is the creation of an unbiased, academ-
ic-oriented facility for development and evaluation of multi-modal sensors and algorithms for whole body 
imaging. Specific objectives include: 1) enabling experimentation with new sensing modalities, via sensor 
configuration and scanning mode optimization; 2) exploring new algorithm concepts, such as model based 
vs. Fourier inversion, high resolution fused imaging, and automated anomaly detection; and 3) developing 
approaches to information fusion and adaptive multisensor processing. The facility development is led by R3 
Thrust Lead, Carey Rappaport. It is being advanced with equipment provided by Rapiscan, HXI, Analog De-
vices, and AS&E. AS&E, which specializes in advanced X-ray inspection systems, provided a backscatter X-ray 
machine that can be run using alternative algorithms and complementary sensors. HXI provided compact  

Figure 2-2:  Segmented image (left) of doll (center) extracted from CT image dataset of luggage (right).

(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.
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radar modules that can be integrated into a cost effec-
tive multi-static millimeter wave system.  Rapiscan 
provided equipment as part of a John Adams Inno-
vation Institute grant to use mm-wave sensing to re-
construct an object placed between the transmitters’ 
and receivers’ wave path. Analog Devices supplied 
RF communications modules that have been adapted 
for radar use in our experimental scanners (Fig. 2-4). 
It has been shown theoretically that by choosing the 
right positions for transmitters and receivers in a 
multi-static system it is possible to reconstruct a 2D 
image that covers all 360 degrees of the target with 
minimal dihedral artifacts that plague currently de-
ployed scanning systems. The algorithms and data-
sets 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 passenger ex-
perience, and monitor and mitigate threats by individuals in 
an effort to improve airport security. Testbed T4 began as an 
installation in the Cleveland Hopkins International Airport 
(CLE), and this year, transitioned to a 1,225 square foot Vid-
eo Analytics Laboratory at Northeastern University’s George J. 
Kostas Research Institute for Homeland Security (KRI) in Bur-
lington, MA.
T4’s first installation at CLE was a result of ALERT and the TSA 
Ohio Senior Federal Security Director (FSD) working togeth-
er to assemble  a team of researchers from three universities 
(NEU, BU and RPI) and TSA practitioners to develop and tran-
sition 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 
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 partnership has allowed ALERT to acquire the   funding 
to construct the latest T4 facility at KRI and to begin working on a new video-analytics project titled “Cor-
relating 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 Check-
point.” The CLASP project includes an expanded team of researchers from five universities (NEU, BU, RPI, 

Figure 2-4: Prof. Carey Rappaport (right) describes the AIT 
Whole Body Imaging hardware during a tour of the ALERT 
laboratories by members of the U.S. Coast Guard and Cus-
toms and Border Patrol in March 2017. 

Figure 2-5: Counter-flow detected in the CLE 
airport terminal. This is an example of a frame 
where an individual going in an airport exit 
lane is detected. 
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Purdue, and Marquette) and is the first to leverage the new 
T4 lab. The goal of this project is to track people, their divest-
ed items, and correlate the two within a TSA airport secu-
rity 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. 

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 facilities are outstanding assets to the Center. Vendors come to test their explosives detection in-

strumentation 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 proper-
ties (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 mem-
bers 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-
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, sim-

ilar to the community of researchers in medical CT,
2. Improving the performance of future explosives detection systems (EDS) that includes increased prob-

ability 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 re-
sults 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:

Figure 2-7: Standoff detection test at URI 
Field Range.

Figure 2-6: The “Screening at Speed” laboratory 
at KRI, will provide data to improve the passen-
ger experience, screen at speed, and improve se-
curity at the check point. 
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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

The proposed development and transition effort will address 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

This program shall develop  an automated track algorithm (ATA) to track passengers and divested objects at 
a checkpoint. The ATA shall track passengers and divested objects. The ATA shall detect exceptions such as 
divested items left at the checkpoint and theft of items. The CLASP T4 facility is a first element of this effort.

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

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

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

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

2.7	 CONCLUSION
As indicated by its strategic three-level structure, ALERT will maintain a balance of high-risk, high-payoff re-
search combined with transition and E2E projects meeting immediate DHS and customer needs. As the Cen-
ter develops new technologies and testbeds, DHS will be able to incorporate these results into requirements 
for future systems to help safeguard our nation.
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It is widely recognized that our country still needs to put more emphasis on providing a workforce pipe-
line into the science, technology, engineering, and mathematics (STEM) disciplines. The development of the 
ALERT education program was guided by the need to provide a meaningful impact on the communities of 
university students, K-14 students and their teachers, first responders, and career professionals who are im-
portant contributors to DHS and to the success of its critical mission. In addition to developing the next gen-
eration 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 4 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.

The ALERT Education Program is co-led by Professor Charles DiMarzio of Northeastern University (NEU) and 
Prof. James Smith of the University of Rhode Island (URI). Supporting the Education Program is Kristin Hicks, 

Section 3: Education Program

Figure 3-1:  The ALERT education program supports students at every stage.
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Director of Operations, and Melanie Smith, Manager of Education Programs and Partnership Development 
at Northeastern University. The main goals of the 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 foundation-
al 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 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. In addition, 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 Kurt Jaisle, an undergraduate 
working with Professor Carey Rappaport at NEU, who was 
selected as finalist in the IEEE Antennas and Propagation 
Student Paper Competition for his paper, “Ray-Based Re-
construction Algorithm for Multi-Monostatic Radar in Im-
aging Systems.” Being selected as a finalist is quite an ac-
complishment, as each paper submitted to the IEEE AP-S 
Student Paper Competition undergoes three independent 
reviews from experts in the student’s field of study. Antho-
ny Bisulco, an undergraduate working with Professor Jose 
Martinez at NEU, received the 2016-2017 Saul and Git-
ta Kurlat Undergraduate Engineering Scholarship. Natan 
Kalson, a Masters Student at Ben-Gurion University who is 
working with Professor Ronnie Kosloff and Professor Ye-
huda Zeiri, received the Israeli Water Authority Fellowship 
for Graduate Research in the fall of 2016.  Zhenyun Qian, 
an NEU Postdoc working with Professor Matteo Rinaldi, 
received the IEEE SENSORS Best Student Paper Award Fi-
nalist in the fall of 2016 for his paper titled, “Narrowband 
MEMS Resonant Infrared Detectors based on Ultrathin Perfect Plasmonic Absorbers.” Hamideh Rezaee, a 
Tufts University PhD candidate working with Professor Eric Miller, received the Grace Hopper Celebration 
(GHC) Conference Scholarship. Sebastian Perez-Orozco, an undergraduate working with Professor Samuel 
Hernandez at the University of Puerto Rico at Mayagüez (UPRM), was accepted to participate in a REU pro-
gram at Johns Hopkins University in the summer of 2017.  Elizabeth Wig, an NEU undergraduate working 
with Professor Rappaport, received the GE Women’s Network Award from the Society of Women Engineers 
in the spring of 2017 (Figure 3-2). Graduated ALERT doctoral student Srikrishna Karanam, from Rensselaer 
Polytechnic Institute, who worked with Professor Richard Radke, won two prestigious awards from RPI in 
2017: the Charles M. Close ‘62 Doctoral Prize and the Karen & Lester Gerhardt Prize in Science and Engi-
neering. These prizes were awarded based on his significant research productivity under ALERT funding. 
Dr. Karanam is now employed as a Research Scientist in the Vision group at Siemens Corporate Technology, 
alongside ALERT alumnus Dr. Ziyan Wu. 
In the fall of 2015, our center created the ALERT Student Leadership Council. During Year 4, the council was 

Figure 3-2: NEU undergraduate, Elizabeth Wig 
(right) presents her work at the ADSA15 workshop 
in November 2016.  
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made up of 12 students, both undergraduate and graduate, from seven of our ALERT partner institutions: 
NEU, Boston University (BU), Purdue University, URI, Tufts University, UPRM, and the University of Notre 
Dame. The council meets about 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 a Career Panel Webinar, which featured representatives from industry 
and government who spoke to students about their career paths, as well as student-led webinars that pro-
mote new or useful research processes and techniques. 
Over the years, many of our ALERT graduate students have gone on to work in the Homeland Security Enter-
prise for both internships and full-time positions including: 
• Derek Hawn, a 2015 MSEE Notre Dame graduate now employed at Leidos Corporation 
• Mengran Gou, a NEU PhD candidate working with Professor Sznaier and Professor Camps, who recently 

accepted a position at Siemens; 
• Ben Foster, a 2017 Purdue University PhD now employed at Lockheed Martin; 
• Gregory Castanon, a 2016 BU PhD graduate now employed at Systems and Technology Research; 
• Jorge Castellanos, a 2016 UPRM PhD graduate now employed at the Naval Surface Warfare Center; 
• Devon Swanson, a 2016 URI graduate now employed at Orbital ATK; 
• Amanda Figueroa-Navedo, a 2017 M.S. UPRM graduate who worked with Prof. Samuel Hernandez, who 

accepted an internship to do research at the Transportation Security Labs in Atlantic City, NJ; 
• Nick Cummock, a 2017 M.S. Purdue graduate, who worked as an intern at the Air Force Research Labora-

tory in summer 2017. 

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 4, ALERT Universities supported 59 PhD and 19 MS students with thesis topics, such as:
• Intermolecular Interactions of Energetic Materials 
• Tools to Fight the Terrorist Threat 
• Improvised Explosives: X-ray Detection & Eutectics of Erythritol Tetranitrate 
• Interactions of Polymers and Energetic Materials 
• Similarity Learning for Person Re-Identification and Semantic Video Retrieval
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 grad-
uate students are invited to attend the ADSA workshops, which in Year 4 were held in November 2016 and 
May 2017. These workshops allowed them to participate in cross-disciplinary discussion of homeland secu-
rity topics with representatives from academia, government, and industry. ALERT also coordinates a profes-
sional development event, ASPIRE (Annual Student Pipeline Industry Roundtable Event), specifically aimed 
at connecting its students with ALERT partner industries. ASPIRE gives students the opportunity to pres-
ent their research and career aspirations to industry members looking to recruit for internships and full-
time positions. ASPIRE offers participants a unique format to cover a broad range of topics, and provides  
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students and industry members with meaningful and effec-
tive networking opportunities. In the spring of 2017, ASPIRE 
featured presentations from ALERT industry members and 
students, followed by one-on-one roundtable discussions 
between students and industry representatives (Figure 3-3). 
ASPIRE maintained its mission to provide a dialogue among 
members of academic, industry, and government communi-
ties, and networking opportunities for ALERT students. The 
event was attended by students from five of ALERT’s aca-
demic partner institutions (BU, Duke, UPRM, Purdue, Texas 
Tech and NEU); representatives from eight of ALERT’s indus-
trial collaborators (American Science & Engineering, Analog 
Devices Inc., HXI LLC, Morpho Detection, Rapiscan Systems, 
and Massachusetts Technology Collaborative); and represen-
tatives from three government agencies (U.S. Coast Guard, 
U.S. Customs and Border Protection, Transportation Security 
Laboratory, and the Department of Homeland Security). 

B. Engineering Leadership in DHS Technologies 

Since the fall of 2007, NEU has offered a graduate program 
in engineering leadership, which allows academically tal-
ented graduate students to pursue a Graduate Certificate in 
Engineering Leadership, as well as an M.S. degree in the en-
gineering discipline of their choice. The Gordon Engineer-
ing Leadership (GEL) 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 developing and deploying a system or commercializing an innovative product.  
Under the tutelage of Gordon Program mentors, the Fellows learn how to achieve technological impact first-
hand.
The GEL Program provides a valuable resource, helping sponsors working on DHS technologies to develop 
their engineers into more effective leaders who are experts in homeland security technologies and adept at 
transitioning research; and the development of concepts into deployable systems. In the program’s eleven 
years of existence, Gordon Fellows  have  been  sponsored  by  more than 70  industrial  firms  and govern-
ment 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 participants have focused on areas that are of strategic importance to the sponsoring organization, 
such as the demonstration of the effectiveness of infrared standoff explosives detection. The eleventh year 
class includes candidates sponsored by ALERT member, Raytheon. 

C. ALERT DHS Science and Engineering Workfoce Development Program (previously known as the  
 Careeer Development Grant)

In September 2011, ALERT Deputy Director, Professor Carey Rappaport received a DHS HS-STEM Career  

Figure 3-3: Recent Duke University Ph.D. gradu-
ate, Mehadi Hassan participates in an interview 
at the 2017 ASPIRE.

Figure 3-4: GEL Program Orientation 2016.
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Development Grant (CDG), which provided funding for four fellowships to full-time graduate students pursu-
ing 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 ca-
reer 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-re-
lated 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 fo-
cused 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 re-
ceived 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 GEL 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 MS degree in 
Electrical and Computer Engineering in the summer of 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 pro-
gram.  
In the fall of 2014, Joseph Robinson began the program working with Professor Yun (Raymond) Fu at North-
eastern 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 the summer of 2015, with support from the DHS Office of University Programs, ALERT updated and ex-
panded 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 the fall of 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 Tomog-
raphy (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.
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In the fall of 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 (Figure 3-5). 
Christian is beginning his second year with the program in 
the fall of 2017.
In the fall of 2017, Katherine Graham, an undergraduate at 
NEU pursuing the B.S. in Mechanical Engineering will begin 
participation in the ALERT SEWDP working with Professor 
Jose Martinez on hardware design for “Stand-off” & “On-
the-Move” detection of security threats.
Finally, we were authorized to use SEWDP funds to sup-
port ALERT students who were being supported via ALERT 
core funding through their participation in research projects that were cut as a result of the ALERT DHS 
2015/2016 Biennial Review.  Though we expected three students (one from Notre Dame, one from Purdue, 
and one from Texas Tech) to require  funds for tuition and fees during Year 4, only the Notre Dame student 
actually utilized the funding.  We expect that same student and a student from Texas Tech to require funding 
in Year 5.  

D.  New and Updated Graduate Courses

At Northeastern University, Professor Octavia Camps taught an advanced graduate course in computer vision, 
where students worked on projects for multi-camera tracking, activity recognition and re-ID, and Professor 
Mario Sznaier introduced a new graduate course on optimization. 
At Purdue University, Professor Steve Son teaches a course on combustion of energetic materials. In Year 4, 
this course was offered in the fall of 2016, and focused on combustion of energetic materials, which is typi-
cally offered to 10-15 students. 
At the University of Notre Dame, a graduate-level course created in 2014, titled, “Fundamentals of Photonics,” 
was developed by Professor Anthony Hoffman and Professor Scott Howard. The course is aimed at providing 
improved training to ALERT students as well as attracting more graduate students to ALERT research. It was 
offered for the first time during the Spring 2014 semester, and has since been reworked to include several 
lectures on the fundamentals of absorption spectroscopy, reflection based imaging, and polarimetric imag-
ing. In Year 4, the enrollment totaled six graduate students from several departments including electrical 
engineering, mechanical and aerospace engineering, chemical engineering, and chemistry. 
In Year 4, during the Spring 2017 semester, Professor Venkatesh Saligrama taught a course at Boston Uni-
versity titled, “Statistical Machine Learning,” which enrolled 12 students. This course is designed to provide 
advanced concepts in machine learning, margin-based algorithms, statistical complexity, online learning, 
multi-armed bandits, and applications to computer vision. 

3.2 UNDERGRADUATE PROGRAMS

A. Research Experiences for Undergraduates (REU) Program

In Summer 2017, the ALERT Research Experiences for Undergraduates (REU) program provided six oppor-
tunities for undergraduate students to engage in exciting ALERT projects related to identifying, sensing, and 
managing explosives-related threats (Figure 3-6). These opportunities took place at NEU, Notre Dame, and 
UPRM. Also, in Summer 2016, ALERT hosted six REU participants, which were hosted at the same institu-
tions. At the end of the program, each student participated in a video presentation of their work and their lab.  

Figure 3-5: Christian Sorensen in the lab at Purdue 
University. 
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During the Summer 2017 program, Jacob Londa, Nikhil Phatak, 
and Daniel Castle, who are undergraduates in Computer Engi-
neering at NEU, worked with Prof. Carey Rappaport on Advanced 
Imaging Technology (AIT); Esther Harkness, from Brigham Young 
University, worked with Prof. Scott Howard at Notre Dame; and 
Bianca Lopez-Pagan (Figure 3-7) and Isaac Ramirez-Marrero 
worked with Prof. Samuel Hernandez at the University of Puerto 
Rico Mayagüez  on Standoff Detection of Explosives using Infra-
red Spectroscopy Chemical Sensing. Bianca worked to combine 
the Thin Layer Chromatography (TLC) technique with QCL spec-
troscopy to analyze different types of explosives. After achieving 
the desired separation, identification, and quantification, she and 

her team will then try to analyze these TLCs with QCL based Surface Enhanced Infrared Absorption (SEIRA) 
technique and with SERS and Normal Raman Spectroscop.
As an example of the accomplishments of these exemplary undergrad-
uates, Anthony Bisulco, a rising third year undergraduate in Electrical 
and Computer Engineering at Northeastern University, worked on a 
project called “On-the-Move Security Millimeter Wave Imaging Radar,” 
in Year Four during the summer of 2016. Anthony has been working 
with ALERT under Professor Jose Martinez for the past two years, and 
has consistently managed to maximize his time as an undergraduate re-
searcher, serving on the ALERT Student Leadership Council, in addition 
to joining the winning team at the 2015 University of Rhode Island “In-
ternet of Things Hackathon.” During his time as an REU, Anthony also 
presented his research at the 2016 Antennas and Propagation Sympo-
sium in Puerto Rico.

B. ALERT and Gordon-CenSSIS Scholars NEU

Many of the undergraduate students involved in ALERT were introduced to research through their partic-
ipation 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, in-
cluding 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 2016-2017  

academic year, the ALERT Scholars who completed the 
program received a $1000 book voucher.
Fifteen freshmen participated in the ALERT Scholars pro-
gram during the 2016-2017 academic year (Figure 3-8). 
One of the Scholars, Katherine Graham, who worked with 
Prof. Jose Martinez-Lorenzo, will be one of our newest 
participants in the ALERT SEWDP beginning in the fall of 
2017. 
In addition to the ALERT REU Program and the ALERT 
Scholars Program, all of the ALERT university partners in-
volve undergraduate students in research efforts and out-
reach.  In Year 4, 54 undergraduate students were involved 

Figure 3-6: 2017 ALERT REUs in Professor  
Rappaport’s AIT Lab.

Figure 3-7: Bianca Lopez-Pagan 
at URPM preparing samples to be  
analyzed. 

Figure 3-8:  2016-2017 ALERT and Gordon-CenSSIS 
Scholars at NEU.
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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 iden-
tification 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.  
Prof. Stephen McKnight, who created and instructed the 
HTT&T section of the NEU freshmen course, has also created 
HTT&T modules for ALERT university partner courses, com-
munity college courses, summer workshops (Figure 3-9) at 
NEU aimed at engaging community college and K-12 educa-
tors in emerging homeland security technologies.  
As of  Year 3, ALERT had brought the HTT&T course section and workshops that were held at NEU to a close, 
as their creator and instructor, Prof. McKnight, retired from his positions as an NEU professor of ECE and the 
Education Director for ALERT in the Spring of 2016.  The HTT&T modules will continue to be a part of the 
community colleges they have served, and are planned for future undergraduate engineering courses at Pur-
due University. 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 un-
der-represented in the STEM fields.    
ALERT 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 un-
derstand the mission and research needs of DHS. 
In Year 4, during the summer of 2017, ALERT researcher, 
Professor Samuel Hernandez at the University of Puerto Rico 
Mayagüez hosted Professor Ricardo Infante-Castillo and two 
summer research undergraduate students (Figure 3-10). Also 
in Year 4, Professor Jimmie Oxley of the University of Rhode 
Island, hosted  Dr. Sayavur Bakhtiyarov from the New Mexico 
Institute of Mining and Technology for the second summer as 

Figure 3-9: Prof. Steve McKnight with NEU  
undergraduates in the HTT&T lab.

Figure 3-10: Prof. Ricardo Infante (center) with 
DHS Summer Research team participating 
students, Annette Medina (center) and Omar  
Laurido (right).

ALERT 
Phase 2 Year 4 Annual Report Section 3: Education Program

28



he received follow on funding to continue work related to his group’s participation as a 2016 DHS Summer 
Research Team on a project titled, “A Complex Variable Method to Predict an Aerodynamics Arbitrary Shape 
Debris.”
ALERT recently learned that MSI North Carolina Central University will receive a DHS Scientific Leadership 
Award in the amount of $1.2 million to research novel explosives detection sensors. In connection with their 
proposal, they will develop and support Research Experience for Undergraduate opportunities in collabora-
tion with ALERT.

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

There is an increasing need for advanced study on special top-
ics related to Homeland Security technologies for graduate stu-
dents, 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 two 
TESSA (Trace Explosives Sampling for Security Applications) 
workshops, that present cutting-edge research with a focus on 
identifying current “gaps” and providing tutorials on such ex-
plosives-related areas as CT screening and whole body imag-
ing, video analytics and stand-off detection. The strategic study 
workshops are discussed in greater detail in Section 5.  
First Responder and Professional Training courses continue to 
be offered through URI (Figure 3-11) 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 4, 13 specialty classes served 
over 352 professionals, such as the recurring “Explosives Analysis” course that was offered in May 2017 to 
13 homeland security professionals. Professor Oxley’s lab also hosted a representative from the British Home 
Office for 2 days in May 2017. 
Professor Samuel Hernandez of UPRM, participated in training programs for the Puerto Rico Chemists As-
sociation Continued Education Program.  The courses taught included “Spectroscopic Standoff Detection of 
Chemical Threats,” which was part of the Annual Convention in August 2016, and   “Chemistry of Explosives,” 
which was held at the program’s Southeastern Section in November 2016. 
In addition, many of our ALERT researchers have been invited to lecture at universities, laboratories, and 
conferences domestically and abroad.  Some of the invited talks from Year 4 include: 
• Professor Matteo Rinaldi presented “Paradigm Shift in MEMS toward Multi-Functional and Near-Zero 

Power Integrated Microsystems” at Columbia University, Department of Electrical Engineering, in New 
York, NY, in February 2017. 

• Professor Matteo Rinaldi presented “Paradigm Shift in MEMS toward Multi-Functional and Near-Zero 
Power Integrated Microsystems” at the University of Pennsylvania, Department of Electrical and Systems 
Engineering, in Philadelphia, PA, in October, 2016. 

• Professor Carey Rappaport presented “Phased Arrays for Nearfield Imaging Applications in Complex Me-
dia” as a short course for the IEEE Phased Array Conference on October 21, 2016.

• Professor Octavia Camps presented “Dynamics-Based Peer Reviewed Journal Articles for Multicamera 
Video Understanding” at Johns Hopkins University in February 2017.

Figure 3-11: Participants at one of URI’s  
ongoing training courses.
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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, began 
working with Professor McKnight through the RET program at NEU, partially funded by ALERT.  His summer 
work involved developing a new HTT&TL experiment to detect hidden objects with 40 kHz ultrasound in air 
and producing written material on the HTT&TL experiments that would be useful to classroom instructors at 
NECC and other community colleges. On his return to NECC, he taught two sections of a new first-year course 
“Engineering Essentials and Design” using the HTT&TL ultrasound-in-air, stepper motor, and spectrometer 
experiments with the assistance of Professor McKnight who was on sabbatical. NECC has continued to offer 
two or three sections of ST104 “Engineering Essentials and Design,” in both the fall and spring semester. In 
the Fall 2016 semester, three sections were taught to a total of 52 students, and in the Spring 2017 semester, 
three sections of the course were taught to a total of 47 students, who have now had their first year in the 
pre-engineering program enhanced by being exposed to ALERT-developed HTT&TL modules.
Chitra Javdekar, a faculty member at MassBay Community College, attended a summer program at NEU 
in 2011 where she experienced the HTT&TL teaching style. On her return to MassBay, she introduced the 
HTT&TL experiments with the stepper motor and video-cam color 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.  In the 
Fall 2016 semester, one section was offered to 13 students, and in the Spring 2017 semester, one section was 
offered to 20 students.

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;
• Presenting Chemistry Magic Shows at K-12 schools by researchers at 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;
• 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 program 
for Boston-area high school students. During the summer of 2016, Professor Carey Rappaport hosted two 
high school students, Alex Teodorescu and Michelle Lim, who worked on the Advanced Imaging Technology 
(AIT) project. During the summer of 2017, Professor Jose Martinez hosted two students, Diego Cachay and 
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Alexander Zhu, who worked on Standoff Detection of Security 
Threats using Millimeter Wave Radar (Figure 3-12). As part of 
the program, Young Scholars receive mentor support from grad-
uate students in the lab, participate in weekly research seminars 
and professional development meetings, create a research post-
er, and give a final presentation at the end of the program. Each 
summer, about 28 Young Scholars in the 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 students 
get the opportunity to visit NEU’s laboratories to have hands-on 
research experiences engaging them in STEM education.  
As part of their continuing outreach programs at URI, ALERT 
hosts local high school teachers as part of their RET (Research 

Experiences for Teachers) program every summer to participate in research projects under the mentorship 
of a graduate student in the lab. During the summer of 2016, the program engaged high school teachers to 
work in chemistry, chemical engineering, and mechanical engineering laboratories on applications related 
to explosives research and technology for 8-10 weeks. As a result of their participation, two teachers have 
gone back to school to seek advanced degrees. In addition to hosting high school teachers, URI also engages 
in STEM outreach to K-12 students in the community. URI graduate students and faculty conducted three 
“chemistry magic shows” at Rhode Island public and private K-12 schools in Year 4. 
At Purdue University, Professor Steve Beaudoin’s lab hosted high school students to participate in their 
ALERT research projects over the summer. One student, Hannah Burnau, participated during the summer of 
2015, and Jordan Thorpe participated in the summer of 2016. 
Professor Anthony Hoffman and his research team at the Uni-
versity of Notre Dame were involved in an outreach event at 
Clay Middle School related to their ALERT research (Project 
R2-B.4) on Mid-Infrared Photonic Integrated Circuits. The 
outreach project was organized by graduate student, Owen 
Dominguez, and introduced middle school students to light 
and spectroscopy at a day-long event for about 100 7-9th 
graders (Figure 3-13). 
Professor Scott Howard and his research team at the Univer-
sity of Notre Dame, hosted two high school students 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 chemicals, as well as information on college admis-
sion and financial aid in an effort to reach out to under-rep-
resented 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 3-12: 2017 ALERT Young Scholar post-
er created by Diego Cachay and Alexander 
Zhu.

Figure 3-13: Clay Middle School students par-
ticipated in an ALERT outreach event led by 
University of Notre Dame researchers. The stu-
dents are holding pictures taken with a mid- 
infrared camera.   
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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 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 algo-
rithms related to X-ray Computed Tomography (CT) segmentation, CT reconstruction, and Automatic Target 
Recognition (ATR) for use by the X-ray industry. The Center has also provided Video Analytics algorithms for 
counter flow detection, as well as the tracking and re-identification of persons for use by TSA and airport se-
curity.  In addition, the Center has contributed to the development of millimeter-wave (mm-wave) Advanced 
Imaging Technology (AIT) providing dielectric materials understanding for use by industry. ALERT is in the 
process of transitioning significantly faster mm-wave AIT reconstruction 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 ASTM 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 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 acquisi-
tion program. In the coming year, the Transition Team will work to initiate the second phase for the Contact  
Sampling and AIT programs. A new program in Deep Learning and image understanding will also be initiated. 

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, Nation-
al 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 Secu-
rity 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 Security Enterprise overlap with the fundamental science and technology 
development, the transition team works with the PI, user, and industrial partner to transition the science and 
technology. 

Section 4: Transition and Engage to Excel (E2E) Projects
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A. ADSA Helps ALERT Understand the Needs of the Security Enterprise

Every fall and spring, the Advanced Development for Security Applications (ADSA) workshops are held at 
ALERT, bringing the DHS security community together to discuss relevant topics. During the two-day work-
shop, 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 Laboratories, and ac-
ademics. Information pertaining to the most recent ADSA workshops, ADSA15 and ADSA16, 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 4-2 (on the next page).

Figure 4-1: ALERT transitions research to fulfill the Grand Challenges and provide value to the DHS Enterprise.
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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) in to industry. The VOD is the space where little money or enthusiasm is 
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 in 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 
4-3 (on the next page).  

Figure 4-2: The ALERT Program Management and Transition Team.
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A. The Transition Process Requires Resources

The process described above works. It has been demonstrated in the transfer of X-ray CT segmentation algo-
rithms, reconstruction algorithms, and ATR algorithms to the X-ray CT industry. It has also been demonstrat-
ed in the transfer of unique single and dual energy reconstruction algorithms for a 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. Find-
ing a funding partner can be difficult, because the outcome of the research is uncertain 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 Section 4.3.b (below) show that resources can be found, researchers 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 Security Enterprise. 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 

Figure 4-3: ALERT defines transition in the innovation ecosystem as a “pulling” and “pushing” across the VOD.
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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: TESSA Standard Reference Materials and associated proce-
dures for contact sampling are progressing. All of the hardware, substrates for depositing samples, 
swiping samples and swabbing samples are in operation. The samples have been prepared and the 
results are in the process of being measured and evaluated. The procedure for the testing process is 
evolving, as the group proceeds. By the end of 2016-2017, the SRMs and ASTM like Procedures for 
calibrating Ion Mass Spectrometry will be operational.

C. Flexibility Is an Important Part of the Transition Process

The ALERT Transition Team will find a way to work with researchers and industrial partners to find the 
resources to transition the core ALERT funded science and technology through the VOD 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. 

Figure 4-4: Transition is a contact sport.
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Section 5: Strategic Studies Program

Part of ALERT’s mandate from DHS is to develop a strategy to identify gaps in the knowledge for effective 
IED Detect and Defeat capabilities. The prime vehicle for this is a series of strategic studies workshops on 
relevant DHS topical areas. Since 2008, ALERT has held 2-3 workshops per year, which was originally known 
as the 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 ten 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
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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.

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 ADSA15 workshop focused on next generation screening technologies and processes for airport security 
checkpoints and was held at Northeastern University (NEU) in Boston on November 15-16, 2016. This work-
shop was the fifteenth in a series dealing with Advanced Development for Security Applications (ADSA15).
The theme of this workshop was chosen in order to support the DHS objective of improving the performance 
of existing technologies and improving the passenger experience at checkpoints. Another goal of the work-
shop was to support DHS’s objective to increase the participation of third parties, such as researchers from 
academia, national labs, and industry other than the incumbent vendors, in algorithm and system develop-
ment for security applications.
The following topics were addressed at the workshop:
• Emerging hardware and algorithms 
• Concepts of operations
• Protection of soft targets
• Data analytics – application to aviation security
• System architectures
• Business aspects of fusion
• Funding, innovation, and deployment models
These topics were addressed from the perspectives of the following stakeholders:
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• Passengers
• TSA
• Airlines
• Airports
The key findings from the workshop on what can be done to improve the experience for the stakeholders at 
the checkpoint, per the editors of this report, are as follows:
• Silver bullets (i.e., single technology solutions) do not exist.
• Explore methods to collect and use more data about passengers.
• Determine which passengers can be trusted and hence subjected to reduced screening.
At the meeting, it was recommended that ADSA16 (May 2-3, 2017) should address the requirements for dif-
ferent stakeholders in transportation security.
The ADSA16 workshop, entitled “Addressing the Requirements for Different Stakeholders in Transportation 
Security” was held at Northeastern University (NEU) in Boston on May 2-3, 2017. This workshop was the 
sixteenth in a series dealing with advanced development for security applications (ADSA16).  
The workshop addressed the requirements for the following stakeholders:
• TSA
• Airlines
• Passengers
• Vendors
• Terrorists
The key findings from the workshop on what can be done to improve the experience for stakeholders at the 
checkpoint, per the editors of this report, are as follows:
• Developing a single technology that can satisfy TSA’s future requirements may by improbable or impos-

sible. This solution is also denoted as a silver bullet.
• TSA should consider allocating funds to support augmenting existing technologies using the following 

methods:
o	 Developing technologies that can be fused with existing technologies; and

o	 Acquiring additional information to change how technologies are applied to passengers and divested 
items. This information may be used to perform the following tasks:

• Reduce screening resources on minimum risk passengers; and 
• Provide statistical information on the contents of divested items. 

• Acquire best practices from the protection of non-aviation venues, such as malls and sports stadiums.

5.2  SUMMARY

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

6.1 INTRODUCTION

On January 7, 2010, an accident occurred in the Chemistry Department at Texas Tech University (TTU) in 
the laboratory of Associate Professor Louisa Hope-Weeks, 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 other DHS COEs) was modified to re-
quire the establishment of a Center-wide Safety Program. For the past seven years, we have been operating 
with the ALERT Safety Program and have maintained a culture of safety. During the last four 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 Edu¬cation
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.

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, 

Section 6: Safety Program

Figure 6-1: Safety Review Program components.
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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  
publication

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 

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. 
The SRB will have input into the Safety Awareness Education Program. It is intended that the “Explo¬sive 
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 visit¬ing each institution 
so that researchers will have the opportunity to meet the instructors face to face. Principal Investigators at 

Table 6-1: Composition of the 2016-2017 Safety Review Board (SRB).
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each institution will have an opportunity to supplement the instruction as ap¬propriate 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 that last four years, ALERT has broadened 
the Safety Awareness Education Program to include general laboratory safety. The majority of ALERT labora-
tories 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 equipment 
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 knowl¬edge 
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 com-po-
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 Proce¬dures. 
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 per¬formed 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 will monitor compliance. Failure to comply in a timely fashion will result in a stop 
work order. 

6.5 SAFETY PROTOCOLS AND STANDARD OPERATING PROCEDURES

To create a common culture of safety, a Safety Protocol and Standard Operating Procedure (SOP) document 
has been created and reviewed by the participants/researchers as well as by the Safety Review Board (SRB). 
ALERT researchers are responsible for creating, implementing, and maintaining this overarching document. 
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 

ALERT 
Phase 2 Year 4 Annual Report Section 6: Safety Program

45



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 institu¬tion 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 nor¬mal 
safety precautions applicable to chemicals apply. The additional hazard is uncontrolled release of energy. In 
handling a known energetic material, e.g. TNT, 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 is¬sues 
are sensitivity and stability. Sensitivity is the ease with which a material can be caused to react by relatively 
mild insult (something a human might inadvertently impart—impact, friction, electrostatic discharge) as op-
posed to the input of a shock wave (i.e. from a detonator). Sensitivity is generally determined experimentally 
at a small-scale. It is essential to get this information as soon as possible. Furthermore, although a scaled-up 
formulation is more hazardous, it is usually not more sensitive. (A possible exception is a change to more 
sensitive impurities with increase in batch size.) Stability refers to the capacity of an energetic material to 
maintain its chemical composition for long periods at ambient temperature (such as during storage). A ma-
terial that lacks stability may undergo catastrophic reaction on its own with no apparent additional input of 
energy. The temperature at which an energetic material maintains stability is a function of its chemistry, its 
quantity, and its degree of contamination. Generally, contaminated materials degrade more readily than pure 
ones; their degradation may be quiescent or violent. Large quantities of material undergo self-heating more 
readily than small quantities because their decomposition generates heat that raises the temperature that 
accelerates decomposition.
Therefore, during scale-up of a synthetic process, stability tests are run at various stages. In handling ener-
getic material the rule is to minimize:
• Quantity of material;
• Time of exposure;
• Number of people exposed; and
• To maximize distance or introduce an adequate barrier commensurate with the amount of material.
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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. 

Safety Review Courses 

The ALERT SRB has led eight 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. It was recorded and is available upon request. These mandatory 
short courses were broadcast to the lead professors and stu¬dents working with energetic materials at each 
ALERT partner institution working with such materials. Our short course agendas contain material com-
mon 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, an Information Protection Program was written 
into a program that formalized the ALERT Information Protection Plan. This section of the Year 4 Annual Re-
port 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 compo-
nents and reviews them on an annual basis.
The ALERT IPP has been in operation for about seven 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, intention-
ally 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 pro-
duced 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 ac-
tivities and have knowledge of the history of the Information Protection Program policies and procedures 

Section 7: Information Protection Program (IPP)

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

Last 
Name

First 
Name

Role Institution Title Phone  
Number

Email

Beaty John SSI Expert and  
Co-Chair

Northeastern  
University

Director of Technology 
Programs, ALERT

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

Beirne Deanna IT Expert Northeastern  
University

Director of Computer  
Services, ALERT

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

Hicks Kristin Co-Chair Northeastern  
University

Director of Operations, 
ALERT

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

Quinn Stephanie Data Expert Northeastern 
University

Research Project  
Coordinator

617-373-8952 s.quinn@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 Dis-
semination Process.
The ALERT Leadership and the Information Protection Program Review Board have developed an SSI train-
ing webinar that is provided to the ALERT Principal Investigators on an annual basis. These webinars include 
a presentation that is derived from the TSA SSI Training Module that can be found at http://www.tsa.gov/
stakeholders/guidance-training. ALERT chooses to use the TSA guidance and training module, because Sen-
sitive Secure Information (SSI) is a TSA 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 ap-
proved 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 2016-2017 Information Protection Program Review Board.
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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 autho-

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

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

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 dissemi-
nate 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”
• “Video Data from the Kostas Homeland Security Research Institute”
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Section 8: Industrial Liaison Initiatives and Partnerships

8.1 INTRODUCTION

The ALERT COE has a long history of collaborating with key DHS stakeholders within the security commu-
nity. ALERT’s desire to work with our industrial base to develop and transition research that addresses 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 rele-
vance 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 9 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 (i.e. the 
Annual Student Pipeline to Industry Roundtable Event (ASPIRE)). The outcomes are truly greater than the 
sum of their parts. Emel Bulat, the ALERT Corporate and Government Liaison, works to find opportunities 
and provide resources that build the 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 gov-
ernment sponsors, and our broader security community well. This year we are in discussions with Battelle, 
Smith’s, Verizon, and Industrial X-Ray Technologies (IXT), a Division of Comet X-ray.  It is our hope that they 
will join our membership ranks. We are continuing dialogue with General Dynamics, Mission Systems. GD 
has expressed interest in membership during ADSA12 through ADSA16 Workshops; however, it is not one 
of their top priorities. The ALERT team is also happy to report that AS&E, a division of OSI, Analog Devices, 
Pendar Technologies, Morpho Detection Inc., Rapiscan Systems, and Raytheon extended their memberships 
in this fifth year of ALERT Phase 2. Unfortunately, Passport Systems, a small business partner of ALERT, has 
decided to terminate their membership.
Last year, on May 25, 2016, Emel Bulat presented an overview of the ALERT COE to the Aviation Security 
Working Group sponsored by the State Department. This presentation resulted in piquing the interest of 
Delta Airlines. Subsequently, we made contact with American Airlines and are now in discussions with the 
managing director of Airlines for America (A4A). A4A formerly known as Air Transport Association of 
America (ATA), is an American trade association and lobbying group based in Washington, D.C. that rep-
resents the largest airlines. A4A member airlines and their affiliates transport more than 90 percent of U.S. 
airline passenger and cargo traffic and as such are strategically important to the ALERT community. Although 
ALERT’s primary stakeholder is the TSA and airport security, until this meeting, we had yet to engage any 
large air carrier into our community. We hope this is the first step towards filling that gap. In addition to our 
industrial partners, we have had a very productive relationship with two government laboratories and one 
state agency. 
All of ALERT’s Year 4 strategic industrial and government partners are highlighted below.

B. Partners and Government Collaborators
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American Science & Engineering
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.
Analog Devices, Inc.
Analog Devices, Inc. is a leading designer and manufacturer of high-performance analog and microwave in-
tegrated circuits and complete integrated solutions. For over 50 years, ADI has been at the forefront of inno-
vation in the area of sensing and signal processing for commercial as well as Aerospace and Defense applica-
tions. Analog Devices has Massachusetts design centers in Wilmington, Chelmsford, and Norwood.
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.
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.
Morpho Detection
Morpho Detection, recently acquired by Smith’s, integrates computed tomography (CT), Raman Spectrosco-
py, trace (ITMS™ technology), X-ray, and X-ray Diffraction technologies into solutions that can make security 
activities more accurate, productive and efficient, as well as less intrusive. Morpho’s detection solutions are 
deployed to help protect people and property in some of the most important and sensitive world locations.
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.
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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.
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.

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 ASPIRE 
in the spring.  As discussed in the Members-Only Event section below, these meetings are constantly being 
tweaked 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 that such 
alliances will respond with agility to future market opportunities, as well as government BAAs and RFPs, 
thereby fostering effective technology transfer.
To become a member and join the Industrial Advisory Board, a company has to make a membership commit-
ment. The four different levels of membership are: 
• Strategic Partner: $100K+
• Corporate Partner: $50K
• Associate Industrial Partner: $25K
• Small Business Partner: $10K (reserved for companies whose yearly sales are less than $25M).
The current ALERT IAB members include:
Corporate partners: ($50K)
• Analog Devices Inc. ($75K In-Kind equipment donation)
• Raytheon 
Associate industrial partners: ($25K)
• Rapiscan 
• AS&E
• Morpho
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Small business partners: ($10K)
• Pendar Technologies
Small business partners: (In-Kind)
• Kiernan Group Holdings
• HXI, 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 Partners 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).

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

session.
It is our intent to continue forging closer ties and become a more integral part of our member companies’ 
R&D process.

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.  Re-
cently these close working relationships have resulted in three joint proposals and two awards. 

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 
partner to the event. We have also invited govern-
ment 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 

On November 14, 2016, ALERT held its fourth IAB meeting  with an invited lecture from Ret. Admiral George 
Naccara, Chief Security Officer at Massachusetts Port Authority, in which he discussed the security challeng-
es  in managing an international airport. His lecture was extremely relevant to our audience and very well 
received. Additionally, we heard Prof. David Castañón summarize the latest advances in Thrust 4 on Video 
Analytics and Signal Processing. We also heard Dr. Bryan Goldstein, President of Analog Devices’ Aerospace 
and Defense Division and our latest industrial partner, give an overview of his company.
The research thrust presentations highlighted Prof. Eric Miller’s work on Multi-energy, Limited View Com-
puted Tomography, which was also extremely well received. Eric has been partnered on two joint proposals 
with two of our IAB members.
Based on prior feedback and well-received changes to the 2016 IAB meeting, the 2017 IAB meeting will con-
tinue to have two guest lectures and two in-depth technical talks, and will be held the day before ADSA17 on 
October 16, 2017. Barring any major scheduling conflicts, we hope to have Timothy Maloney, VP of Business 
Development for Guardian Centers, which offers an expansive cityscape designed largely for military, law 
enforcement, and first responder training, as well as a representative from Airlines for America (A4A) as 
speakers at this meeting. 

Figure 8-1: ALERT Corporate and Government Liaison , Emel 
Bulat, gives the opening remarks at the Fall 2015 ALERT IAB 
meeting.
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A.2.       Annual Student Pipeline Industry Roundtable Event (ASPIRE) 

From its inception, ASPIRE’s goal was to have our industri-
al partners introduce their companies, their products, and 
their future needs to one another, to our research faculty, 
and to our student population. On March 16, 2017, ALERT 
hosted its sixth ASPIRE. We were very encouraged to have 
Tom Kowalcyzk representing the Office of University Pro-
grams, DHS S&T; and Rob Klueg, TSL Branch Manager, attend 
ASPIRE.  This year, we were fortunate to expand our govern-
ment participant with Brian Dolph representing USCG and 
Chris Mocella representing Customs and Border Protection.
As with the previous events, we had 8-minute presentations 
by our industrial members, followed by short 2-minute pre-
sentations by students. In an effort for constant improvement 
and to address the feedback from our post-event survey, we 
increased the time allotted for the 10-minute “roundtable” 
discussion slots. We removed the poster session this year to 
concentrate more on the 10-minute roundtable discussions 
and networking. We are looking at ways to augment ASPIRE, 
and/or make changes that will add value to our members and customers. Although nothing is finalized, cur-
rent discussions center on expanding student attendance and engaging more U.S. students.
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 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 2017, ALERT established a relationship with the Home-
land Security (HS) degree program staff upon attending the HS program “Proseminar” featuring speakers 
from several DHS components, including the DHS S&T Office of University Programs. An outcome of that 
event was an impromptu presentation on ALERT and a tour of the CLASP lab, which created interest from the 
program in using the CLASP lab to support the aviation security portion of their capstone project. ALERT’s 
increased presence at the KRI has also led to greater awareness of the many events held at the Center in the 
fields of security and resilience, and has resulted in invitations to participate when appropriate. In the future, 
the ALERT team will continue to engage with the KRI in any facet that adds value to our common customer, 
DHS.

8.5	 JOHN	ADAMS	INNOVATION	INSTITUTE	(JAII)

In concert with the ALERT Phase 1 proposal to DHS, Northeastern also submitted a proposal for matching 

Figure 8-2: TSL Branch Manager, Rob Klueg,  
interviews Amanda Figueroa-Navedo, a graduate 
student from University of Puerto Rico Mayagüez 
at the most recent ASPIRE in March 2017. 
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funds to the Commonwealth of Massachusetts via the John Adams Innovation Institute (JAII).  The goal of JAII 
is to strengthen and grow institutions and industries that comprise the Commonwealth’s knowledge econo-
my. The proposal was submitted to the JAII research center matching grant program, which was established 
with the purpose of enhancing collaboration between research centers and companies in Massachusetts, 
thereby increasing the economic benefit to the state.  
At the launch of ALERT Phase 1, an award of $1.6 Million in matching funds was made to the COE. This award 
was used throughout Phase 1 and currently extends into the first three years of the ALERT Phase 2 program. 
These resources have been targeted toward the involvement of Massachusetts industries in the ALERT effort, 
helping to support the development and implementation of enabling technology testbeds and fundamental 
research. Ultimately, advanced products developed by the JAII recipients will be one of the major benefits 
stemming from ALERT. 
The following companies have been funded under the matching grant JAII program:
• Siemens
• Raytheon
• Textron
• Block Engineering
• Agiltron
• AS&E
• Lockheed Martin
• Renaissance/HXI
• Emitech
• Eos Photonics
• Passport Systems
• Rapiscan
The JAII support mechanism came to a successful conclusion in Year 3. ALERT worked with all of the JAII 
recipients to compile an overarching final report for the Massachusetts Technology Council (MTC) summariz-
ing the impact of the JAII grant. This report was delivered to the MTC on September 22, 2016.  Subsequently, 
we were asked to write a high-level case study on three of the JAII awardees to document the breath of the 
results from exceeding all possible expectations to moderately disappointing outcomes. This second report 
was delivered to the MTC on December 15, 2016. ALERT continues to have strong ties with the MTC and JAII 
and is trying to develop other vehicles for working with the Commonwealth of Massachusetts. 

8.6 CONCLUSION

In summary, collaborations between ALERT researchers, industry/practitioners, and government partners 
are essential to achieve effective transition of innovative science and technologies into the security enter-
prise. ALERT has developed a vibrant strategy that identifies research ready to transfer to industrial part-
ners, builds an appropriate team for the transition, and procures the resources needed to transition the sci-
ence and technology to the industrial sector so it can be commercialized. With this strategy, ALERT has built 
and maintains a strong relationship with security industry/practitioner stakeholders. These relationships 
are essential to facilitating transition with users providing the best definition of the problem and the actual 
data. Industrial partners are the recipients of the emergent research solutions and therefore are essential 
at the beginning and the end of the ALERT transition program. This interplay between basic science and its 
transition to DHS Stakeholders is essential if the ALERT COE is to maintain its relevance to DHS.
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Section 9: Infrastructure and Evaluation

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 25 years of experience leading and managing large, multi-institution, mul-
titask, high-stakes initiatives. He has an outstanding track record for creating effective university-industry 
teams oriented to address important DHS problems. In addition to his role at ALERT, Professor Silevitch is 
the Director of the Bernard M. Gordon Center for Subsurface Sensing and Imaging Systems (Gordon-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). Prof. Rappaport is internationally recog-
nized for his research contributions in the areas of electromagnetics and antenna theory – key disciplines of 
ALERT. Previously, Dr. Rappaport has led multiple grants, including a $5 million Army demining MURI. 
The 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 struc-
ture by a faculty member who directs one of the fundamental science research thrusts – these are Professors 
Jimmie Oxley (URI) R1 Thrust Lead, Stephen Beaudoin (Purdue) R2 Thrust Lead, Carey Rappaport (NEU) R3 
Thrust Lead, and David Castañón (BU) R4 Thrust Lead.  All of the thrust leaders have the necessary creden-
tials to oversee the progress of their individual programmatic responsibilities.  Profs. Charles DiMarzio (NEU) 
and James Smith (URI) are the Education Program Co-Leads. In the area of technology transition, John Beaty 
brings 30 years of experience in instrument development and is responsible for the development of R&D pro-
grams 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 com-
panies and has recently been joined by Ms. Kristy Provinzano, who is acting as the ALERT Industry Liaison 
Assistant. 

ALERT 
Phase 2 Year 4 Annual Report Section 9: Infrastructure and Evaluation

63



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. Stephanie Quinn, 
Program Coordinator; Ms. Melanie Smith, Manager of Education Programs and Partnership Development; 
Ms. Sara Baier, Production and Reporting 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 
responsibility for funding decisions lies with the Director. Figure 9-2 (on the next page) illustrates the project  
evaluation 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:
o What funding has been received as a consequence of ALERT?

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

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

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

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

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

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

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

o How has ALERT’s near-term knowledge and technology transfer influenced long-term DHS  

Figure 9-2: The ALERT Project Evaluation Process is aligned with COE goals and mission.
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investments?

• Student Impact – In addition to the number of K-12, undergraduate and graduate students:
o Where do students go after graduation?

o Are they serving the HSE?

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

underrepresented minorities?

o 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 is planned for January 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 
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determine the most relevant new projects initiated in Year 4. 
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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In the fourth year of Phase 2, the ALERT Center of Excellence has established a strong strategic base, support-
ed 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 pro-
grams 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.

Section 10: Conclusion
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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 
Young Jay Ryu

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

ALERT 
Phase 2 Year 4 Annual Report

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

73



This page intentionally left blank.

74



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 

Matt Porter PhD URI 5/2017

Austin Brown PhD URI 5/2017

Kevin Colizza PhD URI 5/2018

Lindsay McLennan PhD URI 5/2018

Devon Swanson PhD URI 5/2017

Jamie Butalewich BS 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 new, with some having been 
reported in the late 1800s. However, common handling of these explosives and resulting accidents caused by 
those involved in the homeland security enterprise (HSE) demand a thorough understanding of their proper-
ties. Admittedly, this mission is too big to cover without more researchers, funding, and time. Therefore, we 
have chosen areas considered most urgent or reachable by our present experience and instrument capabil-
ities. We have examined 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 ETN. Our work has highlight-
ed a hazardous operation that many in the HSE perform. Because ETN melts at 60oC and appears unchanged 
to over 100oC (see Fig. 1 on the next page), melt-casing this material is sometimes included in HME training. 
We examined the thermal decomposition of ETN, both through experimental and computational methods. 
Our examination revealed that decomposition can occur at its melt. This means cavalier melt-casting may be 
highly hazardous. In addition to ETN kinetic parameters, decomposition products were examined to eluci-
date its decomposition pathway. It was found that ETN begins its decomposition sequence by a unimolecular 
homolytic cleavage of the internal and external O-NO2 bonds, while the competing HONO elimination reac-
tion is largely suppressed. The global activation energy for decomposition is found to be 104.3 kJ/mol with 
a pre-exponential factor of 3.72·109 s-1. Despite the ability to exist in a molten state, ETN has a lower thermal 
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stability than a similar tetranitrate, PETN, which is not observed to melt [1]. 

Sugar nitrates contain more than the four nitrate groups that were examined. We have attempted to synthe-
size both mannitol and sorbitol hexanitrate under a number of nitration conditions. Under no experimental 
conditions attempted was either sugar totally nitrated. Furthermore, when sitting at room temperature, the 
amount of hexanitrate in a sample decreased relative to the amount of pentanitrate, suggesting facile decom-
position. 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.2 allowing quantification of the signature released (from the 
safe-scent aids) and of the pickup attributable to the enhanced swabs. As part of this work, it was discovered 
that using acetonitrile (ACN) causes low concentrations of TATP and HMTD to go unobserved. Figure 2 shows 
the dramatic difference that eliminating ACN made in TATP analysis. This finding was sufficiently important, 
and has been published [2].

Figure 1: DSC (differential scanning calorimetry) of ETN.

Figure 2:  APCI mass spectrum of TATP-NH4
+ (240.1455 m/z) is barely visible in top spectrum with ACN.

ALERT 
Phase 2 Year 4 Annual Report

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

Project R1-A.1

76



Because it has become known that we work with these HMEs, and that we are developing safe-scent training 
aids, we have been asked about the toxicity of peroxide explosives for bomb-sniffing canines. Nitroarene 
explosives are toxic and long-term exposure can be fatal to humans. Realizing that no information existed on 
the toxicity of these compounds, which many in the HSE community are exposed to, we have initiated a study 
to determine canine and human toxicity, first of TATP and then other peroxide explosives. It is essential we 
obtain this information on TATP because it is highly volatile. Therefore, anyone working with this material is 
constantly breathing in its vapors. We must determine to what extent working with TATP is a health threat. 
Furthermore, we would like to determine if this problem could be used to forensic advantage. In previous 
studies, we observed that the hair of those handling military explosives is contaminated in as little as 2 hours 
and the explosive contamination survives in hair overnight, despite showering. We have shown that TATP 
remains in hair for over two days and is more persistent in hair than the more water-soluble TNT or eth-
yleneglycol dinitrate (EGDN) (see Fig. 3).  

We are now examining whether TATP remains in human body fluids long enough to serve as a new source of 
forensic evidence of illegal activity. Initial results were extremely erratic, forcing a more detailed examination 
of aqueous TATP solutions. It was found that even solutions with low concentrations of TATP experience sig-
nificant loss of TATP by evaporation (see Fig. 4). It became necessary to run control experiments where sep-
tum-capped vials were punctured with a syringe every time an aliquot was removed from the septum-capped 
reaction vial. To obtain loss due to metabolism only, as shown in Figure 5 on the next page, a control concen-
tration was taken as a baseline at each time point. 

Figure 3: Explosive (ug/g) remaining in hair after standing 48 hours or multiple water rinses.

Figure 4: TATP (50uM) in aqueous solution.
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Figure 5 shows the rapid loss of 10 uM TATP under incubation conditions. Since data was adjusted to account 
for evaporation, the loss of TATP shown is a result of metabolism. In contrast, the solution containing higher 
concentrations of TATP (50 uM) with NADPH showed no TATP loss other than that which could be accounted 
for by evaporation. This is the first suggestion that a) TATP may stay in the body, and b) it may be toxic since 
it appears possible it builds up at higher concentrations.
Only one metabolite has been observed when aqueous TATP solutions are incubated at 37oC with dog liver 
microsomes: the hydroxyl-TATP (see Fig. 6). Interestingly, we have been unable to observe such intermediate 
species in previous decomposition studies where we attempted to identify early transformation products of 
TATP.

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

There was a request to track the use, in addition to the number of users, of the University of Rhode Island 
(URI) Explosives Database, an interactive library of analytical data for explosive and energetic compounds. 
The appropriate code has been added, and monthly usage was reported at the Year 4 Program Review in 
January 2017. 
There was a question as to how we chose what HMEs to study.  We continue to study those that are of inter-
est by members of the Department of Homeland Security Science and Technology (DHS S&T) group. This 
includes studies of FOX mixtures as well as peroxide explosives. This information is shared with other Center 
projects and especially with other members of R1 thrust.

Figure 5:  TATP solutions with NADPH (10 uM (blue) 50 uM (red) & 50 uM TATP with no NADPH (green).

Figure 6:  NADPH-dependent biotransformation of TATP in dog liver microsomes at 37oC.
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C. 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 
hazardous materials. The instruments used (infrared (IR), Raman, 1H and 13C NMR spectroscopy, and mass 
spectrometry (MS) and differential scanning calorimetry (DSC)) are commercially available. Thus, we intro-
duced the laboratories serving the HSE to certain safe approaches. This year, for the third time, we offered a 
one-day hands-on course called “Explosive Analysis.” One participant, who works for the Bureau of Alcohol, 
Tobacco, Firearms and Explosives (BATFE), wrote the following comment: “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.” Furthermore, our 2016 paper published in Rapid Commu-
nications in Mass Spectrometry [2] received the following comment from David Schiessel (Organic Manager, 
Babcock Labs) in an email received on November 9, 2016: “[…] 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-targets due to the fact that they poorly ionize under acetonitrile conditions […] This 
one’s a keeper in my collection.” In the field of energetics, the results of this task area are often cited [3-7]. 

D. 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 the peroxide explosive signature can be masked by a solvent (Years 3-4)
In Years 1 and 2, TATP was targeted. We examined factors affecting its synthesis, elucidated mechanisms for 
its formation and for destruction, investigated hundreds of potential adulterants, and found a gentle method 
for destruction. In Years 3 and 4, we devised methods of analysis to overcome issues with ACN suppression of 
the MS signal [2] and issues with evaporation. Both of these problems appear to have gone unrecognized in 
the HSE and likely have skewed results. TATP was found to evaporate so rapidly from aqueous solution that it 
required special experimental procedures. In the first years of TATP studies (circa 2000), researchers in the 
HSE recognized that evidence containing traces of TATP required careful storage. However, it may come as 
a surprise to many that dilute solutions of TATP drop in concentration even when stored in septum-capped 
vials, such as those that are routinely used in gas and liquid chromatographic analysis (see Fig. 4).
We began Year 1 of our HMTD studies with the goal of determining the reason for an accident which sent a 
member of the HSE to the emergency room. We examined the thermal stability and compatibility of HMTD 
with a number of materials with which it would come in contact. We found and publicized the hazards of hu-
midity when working with HMTD. In Years 2 and 3, we examined HMTD decomposition products and probed 
the importance of the acid used to catalyze its synthesis. We attempted to identify the composition of its 
headspace so that realistic dog training aids could be prepared. In Year 4, we have taken a new approach to 
examining HMTD’s formation mechanism [8]. Understanding the formation mechanisms of various HMEs is 
essential to discovering ways to block their production. HMTD is formed in front of a Raman laser 785 or 532 
nm wavelength. This work has not yet yielded any reportable results. It will continue in Year 5 in addition to 
our attempts to use isotope-ratio mass spectrometry to examine this problem.
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In Years 1 and 2, the physical properties of ETN were examined. Initial work was done to permit MS analysis 
using a liquid-chromatographic introduction into the MS. In Year 4, the mechanism of its thermal decomposi-
tion was thoroughly examined. This work highlighted a hazardous operation that many in the HSE perform. 
Because ETN melts at 60oC and is visually unchanged, it is mistakenly assumed that this material is safe to 
handle. Our detailed examination of the stability of ETN revealed that decomposition can occur at melt. This 
information is just being released [1]. Hopefully, it will caution those in the HSE who have melt-cast this 
material without rigorous precautions. We have also collaborated with project R1-D.1 to understand ETN 
decomposition from a theoretical and experimental point of view [1].
In Years 1 and 2, we collected extensive data of thermal properties of FOX mixtures. An enormous study of 
FOX explosive mixtures was undertaken wherein 11 oxidizers and 13 fuels were examined by differential 
scanning calorimetry and hot wire initiation. Subsequently, we performed small-scale burn tests (in Year 3) 
followed by select larger-scale detonations (during Year 4 and continuing) in an initial approach to one of our 
long-range goals—identifying potential explosivity using only small amounts of material. 
Studies of nitrated sugars having more C-OH groups than ETN (mannitol and sorbitol) were initiated in Year 
4.  We have attempted to synthesize both mannitol and sorbitol hexanitrate by several nitration routes.  Un-
der no experimental conditions used were either sugar totally nitrated. Furthermore, while sitting at room 
temperature, the amount of hexanitrate in the samples decreased relative to the amount of pentanitrate. 
This information suggests instability, which may be hazardous to members of the HSE working with these 
materials.

E. Milestones

• A number of HMEs have been examined: ETN, sugar nitrates, FOX explosives, and HMTD.
• Work on FOX resulted in two papers (Years 3-4) and two PhD degrees in Year 3 and three more PhDs in 

Year 4.
• Examination of ETN reveals surprisingly low thermal stability; it decomposes at an observable rate even 

at its melting point of 60°C. This finding should warn researchers to demonstrate extreme care when 
handling it. We have collaborated with Project R1-D.1 to elucidate ETN decomposition kinetics and mech-
anisms [1].

• Our studies on larger (than ETN) sugar nitrates immediately revealed that complete nitration is extreme-
ly difficult to achieve. This is not expected to be a concern to, or even recognized by, terrorists because 
the incompletely nitrated mixture is likely to be detonable. However, it will provide a forensic signature 
which can be exploited by the HSE. Year 5 will be devoted to studies of their decomposition and sensitiv-
ity.

• To identify limitations or potential of individual FOX mixtures and to attempt to establish general prin-
ciples for identification of potential explosivity, a survey of the stability and performance of 11 solid ox-
idizers and 13 fuels was undertaken. Studies in Year 3 included differential scanning calorimetry (DSC), 
simultaneous differential thermolysis (SDT) (thermal and mass change measured), and hot-wire ignition. 
Two papers resulted from these studies [9, 10]. In Year 4, we examined FOX mixtures using Parr bomb 
calorimetry. This technique not only measures heat release, but also the amount and rate of gas produc-
tion. These same mixtures are being examined in Project R1-B.1 in an attempt to correlate lab-scale tests 
performed in this project with actual detonability testing. Field trials are expected to continue in Year 5.   

• Work on HMTD has focused on determining the first product of its decomposition and improving our 
limits of detection in laboratory analysis. The amazingly low limit of 25 ng/mL has been achieved by 
liquid chromatography with mass spectrometric (LC/MS) analysis. This achievement not only aids our 
own studies on improved swabbing (Project R1-C.2), but the necessary protocols are being distributed 
via publication to the rest of the HSE community.
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• Identifying the extreme volatility of TATP should be of major interest to members of the HSE. Not only 
does this impact researchers, it impacts those who gather evidence. 

• Our newly-launched studies on the possible bio-retention of TATP will point to areas for gathering addi-
tional evidence as well as potential safety hazards of which the HSE needs to be aware.

• Our work with ETN and nitrated sugars points out the extreme instability (not necessarily sensitivity) of 
these materials. In the case of the nitrated sugars, the HSE should be aware that they are unlikely to be 
working with pure materials.

• Work on FOX explosives has transitioned to Project R1-B.2.

F. Future Plans

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 compendium. There 
is 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 HSE. However, they 
may not have the time to pursue this information nor is pursing it in their job descriptions. The transition 
for this project is making sure our investigations/information are available in an understandable form to the 
HSE as well as educating the workforce which will be the future of the HSE.  The tasks below are foremost but 
we are unlikely to finish them in a single year.
• The newly-initiated project on metabolism and bioaccumulation of the peroxide explosives will be con-

tinued.
• Laboratory scientists need methods for gentle destruction of HME.  We will compile this. 
• HMTD formation and transformations will be probed.  
• Production of ETN from various starting materials will be examined.
If this project is granted additional time and funding (Year 6), we will examine the threat from azides. In-
terestingly, both in legitimate industry and in the terrorist community, the use of silver azide risen. To date, 
characterization of these has been neglected.  In addition to updating the explosives database, we will add 
seminal literature references, as many people use the explosive database as their first resort to learn about 
materials they are unfamiliar with.  

II. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Characterization of HME is an ongoing research effort within DHS, including vendors and associated re-
searchers; it impacts the entire HSE. In many cases, our methods of analysis lead the way for other members 
of the HSE. Our studies on the extreme sensitivity of HMTD to moisture and acidity may have prevented mis-
handling in a number of laboratories. Many vendors of explosive detection instrumentation have requested 
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 people, 220 of which are from U.S. government agencies and 48 of which are DHS personnel. Further-
more, our work is cited in the DHS HME Safety Protocols Handbook, and we were invited to participate in 
the DHS Chemical Security Analysis Center & Explosives Division 1st Inter-agency Explosives Terrorism Risk 
Assessment working group.
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B. Potential for Transition

While we are not building detection devices, we provide essential input to those who do, in Government, the 
security industry and academics. We have worked with numerous companies producing explosive detection 
instruments. We publish results in the open literature and present at the Trace Explosive Detection (TED) 
conference annually. Information is also disseminated via regular short courses, and we post results on the 
URI Explosives Database. A National Institute of Standards & Technology (NIST) senior scientist commented 
on our database of explosive properties: “It was all we had, in many cases.” This is high praise from the or-
ganization that maintains the “Chemistry Webbook.” We have also received such compliments from military 
labs, both in CONUS (within the U.S.) and OCONUS (without the U.S). 

C. Data and/or IP Acquisition Strategy 

As data from the program becomes available, it will be provided to the community through DHS, publications, 
presentations, and the database. We have received requests to license the explosives database.

D. Transition Pathway 

Results will primarily be transferred to the user community by publications, presentations and the database.

E. Customer Connections

The connections to DHS (central), the Transportation Security Laboratory (TSL), and the Transportation 
Security Administration (TSA) are strong. To date, the Federal Bureau of Investigations (FBI) is the major 
agency outside of DHS that 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 conducted 13 explosives classes on seven different topics ranging from fundamentals 

of explosives to safety in handling. Over 350 people attended these courses. See details listed in 
Section IV.H.

b. There is a new course offering in July 2017 called “Safe Handling of Explosives for Technicians.”
c. Prof. Oxley has given six invited talks and will be giving two more in Summer 2017.

2. Student Internship, Job, and/or Research Opportunities
a. We have or will have a number of visitors who come with the express purpose of learning how 

we handle HMEs and other energetic materials.
i. We hosted a young man from the Home Office (United Kingdom) for two days in May 2017.
ii. In July 2017, we hosted two students from the lab of last year’s MSI award recipient (Dr. 

Bakhtiyarov, New Mexico Tech) for a week.
iii. Having performed TNT equivalence tests for Advanced Technology Research Centre (ATREC), 

we were asked to host researchers from ATREC and are invited to send students to their fa-
cility in Singapore. No dates have been set for this interaction.

iv. See also Student Theses in Section IV.G. 
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3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty
a. In Summer 2016, we had a visiting professor, Dr. Bakhtiyarov from New Mexico Tech, as well as 

one graduate and one undergraduate student from his group. He requested to return this sum-
mer, but decided to accept a DHS follow-on award instead.  

b. We have done three STEM related magic shows for K-12 students.
c. In Summer 2016, we initiated a collaborative learning program where high school teachers 

along with select high school students spent two 2-week sessions solving an analytical chemis-
try problem.

4. Training to Professionals or Others
a. See Section IV.H. 

5. Other Outcomes that Relate to Educational Improvement or Workforce Development
a. Three PhD students and two Master’s students graduated this year and are now employed (see 

Section IV.G. for details). 

B. Peer Reviewed Journal Articles 

1. Colizza, Kevin; Mahoney, Keira E.; Yevdokimov, Alexander V.; Smith, James L.; Oxley, Jimmie C. 2016. 
“Acetonitrile Ion Supression in Atmospheric Pressure Ionization Mass Spectrometry.” Rapid Commu-
nications in Mass Spectrometry 27(1), pp. 1796-1804.

Pending-
1. Oxley, J.C., Smith, J.L., & Brown, A.C. “Eutectics of Erythritol Tetranitrate.” Journal of Physical Chemis-

try. Submitted. 
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 & Computational Study.” Journal of Physical 
Chemistry. Submitted. 

3. Oxley, Jimmie C., Smith James L., & Brown, A.C. “X-ray Simulants.” (In preparation).

C. Other Publications

Pending-
1. Bakhtiyarov, S.I., Oxley, J.C., Smith, J.L. & Baldovi, P.M. “Rheological Studies of Functional Polyure-

thane Composite: Part 1.  Rheology of Polyurethane Composite, Its Compounds with and without 
Solid Additives (Aluminum Flakes).” Journal of Elastomers and Plastics, JEP-17-0010.R1 (Accepted).

2. Oxley, J.C., Smith, J.L., Bakhtiyarov, S.I. & Baldovi, P.M. “Rheological Studies of Functional Polyure-
thane Composite: Part 2. Rheology of Polyurethane Composite with Solid Additives (Calcium Iodate 
Particles and Aluminum Flakes).” Journal of Elastomers and Plastics, JEP-17-0041.R1 (Submitted). 

3. Oxley, J.C., Smith, J.L., Porter, M., Yekel, M.J., & Canaria, J.A. “Potential Biocides - Iodine-Producing Py-
rotechnics.” Propellants, Explosives, Pyrotechnics (Accepted).

D. Other Non-ALERT Publications & Conference Proceedings

1. Oxley, J.C., Smith, J.L., Bernier, E., Sandstrom, F., Weiss, G.G., Recht, G.W., & Schatzer, D. 2017. “Character-
izing the Performance of Pipe Bombs.” Journal of Forensic Science. 24 May 2017. DOI: 10.1111/1556-
4029.13524.
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2. Oxley, J.C.; Smith, J.L; Bakhtiyarov, S.I.; Baldovi, P. M. 2016. “A Complex Variable Method to Predict a 
Range of Arbitrary Shape Ballistic Projectiles.” Journal of Applied Nonlinear Dynamics (1), pp. 1-10.

3. Lindsay McLennan. “The Role of Thermal Analysis in Screening and Analyzing Co-crystallization of 
Energetic Materials.” North American Thermal Analysis Society International Conference, Orlando, FL, 
August 14-19, 2016.

4. Rebecca Levine. “Pyrotechnic Foams.” North American Thermal Analysis Society International Confer-
ence, Orlando, FL, August 14-19, 2016.

E. Other Conference Proceedings

1. Invited Lecture
a. Oxley, J.C. “How to Detect HME.” CBRNe International Conference, Lyon, Fr, May 29-June 2, 2017.
b. Oxley, J.C. “Explosive Analysis.” American Society for Clinical Laboratory Science Central New En-

gland, Providence, RI, May 9-11, 2017.
c. Oxley, J.C. “Perspectives on Checkpoint Security.” Advanced Development for Security Applications 

(ADSA) 15, Boston, MA, November 15, 2016. 
d. Oxley, J.C. “What the DHS-CoE does for Law Enforcement.” 2016 Texas Special Response Team 

Conference, Austin, TX, October 4, 2016.
e. Oxley, J.C. “Research into Improvised Explosives (HME).” 5th Australian Symposium on Energetic 

Materials, Adelaide, Au, September 27-29, 2016.
f. Oxley, J.C. “HMEs.” International Association of Bomb Technicians & Investigators, Halifax, CA, July 

18-22, 2016.
g. Oxley, J.C.  Why Study Explosives?” Wesleyan University, April 29, 2016.

F. Other Presentations 

1. Seminars - See Section IV.D and E for presentations and invited lectures. 
2. Short Courses - Listed under Section IV.H (New and Existing Courses). 
3. Interviews and/or News Articles 

a. Mosher, Dave. “What a ‘nail bomb’ is and why they are terrifying improvised weapons.” Business 
Insider, May 23, 2017. http://www.businessinsider.com/nail-bombs-what-are-they-2017-5.

b. Cross, Ryan. “A look at the explosives used in the New York bombing.” Chemical & Engineering 
News, September 26, 2016. http://cen.acs.org/articles/94/i38/look-explosives-used-New-York.
html. 

c. Rice, Doyle. “This totally legal product was used to make the NYC bomb.” USA Today, Septem-
ber 19, 2016.  https://www.usatoday.com/story/news/nation/2016/09/19/tannerite-explo-
sive-bomb/90692338.

d. Greenmeier, Larry. “Chemicals Could Be a Key in Investigating the New York and New Jersey 
Bombings.” Scientific American, September 19, 2016. https://www.scientificamerican.com/arti-
cle/chemicals-could-be-a-key-in-investigating-the-new-york-and-new-jersey-bombings.

e. Mays, Kelsey. “Which New Cars Still Have Takata Airbag Inflators?” Cars.com, August 22, 2016.  
https://www.cars.com/articles/which-new-cars-still-have-takata-airbag-infla-
tors-1420689912742.

f. Brown, Jennings. “Land Mines Kill Thousands A Year, But Can This Drone Help?” Vocativ, July 22, 
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2016. http://www.vocativ.com/342975/land-mine-drone/.
g. Gormly, Kelly. Pittsburgh Quarterly Magazine, July 21, 2017. (Interview about 1862 Explosion of 

the Allegheny Arsenal During the Civil War).
h. Jensen, Alex. This Morning (Seoul, South Korea), June 14, 2017, radio interview.
i. Callimachi, Rukmini. The New York Times, May 2017, question.
j. Schaub, Ben. Daily Planet, April 2017, video interview.
k. Welch, Tom. Nutopia, CNN network crime series, February 2017, video interview. 
l. Wellner, Jon. Rosewood Productions, January 2017, question.
m. Jones, Conor. Outrageous Acts of Science, December 2016, question.
n. Rose, Sarah. Journalist writing book on WWII, December 2016.
o. Recchia, Scott. The Blacklist on NBC, September 2016, question.
p. Jerving, Sara. Vice New Tonight (TV), September 2016, question.          
q. Monahan, Kevin. NBC Universal, August 2016, question.
r. Piquet, Caroline. Le Figaro (French newspaper), July 2016, interview.
s. Vallone, Phil. CBS News, July 2016, question.
t. Salahuddin, Chelsea. CBS National News, July 2016, interview.

G. Student Theses or Dissertations Produced from This Project

1. Swanson, D. “Intermolecular Interactions of Energetic Materials.” PhD dissertation, University of 
Rhode Island, December 2016. Devon studied improved swabs, AFM, and co-crystalization of explo-
sives. After receiving his PhD, he took a job with ATK in West Virginia. 

2. Porter, M. “Tools to Fight the Terrorist Threat.” PhD dissertation, University of Rhode Island, May 
2017. Matt studied FOX from small-scale in Project R.1-A.1 to large-scale in Project R1-B.2, and also 
examined HMTD. After receiving his PhD, he took a job with Esterline. 

3. Brown, A. “Improvised Explosives: X-ray Detection & Eutectics of Erythritol Tetranitrate.” PhD dis-
sertation, University of Rhode Island, May 2017. Austin studied ETN decomposition and eutectics as 
well as X-ray simulants. Austin is working for the Transportation Security Lab run by ARA at Tyndall 
AFB, FL.

4. Levine, R. “Interactions of Polymers and Energetic Materials.” Master’s thesis, University of Rhode 
Island, May 2017.

H. New and Existing Courses Developed and Student Enrollment

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student  
Enrollment

Existing Certificate Fundamentals URI May 3-5, 2016. 50

Existing Certificate Fundamentals Los Al-
amos Aug. 1-3, 2016. 43

Existing Certificate LANL Fundamentals Feb. 27-Mar. 1, 2017. 31

Existing Certificate LLNL Fundamentals Mar. 27-29, 2017. 28

Existing Certificate Fundamentals ABQ Aug. 29-31, 2016. 22
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Existing Certificate Point ONE, VA Oct. 25-27, 2016. 12

Existing Certificate Explosive Analysis URI May 6, 2016. 21

Existing Certificate Advanced Hazards 
Recognition May 12, 2016. 12

Existing Certificate TSA June 20-24, 2016. 23

Existing Certificate Air Blast May 16-18, 2016. 36

Existing Certificate Detonation & DDT, 
LANL Sept. 20-22, 2016. 28

Existing Certificate Dynamic Diagnostics, 
LANL Nov. 14-15, 2016. 21

Existing Certificate Dynamic Diagnostics Mar. 21-22, 2017. 25

 352 (Total)

I. Technology Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. Oxley, J., Smith, J., & Canino, J. “Non-Detonable Explosive or Explosive-Simulant Source” is in the 

process of being converted from provisional to full patent. 

J. Software Developed

1. Databases
a. The Explosives Properties Database: Over 1000 members are registered for the database, of 

which 250 are associated with U.S. government agencies. http://expdb.chm.uri.edu/.

K. Requests for Assistance/Advice

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

Working Group (IExTRAWG). 
c. Oxley is a member of the NAS committee on “Reducing the Threat of Improvised Explosive De-

vice Attacks by Restricting Access to Chemical Explosive Precursors.” http://dels.nas.edu/Study-
In-Progress/Reducing-Threat-Improvised-Explosive/AUTO-7-66-86-I.

2. From Federal/State/Local Government
a. A TSA explosives specialist emails questions weekly and occasionally calls.
b. The new URI bomb dog and his trainer rely on our lab for advice and explosives training aids.

V. REFERENCES

[1] Oxley, J.C.; Furman, D.; Brown, A.C.; Dubnikova, F.; Smith, J.L.; Kosloff, R.; Zeiri, Y. “Thermal Decomposi-
tion of Erythritol Tetranitrate: A Joint Experimental & Computational Study.” Accepted J. Phys Chem.

[2] Colizza, Kevin; Mahoney, Keira E.; Yevdokimov, Alexander V.; Smith, James L.; Oxley, Jimmie C. “Acetoni-
trile Ion Supression in Atmospheric Pressure Ionization Mass Spectrometry,” Rapid Communications in 
Mass Spectrometry 2016, 27(1), 1796-1804.
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DOI: 10.1002/prep.201700034.

[5] Furman, D; Kosloff, R; Zeiri, Y “Effects of Nanoscale Heterogeneities on the Reactivity of Shcoked Eryth-
ritol Tetranitrate” J Phys Chem Letters 2016, 120 (50), 28886-28893. DOI: 10.1021/acs.jpcc.6b11543  

[6] Rapp-Wright, H.; McEneff, G.; Murphy, B.; Gamble, S.; Morgan, R.; Beardah, M.; Barron, L. “Suspect screen-
ing and quantification of trace organic explosives in wastewater using solid phase extraction and liquid 
chromatography-high resolution accurate mass spectrometry”  J Hazardous Materials 329, 2017, 11-21.  
doi 10.1016/j.jhazmat.2017.01.008

[7] Ferrari, C; Ulrici, A; Romolo FS “Expert system for bomb factory detection by networks of advance sen-
sors” Chalenges 2017, 8(1), 1  doi:10.3390/challe8010001

[8] 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 
2016, 41(2), 334-350.  DOI 10.1002/prep.201500151.

[9] Oxley, Jimmie C.; Smith, James L.; Donnelly, Maria; Porter, Matthew “Fuel-oxidizer mixtures:  their stabil-
ities and burn characteristics,” J. of Therm. Anal.  Calorim. 2015 121(2), 743-763.
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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

Young Jay Ryu Post-Doc WSU chemryu@wsu.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Joseph Hong PhD WSU 6/2020

II. PROJECT DESCRIPTION

A. Project Overview

We have determined static properties for a selected set of energetic materials of common interest to the proj-
ects in the R1 thrust, especially nonconventional energetic materials such as triaceton triperoxide (TATP)—
the explosive used in the recent terror attacks in Paris (2015) and Brussels (2016)—in collaboration with the 
R1-C2 project at the University of Rhode Island (URI). The URI research group has provided the sample ma-
terial, while the Washington State University (WSU) project has examined the phase and chemical stability of 
TATP under high pressures using micro-Raman spectroscopy and synchrotron X-ray diffraction. The results 
show that TATP undergoes pressure-induced structural changes, initially to a new crystalline phase at 7 GPa 
and then to amorphous solid above 30 GPa.  
We have also made significant progress on the development of time-resolved spectroscopic (TRS)/X-ray dif-
fraction (TRX) capabilities for dynamic properties of reactive materials—a class of newly emerging noncon-
ventional explosives. The TRX experiments were performed on several reactive metal composites including 
nickel (Ni) and aluminum (Al) composites with boron, nitrogen, ammonium nitrates (AN), and ammonium 
perchlorate (AP) using the nation’s brightest hard X-ray source at the Advanced Photon Source (APS). We 
obtained quantitative information on the chemical and structural evolution of reactive materials undergoing 
metal combustions, intermetallic reactions, and thermite reactions. The first set of TRX experiments have 
been completed.  The results on Ni and Al composites with boron and nitrogen were quite successful. Howev-
er, the results for metal dispersed AN and AP were not successful because their ignition (well below 1 μs) is 
substantially faster than our time-resolution of TRX diffraction (~30 μs). Thus, we are planning to investigate 
the ignition characteristics of metal dispersed AN and AP using nanoseconds (ns) time-resolved temperature 
measurements in the coming year. 
This project has provided the opportunity for two graduate students to gain hands-on experience with cut-
ting-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. We have 
also produced four major technical manuscripts in Year 3 and Year 4 (see Section IV.B for the two that relate 
to this reporting period).
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B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The Biennial Review identified that this project addresses an important knowledge gap related to under-
standing the nature of explosives properties and what occurs during detonation. It also indicated that we 
provide fundamental data for various predictive codes such as the CHEETAH thermochemical code, which 
aids weapons designers and responders in the reactivity and stability of materials of interest.  The Bienni-
al Review recognized the significance of the methodology, including micro-Raman spectroscopy and X-ray 
synchrotron spectroscopy, employed in our ongoing work towards understanding the effects and properties 
of explosives. The review also pointed out that one of the potential weaknesses of the project is a lack of ef-
fective coordination with the R1-A.1, R1-B.2, and R1-D.1 projects, and suggested that we develop transition 
efforts with Los Alamos National Laboratory (LANL) and Lawrence Livermore National Laboratory (LLNL).  
In response to the Biennial Review comments, we have already transmitted our Equations of State (EOS) 
data on I2O5 to theory groups at LLNL (Dr. Larry Fried) for their incorporation into the CHEETAH code.  We 
are also collaborating with the LANL group (Dr. Dattelbaum) for TRX diffraction on carbon products using a 
Linear Coherent Light Source (LCLS) at Stanford University. Work is also taking place with the LLNL group 
(Dr. Evans) for TRX diffraction on reactive materials in dynamic Diamond Anvil Cells (dynamic-DAC).  We will 
continue these collaborations with the LLNL and LANL groups in Year 5. 
The synergy between the R1-A.1, R1-A.2, R1-B.2 and R1-D.1 projects is indeed important, as the review 
pointed out. Thus, we are working with the R1 project investigators to identify a homemade explosive (HME) 
material of common interest, and to characterize the material’s properties at high pressures and tempera-
tures. For example, experiments on TATP have been performed in collaboration with the URI group led by 
Professor Jimmie Oxley.

C. State of the Art and Technical Approach

Static high-pressure properties such as melting, phase transitions, and crystal structures are important for 
gaining insight into chemical stabilities and reaction mechanisms of energetic materials, in general. Melting, 
for example, most strongly affects the chemical sensitivity and decomposition kinetics of energetic materi-
als, ranging from simple burn to deflagration and detonation. Unusual melt anomalies are often observed, 
yet theoretical predictions of melt curves are difficult to  make even for simple inert solids. Thus, the 
melt curves of energetic materials provide the most critical constraints for developing and validating reliable 
thermochemical models describing energetic reactions. High-pressure polymorphism and phase transitions, 
on the other hand, have wide-ranging consequences on the basic properties of energetic materials, such as 
intermolecular interaction, chemical bonding, crystal structure, thermoelastic properties, and chemical sen-
sitivity. Two different polymorphs of the same energetic material often display substantially different proper-
ties and energetic behaviors in shock sensitivity and detonation chemistry. Importantly, the phase transition 
in energetic materials often triggers the chemical reaction leading to deflagration and detonation and, thus, 
is related to shock (or chemical) sensitivity in fundamental ways. The phase diagram provides concise and 
rudimentary information to understand the static and dynamic responses of energetic solids, and to develop 
chemical methods to mitigate the associated threats. Therefore, our approach is to investigate the phase and 
chemical stabilities of selected energetic materials at high pressures as well as to help characterize critical as-
pects of the energetic processes and, lastly, to develop novel chemical mitigation methods. This year, we have 
made significant accomplishments regarding two types of energetic materials in TATP and reactive materials 
described in the below sub-sections C.1 and C.2, respectively. 

C.1. Pressure-Induced Structural Changes of TATP 

High-pressure polymorphism and phase transitions have wide-ranging consequences on the basic proper-
ties of molecular solids such as intermolecular interactions, chemical bonding, crystal structures, and ther-
moelastic properties. One class of materials upon which this has a considerable effect is that of energetic  
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materials [1,2]. Two different polymorphs of the same energetic material, for example, often display signifi-
cantly different properties and energetic performance attributes such as crystal density, detonation velocity, 
shock sensitivity, and detonation chemistry [3,4]. Phase transitions do occur over a large pressure-tempera-
ture range in relation to chemical detonation (to 50 GPa and 4000 K) [5-7], which can alter energetic process-
es in a fundamental way.  
There have been extensive efforts exerted towards understanding and characterizing high-pressure prop-
erties of energetic materials, including shock Hugoniot and detonation velocities under dynamic conditions 
in terms of continuum measurements [6, 8]. However, in comparison, there have been relatively few studies 
investigating pressure-induced changes at the molecular level under static high pressures [2,9].  This consti-
tutes a major knowledge gap, especially considering that nearly all molecular solids, including most energetic 
materials, exhibit a profound polymorphism under high pressures as they undergo major modifications in 
intermolecular interaction. This typically starts at the relatively low pressures of 1-10 GPa. In this regard, 
high-pressure structural studies are an excellent tool for understanding and modeling not only the perfor-
mance characteristics of energetic materials, but also the exact nature of chemical bonding and pressure-in-
duced changes that lead to chemical reactions like detonation.    
TATP is an organic peroxide and a primary high explosive produced by the oxidation of acetone as a mixture 
of linear monomeric, cyclic dimer, trimer, and tetramer forms of acetone peroxide [10]. It forms a white crys-
talline powder with a distinctive bleach-like order, and can explode if subjected to heat, friction, or shock. In 
contrast to other explosive materials driven by an excessive heat of formation, the explosion of TATP does not 
have thermo-chemically favored products but is predicted to be driven entropically [11]. As a non-nitroge-
nous explosive, TATP has historically been more difficult to detect. It has also been implicated as the explosive 
used in recent terrorist attacks in Europe including the 2016 Brussels bombings. Yet, little is known about its 
properties, especially at high pressures and temperatures. To address this, we have investigated the physical 
and chemical stability of TATP at high pressures, in collaboration with the URI projects.
TATP was synthesized by the URI group for the current high-pressure experiments using DAC coupled with 
micro-Raman and synchrotron X-ray diffraction experiments. The main findings are that TATP undergoes 
structural phase transitions at ~7 GPa and potentially at ~20 GPa, and eventually amorphizes above 30 GPa. 
There have been six different polymorphs of TATP reported at ambient pressures [12]. Of those, the present 
X-ray data is best explained in terms of monoclinic structure (space group P21/c) with the lattice parameters 
of a = 13.975 Å, b = 10.818 Å, c = 7.969 Å, β = 91.72o, and V = 1204.2 Å3, as illustrated in Figure 1 (on the next 
page). It is interesting that the cell volume is slightly larger (by about 3.8%) than that at ambient pressure, a = 
13.788 Å, b = 10.664 Å, c = 7.894 Å, β = 91.77o, and V = 1160.1 Å3 [12]. It is not known if this volume difference 
is related to the large entropic origin of TATP [11].   Further studies are required to understand the chemical 
stability of TATP and the crystal and chemical structures at higher pressures.   
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C.2. Time-Resolved Structural Changes of Al Dispersed BN Composites 

Dynamic responses of reactive metals, metal alloys, and metal composites are not well understood. More 
specifically, we do not know how they deform, fracture, and combust; how they evolve structurally and chem-
ically to metal oxides and intermetallic products; and how they release chemical energy under thermal and 
mechanical loadings. It is an integrated, multidisciplinary subject in materials chemistry and solid mechan-
ics. These reactive materials (RMs) have been studied in large-scale integrated experiments and multi-scale 
hydrodynamic simulations (a top-down approach). There remains a need for small-scale, real-time exper-
iments that can provide timely and interactive information with which to tailor materials characteristics 
(composition, microstructure, and bonding) for better mechanical and chemical properties as well as de-
velopment of novel materials, in addition to fundamental materials data to explain large-scale, integrated 
experimental results and validate the individual materials models used in hydro-simulations (a bottom-up 
approach).
Rapid, self-sustaining thermochemical reactions of RMs are often described using simple chemical models, 
but their accuracies and validities are difficult to evaluate because of the complexity and transient nature of 
the combustion-like process. Even a “simple” process like zirconium (Zr) combustion, for example, is not sim-
ple at all, but involves rather complex structural and chemical changes: α-Zr → β-Zr → liquid-Zr → liquid-ZrO2 
→ γ-ZrO2 → β-ZrO2 → α-ZrO2, valid only for small particles [13]. In contrast, the combustion of larger parti-
cles often results in oxygen-deficient metal sub-oxides such as Zr3O and ZrO and their mixtures in different 
phases [14]. Many of these processes occur exothermically, fueling other reactions and altering the dynamics 
of RMs. These processes are clearly not the same as Zr + O2 → ZrO2, which has been assumed in common-
ly-used integrated chemical models and hydro-codes. Therefore, obtaining the atomistic information regard-
ing the structural and chemical evolutions during rapidly progressing thermochemical reactions is a priority 
for going beyond an energetic use of reactive materials; it can be used for developing a predictive capability 

Figure 1: (Left) Angle-resolved X-ray diffraction patterns of TATP to 40 GPa, showing a structural phase transition at 7 
GPa and an amorphization above 30 GPa. (Right) The measured (x), Rietveld refined (red) and difference (blue) diffrac-
tion patterns of TATP at 0.3 GPa, shown together with (hkl) Miller indices (green and labels). 
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and, ultimately, controlling the mechanical and chemical properties and bonding for better performance and 
energetic characteristics.
To determine real-time structure information of rapidly reacting RMs, we used the time- and angle-resolved 
X-ray diffraction (TARXD) configuration, analogous to one used previously [15], employing monochromatic 
synchrotron X-rays and a two-dimensional (2D) pixel array X-ray detector (DECRTIS PILATUS 1M-F, 981 x 
1043 pixels) in combination with a fast-rotating diffraction beam chopper. This setup provides a time- (in an 
azimuthal direction) and angle- (in a radial direction) resolved X-ray diffraction image continuously record-
ed at 50 to 100 Hz with the time resolution of ~110 to 55 μs over a long period of interest (often to several 
hundred milliseconds (ms)).
Several types of reactive materials were investigated to elucidate chemical mechanisms for: (1) Intermetallic 
exchange reactions in Al2Ni to Al3Ni2 and Al3Ni, upon rapid quenching of molten phases of Al/Ni alloys; (2) 
Diffusion-controlled, solid-state combustion reactions in intermetallic composites of (Al2Ni + h-BN) and me-
tallic composites (Al + h-BN) to produce h-AlN; and (3) Combustion reactions of metallic mixtures (Al + B) 
with N2 gas to produce metastable c-AlN. While we are preparing a publication to report the details of these 
results, here we show an example of a combustion-like chemical reaction in cold sintered Al + h-BN composi-
to h-AlN and AlB2, which occurs in solid states (see Fig. 2a).  Based on the measured temperature (see Fig. 2b), 
it is clear that AlN is formed at ~500-700 K (at 3.3 ms after heating), well below the melting temperature of Al 
at 933 K. Then, the temperature reaches the highest temperature, ~2,500 K at 13.7 ms. At 20 ms after heating, 
AlB2 appeared and the peak shape became clear and sharp for further cooling. The heat produced from this 
solid-state exchange (or metathesis) reaction melts h-AlN and then quenches to the mixture of h-AlN and 
AlB2. The net reaction is, therefore, 3 Al + 2 h-BN = 2 h-AlN + AlB2, releasing the heat of ∆H = -194 kJ/mol. 
The chemical energy then heats the sample to ~2,500K, almost the same temperature where h-BN melts. The 
diffraction pattern at melting shows a weak signature of h-AlN buried in the molten solution of Al and BN. 
The reaction produces h-AlN in a hexagonal structure with the calculated lattice parameters, a=b=3.114Å and 
c=4.977Å, in good agreement with the previous report [16].

Figure 2: (a) A series of angle-resolved X-ray diffraction patterns of electrically ignited Al + h-BN composites, showing 
the formation of h-AlN; and (b) the corresponding time-resolved temperatures (black circles) recorded at 1 kHz with 
time-resolution of 0.1 ms (green lines), plotted together with the PILATUS frames (red lines) and the electric voltage 
(black lines). Note that h-AlN is formed well below Al melt temperature (933 K marked by dashed line), suggesting the 
solid state exchange reaction between solid Al and h-BN.
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D. 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. 
• 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.

E. Milestones

In Year 4, we have completed the investigation of TATP at high pressures and ambient temperatures, which 
will be continued at high pressures and high temperatures. We have also completed the first set of TRX ex-
periments in Year 4.  The results on Ni and Al composites with boron and nitrogen were quite successful, but 
the results of metal dispersed AN and AP was not because of its substantially faster ignition (well below 1 μs) 
than our time-resolution of TRX diffraction (~30 μs). Therefore, we are planning to investigate the ignition 
characteristics of metal dispersed AN and AP using ns time-resolved temperature measurements in Year 5. 
In Year 5, we will also determine the dynamic responses of energetic materials, including nitromethane and 
TATP, in dynamic-DAC, capable of precisely controlling pressure and compression rates that can bridge the 
gap between conventional DAC and shock wave experiments.  

F. Future Plans

In Year 5, we plan to: 
• Investigate the physical and chemical stability of TATP at high pressures and high temperatures.
• Determine the dynamic responses of energetic materials, including nitromethane and TATP, in dynam-

ic-DAC.
• Investigate the ignition characteristics of metal dispersed AN and AP using ns time-resolved temperature 

measurements.
• Transmit the fundamental materials data to various energetic materials libraries, including the CHEETAH 
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code, where the fundamental thermochemical data are limited for nonconventional energetic materials 
and metal thermites reactions. 

• Publish the main findings in peer-reviewed journals. 
We expect to accomplish these milestones within the remainder of Year 4 and Year 5, as well as achieve the 
final goal of measuring fundamental thermoelastic properties under both static and dynamic conditions. The 
fast (ns) time-resolved spectro-pyrometer developed in this project is very powerful and should be capable 
of measuring ns-time-resolved temperatures of explosives in detonation, thereby evaluating the detonability 
and dynamics of explosives. If this project receives Year 6 funding, we plan to transition this technique to mea-
suring fast time-resolved temperatures of detonating explosives. Note that the temperature of shocked mate-
rials and/or detonating explosives are typically calculated, not experimentally measured, which remains as 
the largest uncertainty despite its significance in understanding the dynamics, performance, and reliability of 
shocked explosives. Furthermore, we are currently acquiring the X-ray Free Electron Laser (XFEL) beam-time 
at the Stanford Linear Accelerator Laboratory (SLAC) for femto-second (fs) time-resolved X-ray diffraction on 
laser-shocked materials, which will complement the present μs time-resolved X-ray studies on reactive mate-
rials, as well as the Year 6 proposed ns time-resolved temperature measurements on detonating explosives. 
Therefore, part of our plan for Year 6 is to examine the feasibility of probing a “very” early stage (less than the 
first 1 ns) of explosive detonation using the XFEL. The success will certainly lead us to a new project that can 
be the next step of the present DHS project.

III. RELEVANCE AND TRANSITION

The present project provides 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.
• Related basic science needs for materials in extreme conditions.

A. Relevance of Research to the DHS Enterprise

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

B. Potential for Transition

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 LLNL. These codes 
are used in integrated hydro-codes such as AL3D and SHAMRC used by DHS.
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• 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 measuring fast time-resolved temperatures of detonating explosives. Then, we will examine the feasi-
bility of probing a very early dynamic of detonating explosives utilizing the XFEL at the SLAC.  The success 
will no doubt lead to a new project that can be an exit strategy of the present DHS project.

C. Data and/or IP Acquisition Strategy

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

D. 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. 

E. 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 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 on fundamental research programs  

related to DHS and DoD needs.

B. Peer Reviewed Journal Articles 

1. Mihindra Dunuwille, Minseob Kim, and Choong-Shik Yoo. (2016). “Pressure-induced phase and 
chemical transformation of lithium peroxide (Li2O2).” Journal of Chemical Physics 145(8). DOI: 
10.1063/1.4961453.

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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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

Ryan Rettinger PhD URI 5/2018

Matt Porter PhD URI 5/2017

Tailor Busbee PhD URI 5/2020

Kevin Colizza PhD URI 5/2018

Devon Swanson PhD URI 5/2017

Alex Yeudakemau PhD URI 12/2020

Maxwell Yekel BS URI 8/2017

Rachael Lenher BS URI 5/2021

II. PROJECT DESCRIPTION

A. Project Overview

The goal of this project is to narrow the range of potential explosives threats that concern the Department 
of Homeland Security (DHS) and Homeland Security Enterprise (HSE). For example, not every oxidizer/fuel 
(FOX) mixture is a potential explosive. This project is aimed at determining which are and assessing at what 
point threat mixtures have been successfully “inerted.” Because the number of potential threats is large and 
highly diverse, it is essential that a quick, safe method of determining detonability be established—a method 
not requiring the formulation of large amounts of material to determine if it is an explosive hazard. We have 
taken multiple approaches to this problem, including: 
• Approach 1: Using homemade explosives (HMEs) that are FOX mixtures. We have characterized their

responses to small-scale tests and are in the process of seeking a correlation to modest-scale detonation
testing;

• Approach 2: Applying fundamental tandem mass spectrometric (MS) techniques to discover possible
relationships between collision-induced fragmentation energies and specific properties of explosives;

• Approach 3: Developing a new way to characterize the shock/detonation front using unique probes to aid 
in the examination of the growth to detonation vs. shock attenuation at small-scale; and

• Approach 4: Solicited other groups to join the effort due to the difficulty of the task.
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This year, Approaches 1 and 3 came together. As seen in many cases, including the 2013 Boston Marathon 
bombing, improvised explosives may be as simple as a FOX mixture initiated by a hot wire. The knowledge of 
large-scale explosive potential of FOX mixtures is incomplete. Predicting this explosive potential from small-
scale test data is highly desirable. Herein, the explosive properties of FOX mixtures were measured at both 
the small-scale (2 g) with bomb calorimetry and large-scale (5 kg) with high-speed photography and pres-
sure probes. Properties measured at the small-scale, such as the energy and pressure of reaction, were com-
pared to detonation velocity and air blast trinitrotoluene (TNT) equivalence measured at the large-scale as 
well as predictions by Cheetah thermochemical code.
Approach 1: The functionality of an explosive is highly dependent on bulk properties (e.g. density, lattice 
structure), but whether a chemical can detonate at all requires that the molecule have certain features; the 
molecule must be able to react by producing heat and gas, and be able to do this rapidly enough to support 
the detonation front. Examination of the atoms making up the molecule allows us to predict whether heat 
and gas can be produced. This aspect is investigated in Project R1-A.1. Under that task, the thermal behaviors 
of 11 solid oxidizers in combinations with 13 fuels were determined using differential scanning calorimetry 
(DSC), a technique requiring less than a milligram of material [1]. Many are considered FOX explosives. Their 
burn rate in air was visually estimated and found to roughly correlate with standard reduction potentials. 
The thermal studies highlighted the importance of a melt or phase change of one component of the formula-
tion in triggering the reaction. These studies also indicated that the choice in oxidizer outweighed the choice 
in fuel in determining the total energy released. These observations were the first steps in finding behaviors 
observed on the milligram-scale that may correlate with detonability measured on the kilogram-scale.  
In Year 3, we followed up the previous milligram-scale study of FOX with gram-scale experiments performed 
in an adiabatic calorimeter. A modification to the standard instrument allowed for the collection of heat-re-
lease and pressure-rise data versus time as the formulation of interest was burned under a controlled atmo-
sphere; most explosives will burn under argon atmosphere because they carry their own oxygen. The heat 
output, peak pressure, and rise time information are employed in predicting propellant performance, but it 
is unclear whether these parameters will be as effective in predicting explosivity. Heat and pressure readings 
reflect the production of heat and gas, but pressure-rise versus time in a burn is a function of particle size, 
pressure, and atmosphere, not parameters of strong importance to energy release in a detonation. Figure 1 
on the next page indicates that some high explosives standout in terms of rapid production of gas and, thus, 
heat. The critical question of whether the reaction can happen fast enough to support detonation had to be 
determined by field testing. The colors of the pressure traces in Figure 1 indicate the results found in larg-
er-scale detonation testing (red for detonation and blue for non-detonation).   
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Approach 3: This project aims to characterize non-ideal explosives above and below their critical diameter 
using high-speed photography, which directly observes the non-ideal detonation front, in addition to an end-
on characterization of the non-ideal detonation front structure using photon Doppler velocimetry (PDV).    
Many challenges arose in designing the appropriate configuration, chemically isolating the explosive mate-
rial, tuning the reflector interface, choosing the window material and geometry, and optically characterizing 
the fiber optic probe/reflection landscape. For most HMEs, small-scale testing means studying these mate-
rials well below their critical diameters (Dcr). When steady detonation is not possible, conventional metrics, 
such as detonation velocity, yield little information. New diagnostics must be devised. Several approaches 
to this problem have been considered. The results of high-speed photography are shown in Figure 2 on the 
next page. It was decided that, pending full implementation of PDV, high-speed photography would be used 
to obtain data on the FOX mixtures. This, in itself, presented a number of challenges.

Figure 1: Pressure produced in 2g burn (400 psig argon) of FOX vs seconds with color indicating 5 kg results (red = 
detonation; blue = no detonation).
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Figure 2: High-speed camera images of reactions of 16 FOX mixtures.
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Approach 2: Energy Resolved Mass Spectrometry (ERMS) is a term used to describe a process of increasing 
kinetic energy input into a trapped ion to determine the energy required for that material to fragment. ERMS 
probes one of the fundamental molecular properties—dissociation energies during gas phase ion impact 
with an inert gas. By examining a variety of explosive and non-explosive compounds in an ion-trap or a tri-
ple-quadrupole mass spectrometer, a correlation may be observed between ease of fragmentation from the 
energy input required and the rank order of detonability (see Table 1). 

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The following is a comment we received from an FCC reviewer at the Biennial Review in December 2015: 
“Velocimetry (PDV) is by far the most intriguing and offers the highest potential for the introduction of new 
science into the program… This is a very high risk, high payoff investment effort and is progressing well into 
the third year.”
Because this is a high-risk, high-payoff project, three different approaches are being taken. It was suggest-
ed that “details of the experiments (what works and what didn’t work)” be compiled in some fashion. We 
will make an effort to pass on information pertaining to “this is how to get it to work” or “this is why it 
didn’t work.” For example, we have just submitted for review “Acetonitrile Ion Suppression in Atmospheric 
Pressure Ionization Mass Spectrometry” which began as a problem with the chemical analysis of triacetone 
triperoxide (TATP) and hexamethylene triperoxide diamine (HMTD) decomposition products and synthesis 
pathways. In this study, we discovered that ion fragments of these energetic peroxides, other peroxides, and 
ketones may not be detectable if the common liquid chromatography with mass spectrometric (LC/MS) sol-
vent acetonitrile is present. 

C. State of the Art and Technical Approach

Approaches 1 & 3: Predicting this explosive potential from small-scale test data is desirable. The explosive 
properties of FOX mixtures were measured at both the small-scale (2 g) with bomb calorimetry and large-
scale (5 kg) with high speed photography and pressure probe. Properties measured at the small-scale, such 
as the energy and pressure of reaction, were compared to detonation velocity and air blast.
Experimental details: The fuels chosen were sucrose from Fisher Scientific, 23 μm flake coated aluminum 
(Al) powder from Obron, and a 5 μm magnesium powder from Firefox. Oxidizers were ground and sieved 
100-200 mesh (150-75 µm). Sucrose was ground with a small coffee grinder and sieved 100-200 mesh or 
150-75 μm. FOX mixtures were prepared as dry loose powders placed in plastic pop-top containers for DSC 

Table 1: Comparison of onset (fragility) & total energies (stability) of stable compounds and explosives.
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samples in 500 mg batches and for bomb calorimetry as individual 2 g samples. Mixing was then conducted 
with a Resodyn Lab Ram acoustic mixer at 35 - 40 G acceleration for 2 min. Individual DSC samples ~0.25 mg 
were taken from the 500 mg batch. Samples for Simultaneous DSC/thermal gravimetric analysis (TGA) (SDT) 
were prepared similarly, using only 4 to 6 mg.
DSC: Samples were flame sealed (~0.25 mg) in glass capillaries (borosilicate, 0.06 in. ID, 0.11 in OD) on a 
metal post cooled by liquid nitrogen to prevent decomposition during sample preparation. Scans were con-
ducted at a ramp rate of 20 °C/min on a TA Q100 DSC. The temperature range was usually 30 °C to 450 °C, 
and the nitrogen flow rate was set to 50 mL/min. The temperature was calibrated by running indium with 
a melting point of 156.6 °C. This technique was chosen for oxidizer/sucrose mixtures because exotherms of 
these mixtures typically fall within the temperature limits of the instrument.
SDT: A TA Q600 simultaneous DSC/TGA was used to run samples of 4-6 mg in open aluminum oxide pans, 
and scanned at 20 °C/min under 100 mL/min nitrogen flow. The temperature was calibrated by running zinc 
with a melting point of 419.5 °C. The temperature range was usually 50 °C to 1000 °C. Oxidizer/aluminum 
mixtures were analyzed with this technique due to exotherms appearing at higher temperatures than the 
DSC limits.
Bomb calorimetry with pressure transducer: Heat output and pressure/time curves were determined using 
a Parr 6200 calorimeter and Parr 1108 bomb fitted with a pressure transducer (Parr 6976 pressure re-
cording system, including a 5108A Kistler piezoelectric coupler, and a 211B2 Kistler piezoelectric pressure 
transducer with a calibrated sensitivity of 1.096 mV/psi). The Parr bomb was calibrated (i.e. 10 trials) with 
benzoic acid ignited with fuse wire (9.6232 J/cm) and cotton string (167.36 J) in 2515 kPa oxygen (ΔHcomb 
= 26434 J/g). In an oxygen atmosphere, the string was in contact with the fuse wire and sample, and was 
ignited by the fuse wire to aid ignition of the sample. The FOX samples (three to six 2 g samples under each 
set of conditions) were ignited with a fuse wire under argon (2859 kPa, 400 psig). This pressure represent-
ed the maximum initial pressure that the regulator could handle. It appeared to be a good balance allowing 
rapid initiation of burn, and minimizing heat losses with the walls of the Parr bomb [2]. With some energetic 
materials, it has been observed that there is a critical pressure of ignition associated with a specified input 
energy [3, 4]. Igniting samples at a higher initial pressure is more likely to overcome the critical pressure of 
the sample. A National Instruments USB-6210 data acquisition card (maximum sample rate of 250 kS/s) and 
LabView software were used to collect the pressure/time data at a rate of 10 kS/s. The sample collection 
rate of 100 µs between pressure points was a high enough resolution to result in pressure/time plots that 
appeared continuous on the millisecond time-scale. 
Sample preparation for detonation: Sucrose and oxidizers were prepared separately by grinding them with a 
Vita-Mix 5000 blender and sieving to 100-200 mesh (150-75 μm). Aluminum flakes (23 μm) from Obron was 
used as received. FOX samples of ~ kg were manually mixed in a 38 L (10 gal) plastic bag for about 2 minutes 
(see Fig. 3 on the next page). For the detonation studies schedule, 40 clear polyvinyl chloride (PVC) tubes of 
4 inch diameter (10.16 cm) were purchased from McMaster Carr in 8 foot lengths and cut to 24 inches (60.96 
cm) long. PVC booster cups were assembled by gluing a 4 inch PVC sewer and drain endcap to a 4 inch PVC 
coupler. Into the booster cup were placed two sheets (30 g) of #2 pentaerythritol tetranitrate (PETN) explo-
sive, which had been cut into circle shapes to fit tightly into the booster cup. On top of the sheet explosive, 
C4 (546 g) was packed along with three more circles of PETN sheet explosive. Booster cups (see Fig. 4 on the 
next page) were taped with duct tape directly to the clear PVC tube so that there was direct contact with the 
sample mixture. The FOX mixture was added by pouring from the plastic mixing bag, using a kraft paper fun-
nel (see Fig. 3). The test device was placed in a vertical position (booster end down) on a wooden test stand; 
the bottom of the test device was 91.4 cm (36 in) from the ground. The detonator was inserted last before 
initiation from a blasting machine.  
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Detonation diagnostics: Detonation velocity was determined visually using a Phantom V7.11 camera with 
a frame rate of 66,019 fps, interframe time of 15.15 μs, resolution of 160 X 304 pixels, exposure of 0.4 μs 
(0.29 μs exposure for aluminum mixtures), 1 s of pre-trigger, and 1 s of post-trigger. A twisted pair of duplex 
wires, taped to the detonator, was used as a falling-edge camera trigger (i.e. “make” trigger). Phantom PCC 2.8 
software was used to process the camera data, tracking the detonation front and setting the distance scaling 
calibration for each file to obtain a detonation velocity. The detonation front was assumed to be the forward 
most position of the emitted band of light, following the contribution of the booster (see Fig. 5 on the next 
page). Initiation of the booster produces a significant fire ball, present even in samples that did not detonate, 
and is termed the “booster cloud.”  

Figure 3: Preparation of booster and assembled test device.

Figure 4:  Schematic of booster setup.
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(2)

(3)

After using the Phantom PCC 2.8 software to track the scaled detonation front (x, y) in time, a correction was 
made for the angle of incidence (to align the shot to a vertical position). The following equations for rotating 
the image were used where (X’, Y’) are the new coordinates:

where α is the incident angle from vertical, measured by taking the inverse tangent of two points on the side 
of the pipe (X1, Y1) and (X2, Y2 ):

If two points are taken from the calibrated coordinate system (i.e. for 70:30 KClO3:Sucrose) in mm (X1, Y1) = 
(89,30) and (X2, Y2) = (68,210), then α = 0.116 rad, and Y’(t) can be plotted for each time point (using equa-
tion 2) to find the detonation velocity (the slope in Fig. 6 on the next page). The detonation velocity was taken 
as the slope of the newly rotated points Y’(t) distance vs. time curve. The distance vs. time curves were linear 
(R2 > 0.99) for all the samples that detonated.

  

Figure 5: Illustration (70:30 KClO3:sucrose) of how the detonation front was used to calculate detonation velocity (Dv).

(1)
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A pencil gauge pressure transducer (Kistler 6233A, 25 psi limit, calibrated sensitivity of 200 mV/psi, 5 V 
limit) with coupler (Kistler 5134B, 0.05 Hz high pass filter, gain of 1) measured blast overpressure. Fifty-foot 
coax cables connected the pencil gauge to the coupler, as well as the coupler to a Tektronix oscilloscope. The 
pencil gauge was mounted 1.29 m high, and was positioned 6.096 m (20 ft) from the test device on a wooden 
stand weighted with sand bags. The Tektronix oscilloscope (model MSO4014B, max bandwidth of 100 MHz) 
was set with a typical sampling rate between 5-100 MSa/s; it was automatically triggered on the rising edge 
of the pressure signal. Figure 7 shows the overall test arena.  

Figure 6: Detonation front tracking of rotation corrected Y’ points. The slope is detonation velocity in mm/μs.

Figure 7: Overall test arena setup.
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Predictive tools: Cheetah 7.0 from Lawrence Livermore National Laboratory (LLNL; product library: Sandia, 
jczs revision 1923) was used to predict detonation velocity, detonation pressure, and total energy of reaction.  
Each mixture was run with Cheetah using the density that was measured for its large-scale test [5]. The blast 
effects calculator (BEC V5.1) was used to obtain air blast TNT equivalence from the measured peak air blast 
pressures [6-8]. For each experiment, a “goal seek” method was used with the empirical fits for pressure (as 
a function of scaled distance, m/kg1/3) to find the total amount of TNT needed to achieve the same peak pres-
sure; however, the booster also contributed to the air blast pressure. This contribution had to be subtracted 
in terms of energy or TNT equivalent weight, not in terms of pressure. An experiment with the booster and 
sand as the sample (no energy contributed from the sand) allowed the TNT equivalent weight of only the 
booster to be calculated with “goal seek” in the blast effects calculator. The booster TNT equivalent weight 
from this experiment was subtracted from the total TNT equivalent weight of each test to find the TNT equiv-
alence of the sample (TNT Equivalence = TNT equivalent mass of sample/sample weight).

C.1. Results

Parr bomb calorimetry: The Parr calorimeter was fitted with a pressure transducer to observe the pressure 
response as a function of time due to reaction. Closed volume pressure measurement is a common tool for 
propellant applications. Thus, it was possible to compare the response of a number of common gun propel-
lants (Red Dot, Pyrodex, black powder) to FOX mixtures of interest. In general, the propellants exhibit a larg-
er and faster change in pressure, but the FOX mixtures release more heat. Pressure responses of ammonium 
nitrate (AN) and potassium nitrate (PN) with sucrose were significantly delayed compared to other FOX (see 
Fig. 1) explosives. It is interesting to note that KNO3:sucrose burned slower and with slightly less energy than 
a similar mixture with added KClO3 (63:7:30 KNO3:KClO3:sucrose); KNO3:sucrose did not detonate on the 
large-scale, but mixtures with added KClO3 did. 
The change in internal energy of a formulation, as judged by the heat of decomposition measured at the 
sub-milligram-scale by DSC (far right column of Table 2 on the next page) and heat of reaction observed in the 
2 g Parr bomb samples (penultimate right column of Table 2), differ. Heat of reaction (i.e. Parr bomb data) is 
greater than heat of decomposition, particularly when the fuel is aluminum; however, the aluminum/oxidizer 
formulations were tested in open pans by SDT where there were ample opportunities for sample evapora-
tion/sublimation, resulting in heat loss. A comparison of the same oxidizers with different fuels showed the 
energy input from the choice of fuel is aluminum > sucrose > sodium benzoate (see Table 3 on the following 
page). Other fuel/oxidizer mixtures were also examined in the Parr bomb (Table 3). In terms of energy out-
put, neither the thermites nor the gun propellants released more energy than the FOX mixtures examined. 
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Table 2: Bomb calorimetry outputs from FOX mixtures burned 2g 2859 kPa argon.
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Detonation testing: Table 4 shows FOX mixtures for which initiation to detonation was attempted. Four of the 
mixtures failed to propagate detonation although the velocity of the burn front is recorded under the column 
velocity (km/s). Figure 2 provides screen captures of the reactions observed. The detonation front was taken 
to be the bright line running ahead of the booster debris cloud (bottom). A detonation rather than a burn 
was judged by the rapid PVC wall expansion immediately behind the front. Figure 8 on the next page shows 
KNO3:sucrose as an example of a mixture which failed to support detonation. Figure 8 also shows KNO3:alu-
minum as an example of a mixture where the detonation failed and transited to a rapid burn. In this case, 
the mixture is more flammable than detonable. Figure 9 on the next page shows an enlarged picture of three 
FOX mixtures known to be improvised explosive mixtures which detonated (NH4NO3:sucrose, NH4NO3:Al, and 
KClO3:Sucrose) as well as an example of one which did not detonate (KMnO4:sucrose).

Table 3: Parr bomb calorimetry output for thermites vs. gun propellants.

Table 4: Detonation testing summary.
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C.2. Discussion

FOX mixtures were chosen to examine three issues: 1) relative detonability of oxidizers as judged from small-
scale tests; 2) role of the fuel; and 3) importance of small adjustments in energy input to performance. The 
FOX mixtures in Table 5 (on the next page) are ordered top to bottom by increasing detonation velocity. 
Among the FOX mixtures studied, chlorate and perchlorate with sucrose had the highest performance al-
though density variations make it difficult to quantify the extent to which they are superior.  

Figure 8: KNO3:Al transited to burn; KNO3:sucrose failed to propagate; KNO3:KClO3:sucrose 63:7:30 detonated.

Figure 9: Detonation tests showing three steady detonations (left three) and one which failed to propagate (right).
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Cheetah, a LLNL thermochemical code, was used to calculate detonation velocity, Chapman-Jouguet (CJ) pres-
sure, and energies of combustion and detonation at the densities used in the field detonation studies (see 
Table 5). For the FOX formulations with aluminum, the calculated energy of combustion was only slightly 
higher than that of detonation; Cheetah calculations were run assuming all aluminum reacted. For the FOX 
mixtures with sucrose fuel, the combustion energy was about 30% higher than detonation; for TNT, the com-
bustion energy was approximately 4 times as high as the detonation energy.  For air blast calculations where 
TNT equivalence was required, the heat of TNT reaction, rather than combustion, was used. The total heat 
of detonation calculated from Cheetah correlates linearly with the heat released in the Parr calorimeter (see 
Fig. 10). Since it was not feasible to create intact samples of controlled density of the powdery FOX mixtures, 
it was reassuring that isoperibol bomb calorimetry gave proportional results to detonation calorimetry (heat 
of detonation of TNT from [9]).

Table 5: Detonation testing summary with analysis.

Figure 10: Heat of detonation from bomb calorimeter vs cheetah calculation. Error bars on x axis are too small to plot.
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Observed detonation velocities tracked with Cheetah predicted detonation velocities. Figure 11 shows the 
non-detonations (i.e. potassium nitrate formulations) with an X, and separates the shots done with alumi-
num fuel from those done with sucrose and from those done with formulations including high explosives (in 
red, two TNT shots and one that was 50% research department explosive (RDX)).  

Since the heat released was measured by calorimetry and the detonation velocities were measured by cam-
era tracking with Cheetah predictions, it is not surprising that the measured heat of reaction under argon 
correlated with observed detonation velocities (see Fig. 12). Interestingly, the outliers (above the line on 
both the oxidizer/sucrose and oxidizer/aluminum formulations) are the formulations with AN. Part of this is 
certainly due to the fact that it is difficult for the sucrose formulation to burn under argon, but this does not 
explain the AN/Al formulation. 

Figure 11: Observed Detonation Velocities (km/s) vs Cheetah Calculation Thereof (X failed to detonate).

Figure 12: Heat of reaction measured by calorimetry vs. detonation velocity. x axis error bars are too small to be shown.
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Figure 12 suggests there may be a minimum energy (~2.8 kJ/g) needed for detonation. However, the data 
and detonation theory dictates that energy alone does not guarantee detonation. The rate of energy release 
by the formulation must be fast enough to support detonation. If we make the rather speculative assumption 
that the rates of all the oxidizer/sucrose reactions are similar because the rate of reaction in these low den-
sity powders is diffusion controlled, then we might expect a linear relationship between energy of reaction 
and detonation velocity.    
Figure 12 also shows that the aluminum-fueled oxidizers follow a different trend than the sucrose-fueled 
formulations. Given the idea of minimum energy, it could be speculated that aluminum can provide enough 
additional energy during its oxidation to push a low-energy formulation to detonation; this was not the case 
in these studies. AN and perchlorate sucrose mixtures were detonable; substitution of aluminum for sucrose 
increased the heat released in the calorimeter, but detonation velocity decreased. We attribute this result to 
the lower density of the aluminum formulation due to the small aluminum particle size. Not surprisingly, air 
blast, in terms of TNT equivalence, increased with the addition of aluminum. It is well known that aluminum 
does not react rapidly enough to contribute all its energy to the detonation front; hence, there is the provision 
in Cheetah to make some of the aluminum content “inert.” In fact, air blast, in terms of TNT equivalence, is 
proportional to the heat observed in the Parr calorimeter (see Fig. 13).  

C.3. Conclusions

Measurement or calculation (via Cheetah) of heat of reaction is a useful first step in determining whether 
a formulation is potentially detonable. It appears there is a minimum energy that a formulation must pos-
sess to be detonable. However, examination of Table 5 clearly shows that some materials with high reaction 
energy (i.e. KNO3/Al) do not detonate, while others with low reaction energy (i.e. AN/sucrose) do. Clearly, 
any small-scale test or model must take into account the rate of reaction as well as energy. The PN/sucrose 
mixture exhibited low heat release in the Parr bomb, and it did not detonate in the field-scale configuration.  
The substitution of aluminum for sucrose dramatically increased the energy released (as measured in the 
calorimeter), but the mixture (KNO3:Al) still did not detonate in field trials. The rate recorded in Table 5 is a 
burn, as judged by the video we recorded and discussed above. The PN/sucrose mixture was prodded into 

Figure 13: Air blast TNT equivalence large-scale vs. heat from 2g calorimetry. Error bars are too small plot.
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detonation by spiking it with 5wt% RDX or 7wt% potassium chlorate. Both these chemicals were capable 
of rapidly adding energy to the mixture. However, the total energy released by these PN/sucrose mixtures 
with additives was only a little over half that of PN/Al. This observation points to the importance of the rate 
at which the energy is provided. Looking again at small-scale tests (see Fig. 1), we observed that, in general, 
FOX mixtures that produce a shorter time to peak pressure in the 2g tests detonated in the 5 kg tests. FOX 
mixtures that produced long time to peak pressure (> 200 ms) did not detonate at the large-scale with the 
exception of AN and sucrose.  
With aluminum mixtures at the large-scale, it has already been mentioned that, due to the slowness of the 
reaction, only some fraction of the energy released in the aluminum oxidation can support the detonation 
front [10]. The rest is manifest in the Taylor wave expansion, i.e. air blast. The FOX mixture has a similar prob-
lem with reaction rate. Detonation velocity is strongly dependent on density [11]. FOX mixtures are far from 
dense, and a significant amount of time must be spent in diffusion and compaction of the fuel and oxidizer. 
High explosives, such as PETN or RDX, have reaction zone lengths of approximately 1-2 mm, reacting rapidly 
enough so that much of their energy can support the detonation front [12]. This is in contrast to a non-ideal 
explosive, such as ammonium nitrate/fuel oil (ANFO), with has a reaction zone length estimated at 8-12 mm 
[12]. With these FOX mixtures, the fraction of energy released to the front must be significantly less.  How 
much less, and the role of compaction in these composite materials, will be the subject of a number of future 
studies.

C.3.a. Approach 2

ERMS: We are investigating ERMS for the potential detection of energetic materials. This technique was suc-
cessfully used in the past to distinguish between the fragments of very similar molecules [13], as well as 
among isomers of sugar compounds known as oligosaccharides [14-16]. ERMS has a potential to be used in 
distinguishing unknown explosives materials (EMs) from non-explosive (NE) stable compounds. The stan-
dard procedure for ERMS is outlined below. First, the compound of interest is dissolved in the appropriate 
solvent (acetonitrile, water, methanol, or a combination). Then the resulting solvent mixture is introduced 
into a mass spectrometer for analysis. The neutral compounds are ionized into positive or negative ion spe-
cies, which is a requirement for trapping them in the magnetic field of the mass spectrometer. Once ions are 
created and trapped, a single ion can be isolated from hundreds of others based on its mass-to-charge ratio. 
This particular ion can be further manipulated by increasing its kinetic energy until it starts to fragment. Us-
ing the radio frequency of the alternating current (AC) voltage component, we can gradually increase energy 
from 0 to 50 eV in increments of 0.2 eV in a controlled fashion. At some point in the ramp, the ion will become 
unstable and begin to break apart into smaller ions, called fragments. 
We established a couple of criteria to analyze the resulting breakdown curves shown in Figure 14 on the 
next page. The onset point indicates 90% of the selected ion is still intact, and the energy at that point the-
oretically represents sensitivity or fragility of the selected ion (i.e. the earlier the onset point, the more sen-
sitive the ion). The amount of energy that is required to break up the species from 90 to 10% represents its 
stability or longevity. We also designated the mid-point of this breakdown curve (i.e. 50%) as a quick metric 
to cross reference between various molecules under investigation and called it fragmentation resilience (FR 
50). To minimize the noise associated with the collection of raw data, which can be seen in Figure 15 on the 
next page, we accumulate six breakdown curves for each compound and then statistically average them to 
produce a single normalized breakdown curve as shown in Figure 14. We theorized that explosive materials 
will have a tendency to be more fragile upon application of this method, resulting in earlier breakdown onset 
points. We have evidence that supports this hypothesis, based on a visual inspection of Figure 15, in which 
TATP and HMTD (both high explosives) are more fragile and have earlier onset points in comparison to stable 
compound – hexamine (a precursor to the synthesis of HMTD). 
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In order to compare different compounds to each other, we established a protocol where all mass spectrom-
eter parameters were kept the same. We began our investigation with a variety of nitro-aromatic compounds 
because TNT, one of the most well-known explosives, belongs to this class. As can be seen from Table 6 on the 
next page, TNT indeed has one of the earliest onset points (indicative of sensitivity), as well as the smallest 
amount of energy required for its destruction (indicative of stability). From our initial reported studies last 
year, TNT was one of the most stable explosives, which means that higher explosive compounds will have 
even lower onset points. This data directly supports our theory that this method can potentially be used for 
distinguishing energetic materials from more stable compounds. Some compounds in Table 6 have multiple 

Figure 14: Breakdown graph for TNT m/z 226.01 averaged over 6 curves.

Figure 15: Energy resolved mass spectra comparison of six breakdown curves for a) hexamine (ESI+, [M+H]+, 10 ng/
mL), b) HMTD (APCI+, [M+H]+, 10 µg/mL), and c) TATP (APCI+, [M+NH4]+, 10 µg/mL). Each curve is acquired by increas-
ing energy from 0 eV to 50 eV at an interval of 0.2 eV.
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entries, representing different ionization techniques that the same ion was subjected to. This gave us insight 
into how different ionization methods affect the stability of the same molecule, and what steps we need to 
take to account for that difference.

C.3.b. Approach 3

To determine the tendency of a formulation to detonate, and to do so at less than 500g, we are employing two 
techniques:  1) high-speed photography, and 2) PDV. Many challenges arose in designing the appropriate con-
figuration, chemically isolating the explosive material, tuning the reflector interface, choosing the window 
material and geometry, and optically characterizing the fiber optic probe/reflection landscape.   

C.4.	 Configurational	Challenges

Test pipe: To improve our ability to visually track the reaction, a new test fixture was created (see Fig. 16 on 
the next page). The thinner wall thickness makes securing the sample fixture more difficult since the pipe 
itself is no longer strong enough to affix the rest of the fixture with notches in the pipe wall (the strategy used 
with the thicker PVC pipes); therefore, modifications to the booster and PDV probe components were nec-
essary. The sample pipe length will vary depending on the type of test. For steady detonation reaction zone 
measurements, the pipe length must be varied in order to measure the reaction zone length, while remaining 
at least 3 diameters long.  

Table 6: Comparison of onset energies (sensitivity), total energies (stability), and FR 50 for various nitro-aromatic 
compounds.

ALERT 
Phase 2 Year 4 Annual Report

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

Project R1-B.1

117



Alignment: The new fixture with thinner-walled pipe is aligned and held together by three, threaded rods 
concentrically compressing the device components into intimate and uniform contact. This method ensures 
that proper and reproducible pressure is applied to all components.  
Booster: The booster in the new configuration was lightly-pressed composition C4 (>90% RDX). For a 1” 
diameter pipe (1.09” ID, 0.022” wall thickness), the booster section was 1.25” long (length/diameter (L/D) 
> 1). For larger pipe diameters, the booster length would be scaled similarly. An L/D of greater than 1 was 
required to develop a steady detonation in the booster explosive. For these experiments, a 1” diameter device 
was preferred, but larger diameters (1.64”, 2.05”, and 2.55”) are available for compositions that cannot reach 
a steady detonation in a 1” device. For under- and over-driven detonations, larger diameters increase the “in-
finite diameter time” or 1-dimensionality of the experiment, i.e. larger diameters increase the amount of time 
that mixture may be probed before the edge effects propagate back into the center and affect the detonation 
wave structure.

C.5. PDV Challenges

Conventional PDV is often used to measure the expanding wall velocity of a detonating charge by detecting 
a Doppler-shifted beat frequency proportional to the expansion velocity normal to the probe orientation. 
By analyzing the frequency-domain time profile, the time-resolved wall velocity can be calculated and used 
to assess the effectiveness of an explosive at accelerating a finite mass casing through the air. In most PDV 
experiments, the flow dynamics of the explosion are unseen, and the data is simply a record of the effective 
drive the explosive had on the surrounding material.
Our approach: This experimental configuration uses PDV in an unconventional way by interrogating the det-
onation wave structure of the sample explosive. A few researchers have developed a technique which we find 
adaptable to our research interests. Because the acoustic impedance of the explosive is matched to an optical 
window (PMMA), no shock reflections impede the flow of the detonation wave into the inert window materi-
al. By sputter-coating a sub-nanometer thick layer of gold on the window at the interface with the explosive, 
PDV laser light is reflected at the instant the detonation wave interacts with the window. With <10 ns time 
resolution, the detonation wave is matched onto the PMMA window in real time; many configurational and 
diagnostic constraints affect the time resolution. The movement of the interface (explosive/gold/PMMA) 
tracks in step with the particle velocity of the detonation wave, including the chemical transformations in 

Figure 16: The test pipe fixture. Pipe portion has been changed from translucent, schedule 40 PVC (0.114” thickness for 
1” diameter up to 0.237” thickness for 4” diameter) to clear, high-density polyethylene (HDPE) (0.022” wall thickness). 
The new pipe is clear, which provides better light transmission to visualize the ignition and failure of the explosive 
reaction light. In addition, it is more compatible with nitromethane (NM) than PVC.
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the reaction zone. This entire wave profile is recorded by the PDV system unobstructed until the shock wave 
transmitted into the window material reflects off its free surface and impacts the explosive/gold/PMMA in-
terface. A schematic is shown in Figure 17.

Optical window: Our PDV strategy requires an acoustically-matched window abutted to the charge end for 
two reasons: 1) so that the detonation wave transmits smoothly into the window with no shock reflections 
(either relief or support) into the reaction zone of the explosive; and 2) to provide a structural substrate for 
the sputter-coated gold reflector (otherwise thick foil-type reflectors must be used, which will “ring-up” and 
attenuate the shock wave). PMMA was chosen as a window material because its shock impedance lies in be-
tween that of the unreacted and reaction product shock Hugoniots.  
In similar experiments, the back, uncoated side of the window may be machined and polished at an 8° an-
gle to prevent back reflections. In previous configurations, we tried this approach; however, mathematical 
investigations of the power contributions from each reflection showed that until the back surface began 
moving after being struck by the shock wave, a reflected light from this surface would be inconsequential in 
the frequency domain. Therefore, the 8° angle polish was abandoned and a flat sheet of PMMA was used as 
the window. The PMMA we used transmitted 88.5% of the 1550nm laser light. The PMMA was often simply 
cleaned, and the reflective surface was sputtered “as received,” rather than polished with abrasive paste.
Reflector considerations: The explosive contact side of the window was sputter coated with gold (>99.9% 
pure) in order to reflect the PDV laser light. By keeping this layer thin, <1 nm, its effect on shock attenuation, 
ringing (the internal reflections inside the metal layer), and shock matching can be neglected.  If the reflective 
layer were thicker (>50 µm), these results would become significant and possibly prevent the strategy from 
being effective. 
Chemical barriers: Because PMMA is incompatible with nitromethane, a very thin (7.62 µm or 0.0003” thick) 
Kapton film is placed between the explosive and the gold surface. Without this barrier, the nitromethane 
compositions would dissolve the PMMA window and gold surface. This thin layer of Kapton also creates a 
liquid-tight seal between the HDPE pipe and the PMMA window, and, as such, is used even when chemical 
incompatibility is not a problem.  
PDV probes: Three types of PDV probes have been used: Collimators, focusing probes, and bare fiber.  

Figure 17:  Setup for PDV measurements.
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Collimated lenses are made to project and collect light at a minimal angle, i.e. a small spot size is projected 
like a laser pointer. The disadvantage to this type of probe is that the reflective surface must be slightly dif-
fused. Getting the diffusivity of the reflective surface reproducibly correct is difficult; the collimators are cost-
ly. The focused probes are more expensive than collimators and can suffer from a similar problem, requiring 
a delicate diffusive layer to be implemented and characterized. To avoid the need for a diffusive reflector, a 
simple bare fiber optic cable, cut at a perfect 90° angle, was used. Using a bare fiber probe presented many 
challenges but came at no extra cost or preparation time. Because the numerical aperture of the bare fiber 
probe spreads the light at a large 8° angle, a specular (i.e. as received) reflector was sufficient for this work 
and did not require the PMMA to be made diffuse. This meant that using a bare fiber probe with an as-re-
ceived window required the least amount of sample preparation. The downside of this combination was light 
loss. Because the numerical aperture was so large, the light was quickly dispersed; over several millimeters, 
it had spread to thousands of times the diameter of the fiber core. The only light that returned back into the 
system to be detected was the fraction of the light which maps back onto the fiber core. As such, the bare fiber 
probe and as-is reflector combination was used in the current configuration.     

D. Major Contributions

In Years 1 and 2, the thermal behaviors of 11 solid oxidizers in combinations of 13 fuels were determined 
using DSC, a technique requiring less than a milligram of material [1]; many are considered FOX explosives. 
Their burn rate in air was visually estimated and found to roughly correlate with standard reduction poten-
tials. The thermal studies highlighted the importance of a melt or phase change for one component of the 
formulation in triggering the reaction. These studies also indicated that the choice of oxidizer outweighed 
the choice of fuel in determining the total energy released. These observations were the first steps in find-
ing behaviors observed on the milligram-scale that may correlate with detonability measured on the kilo-
gram-scale.  
In Year 3, we followed up the previous milligram-scale study of FOX with gram-scale experiments performed 
in an adiabatic calorimeter. A modification to the standard instrument allowed collection of heat release and 
pressure-rise data versus time as the formulation of interest is burned under a controlled atmosphere. This 
was also the year that our detonation facility was completed with the acquisition of necessary instrumenta-
tion and infrastructure. 
This year (Year 4), full-scale detonation studies of 16 FOX mixtures were performed. It was found that, in 
general, FOX mixtures that produce shorter time to peak pressure in the 2 g Parr calorimetry tests detonated 
at large-scale. FOX mixtures which produced longer time to peak pressure did not detonate at the large-scale 
with the exception of AN and sucrose (see Fig.1 and Table 4).  
In Year 4, the role of aluminum in improvised explosives was dramatically shown. With aluminum mixtures, 
due to the slowness of the aluminum oxidation, only a fraction of the energy released was provided fast 
enough to support the detonation front [10]. The fuel-oxidizer mixtures have a similar problem with slow 
reaction rate because a significant amount of time must be spent in diffusion and compaction of the fuel and 
oxidizer.  Therefore, the fraction of energy released to the detonation front must be significantly less in FOX 
mixtures than in military explosives. 
Camera protocols devised for Approach 3 allowed Approach 1 to be performed this year, with all the accom-
plishments cited above. This is at least one year ahead of when we expect to be testing the FOX mixtures. In 
addition, a variety of issues were attacked and solved. Year 5 should bring this all together into a successful 
small-scale test.
ERMS: In Year 4, we successfully improved the statistical algorithm required for the analysis of data obtained 
from the mass spectrometer. It resulted in a significant increase in accuracy of reporting data, due to the lim-
ited human interaction and therefore minimized subjectivity. This model lets us automatically predict highest 
and lowest asymptotes for the breakdown curves, as well as FR 50 without any additional calculations. For 
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evaluation of this algorithm, we apply two additional methods of verification. One of them was already used 
for analysis of oligosaccharides [17], and the other one was developed in our lab for initial studies, which we 
called the “cross intersection” method. The problem with these two methods is that they rely solely on the 
existence of fragments, and otherwise cannot be used. With our new algorithm, this problem was resolved; 
now, no fragments are required for compound analysis.
In Year 4, we created a working program in Microsoft Excel that implements our novel algorithm and ana-
lyzes the data in a timely and consistent fashion. We established an MS protocol where all mass spectrometer 
parameters were kept the same, and we began investigations of nitro-aromatic compounds. 

E. Milestones

This year gave us our first look at the potential detonability of FOX mixtures. Most interesting was the fact 
that, at a 4’ diameter, the KNO3/Al mixture is almost detonated. This makes for a particularly good formu-
lation to study because it sits on the border of detonability. We have already shown that as little as 5% RDX 
or 7% KClO3 make the non-detonable mixture detonable. We expect that an increase in the sample diameter 
would also do so. We hope to examine this possibility in Year 5. However, we face various technical difficulties 
in doing so. The data dramatically shows the effect of added aluminum. It important that the HSE realize that 
the hazard is increased blast but not increase brisance from higher detonation rates.
Approach 1: To date, nine FOX explosives or potential FOX explosives have been tested at medium scale (~12 
lb). Initial review suggests a strong correlation between bomb calorimetry and detonability. A number of 
shots are planned, although weather and noise considerations dictate only intermittent testing.  
Approach 1: We are anxious to examine a formulation which has proved undetonable under certain condi-
tions (size and booster) with the spike of an explosive mixture, and to determine how close to detonation the 
formulation is under the set conditions. This would be a better test to conduct with the new small-scale test 
being developed in Approach 3, but it is a question that requires an immediate answer. The reverse question 
is how much inertant can be added to an explosive mixture before it becomes non-explosive. 
Approach 2 is a novel attempt to classify energetic molecules based on collision-induced dissociation with 
inert gas using an ion-trap/high-mass resolution Orbitrap and a triple-quadrupole mass spectrometer. A 
computer code aided in the assignment of dissociation energy. However, a second mode of analysis is also 
being explored. 
Approach 3 intends to develop a small detonability test which can reveal potential detonability even below 
the critical diameter. A new test fixture has been developed for these efforts. A number of successful PDV end-
on measurements have been conducted, but PDV use, as a continuous probe, has yet to be achieved.

F. Future Plans

Approach 1 will be extended to more FOX combinations. Due to limited time and material expenses, a rela-
tively small number of combinations can be examined. Specific plans in Approach 1 are to examine KNO3/fuel 
mixtures. These failed to detonate on the 4” diameter scale. We will use additives or changes in charge size in 
an attempt to find the go/no-go point in its detonation. Should Year 6 funding become available, azides will 
be examined.
Approach 2, ERMS, will be looking at the effect of concentration on FR 50 and also the influence of ionization 
mode.  While the approach to date, which will be continued into Year 5, looks at electrical potential, should 
there be Year 6 funding, the timing will be examined to determine if this is a better method of evaluation.
For Approach 3, using PDV and/or high-speed photography, we hope to develop new ways of examining 
growth to detonation and failure in samples tested below their critical diameter. The outlined tests will yield 
information about the capacity to detonate on a scale larger than need be tested. Following the development 
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of the detonation front by high speed photography will be optimal for clear liquids; therefore, NM and hydro-
gen peroxide (HP) formulations will be used initially. Once proof-of-concept tests with clear liquid explosives 
are successfully completed, tests are planned for solid FOX mixtures. The correlation of results with other 
small-scale tests may indicate that many formulations should be deleted from the threat list. This test will 
also allow us to assess the effectiveness of a given diluent or adulterant in an explosive mixture. True safe 
limits for materials can be established, including commercial chemicals being manufactured on the very-
large (tons) scale. Using these tests, inexpensive and small configurations can be routinely conducted and 
interpreted to affirm if an explosive threat is warranted. Achievement of these goals would be a breakthrough 
for the study of all detonation reactions.
Approaches 2 and 3 are both attempting to achieve something not previously undertaken. It is difficult to say 
whether they will have achieved their goals at the end of Year 5. If either approach does achieve their goal of 
providing a detonability screening test in Year 5, it will take at least another year to screen a significant num-
ber of potentially detonable formulations. The newly-developed techniques will be shared via publications 
so that numerous researchers can become involved in pursuing the goal of this project—identifying what 
materials are threats and identifying when those threats have been successfully thwarted.
Approach 3: With a configuration decided and proven effective, we plan to implement three techniques to 
characterize non-ideal explosive detonation wave structure. The first and simplest to interpret is a measure-
ment of the reaction zone of non-ideal explosives that reach a steady detonation. The other proposed tests 
do not require the explosive to be above its critical diameter. The first of these techniques boosts the sample 
in an over-driven configuration; for the second, an under-driven configuration. Both tests require the sample 
explosive to at least start in an ‘infinite diameter’ regime, which means that the relief waves originating at the 
charge boundary must not have sufficient time to relive pressure at the charge center. 

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

There are, potentially, hundreds of explosive threat materials. Distinguishing between actual threats and 
benign chemicals is of high interest to the HSE. This effort also extends to the question of concentration (e.g. 
absolute safe concentrations of hydrogen peroxide). These are the types of questions coming from Trans-
portation Security Administration (TSA) and explosive trace detection (ETD) vendors. When the proposed 
tests are developed and executed, they will be available as screening tools for producing the answers to these 
problems.
This understanding of non-ideal detonation is an ongoing security research effort. Due to our efforts in this 
area, we are the only academic institution invited to join the DHS Chemical Security Analysis Center & Ex-
plosives Division 1st Inter-agency Explosives Terrorism Risk Assessment working group meetings. Further-
more, Dr. Oxley is an invited member of the DHS-funded National Academy of Science study on “Reducing 
the Threat of Improvised Explosive Device Attacks by Restricting Access to Chemical Explosive Precursors.”  
The characterization of non-ideal detonation is also of interest to insensitive munitions (IM) research efforts, 
which require better metrics and diagnostics to track detonation kinetics.  

B. Potential for Transition

Project R1-B.1 is defining the performance and threat level of many HMEs. Government agencies concerned 
with security, the security industry, and academics conducting research in security are the audience for the 
results of this program.   
• This project addresses the performance and degree of threat offered by various HMEs. Traditional tran-

sition methods, such as publications and presentations, will be used to transmit our new methodologies.
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• Potential end-users include any agency concerned with determining actual threat potentials of suspected 
materials. The protocols developed for evaluating potential detonability will be shared via publications 
and presentations. In addition to governmental groups in the HSE, this information would be useful to 
the health/safety of the chemical industry. Information concerning materials revealed as threats will 
be reported to DHS, allowing that agency to make informed decisions as to further dissemination of the 
information.

The results from this program will help the explosives security community understand what is important 
and how to focus their resources to minimize the impact of explosive events.

C. Data and/or IP Acquisition Strategy 

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

D. Transition Pathway 

Results will primarily be transferred to the explosives security community by publications and presentations.

E. Customer Connections

Our connections to DHS (central), TSA, and the Transportation Security Laboratory (TSL) are strong.  To date, 
the Federal Bureau of Investigations (FBI) is the only major agency outside of DHS that is aware of the details 
of this project. The results reported for the first time herein should spark a great deal of interest in the entire 
HSE. 

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. We have conducted 13 explosives classes on seven different topics ranging from fundamentals 

of explosives to safety in handling. Over 350 people attended these courses. See details listed in 
Section IV.H. 

b. There is a new course offering in July 2017 called “Safe Handling of Explosives for Technicians.”
c. Prof. Oxley has given six invited talks and will be giving two more in Summer 2017.

2. Student Internship, Job, and/or Research Opportunities
a. We have or will have a number of visitors who come with the express purpose of learning how 

we handle HMEs and other energetic materials.
i. We hosted a young man from the Home Office (United Kingdom) for two days in May 2017.
ii. In July 2017, we hosted two students from the lab of last year’s MSI award recipient (Dr. 

Bakhtiyarov, New Mexico Tech) for a week.
iii. Having performed TNT equivalence tests for Advanced Technology Research Centre (ATREC), 

we were asked to host researchers from ATREC and are invited to send students to their fa-
cility in Singapore. No dates have been set for this interaction.

iv. See also Student Theses in Section IV.G.
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3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty
a. In Summer 2016, we had a visiting professor, Dr. Bakhtiyarov from New Mexico Tech, as well as 

one graduate and one undergraduate student from his group. He requested to return in Summer 
2017, but decided to accept a DHS follow-on award instead.  

b. We have done three STEM related magic shows for K-12 students.
c. In Summer 2016, we initiated a collaborative learning program where high school teachers 

along with select high school students spent two 2-week sessions solving an analytical chemis-
try problem.

4. Training to Professionals or Others
a. See details in Section IV.H.

5. Other Outcomes that Relate to Educational Improvement or Workforce Development
a. Three PhD students and two Master’s students graduated this year and are now employed (see 

Section IV.G. for details). 

B. Peer Reviewed Journal Articles 

1. Colizza, K., Mahoney, K.E., Yevdokimov, A.V., Smith, J.L., & Oxley, J.C. 2016. “Acetonitrile Ion Supres-
sion in Atmospheric Pressure Ionization Mass Spectrometry.” Rapid Communications in Mass Spec-
trometry, 27(1), pp. 1796-1804.

Pending – 
1. Oxley, J.C., Smith, J.L., & Brown, A.C. “Eutectics of Erythritol Tetranitrate.”  Journal of Physical Chem-

istry (Accepted).
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 & Computational Study.” Journal of Physical 
Chemistry (Accepted). 

3. Oxley, Jimmie C.; Smith James L.; Brown, A.C. “X-ray Simulants.” (In preparation).

C. Other Publications

Pending – 
1. Bakhtiyarov, S.I., Oxley, J.C., Smith, J.L. & Baldovi, P.M. “Rheological Studies of Functional Polyure-

thane Composite: Part 1.  Rheology of Polyurethane Composite, Its Compounds with and without 
Solid Additives (Aluminum Flakes).” Journal of Elastomers and Plastics, JEP-17-0010.R1 (Accepted).

2. Oxley, J.C., Smith, J.L., Bakhtiyarov, S.I. & Baldovi, P.M. “Rheological Studies of Functional Polyure-
thane Composite: Part 2. Rheology of Polyurethane Composite with Solid Additives (Calcium Iodate 
Particles and Aluminum Flakes).” Journal of Elastomers and Plastics, JEP-17-0041.R1 (Submitted). 

3. Oxley, J.C., Smith, J.L., Porter, M., Yekel, M.J., & Canaria, J.A. “Potential Biocides - Iodine-Producing Py-
rotechnics.” Propellants, Explosives, Pyrotechnics (Accepted).

D. Other Non-ALERT Publications & Conference Proceedings

1. Oxley, J.C., Smith, J.L., Bernier, E., Sandstrom, F., Weiss, G.G., Recht, G.W., & Schatzer, D. 2017. “Character-
izing the Performance of Pipe Bombs.” Journal of Forensic Science. 24 May 2017. DOI: 10.1111/1556-
4029.13524.
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2. Oxley, J.C.; Smith, J.L; Bakhtiyarov, S.I.; Baldovi, P. M. 2016. “A Complex Variable Method to Predict a 
Range of Arbitrary Shape Ballistic Projectiles.” Journal of Applied Nonlinear Dynamics (1), pp. 1-10.

3. Lindsay McLennan. “The Role of Thermal Analysis in Screening and Analyzing Co-crystallization of 
Energetic Materials.” North American Thermal Analysis Society International Conference, Orlando, FL, 
August 14-19, 2016.

4. Rebecca Levine. “Pyrotechnic Foams.” North American Thermal Analysis Society International Confer-
ence, Orlando, FL, August 14-19, 2016.

E. Other Conference Proceedings

1. Invited Lecture
a. Oxley, J.C. “How to Detect HME.” CBRNe International Conference, Lyon, Fr, May 29-June 2, 2017.
b. Oxley, J.C. “Explosive Analysis.” American Society for Clinical Laboratory Science Central New En-

gland, Providence, RI, May 9-11, 2017.
c. Oxley, J.C. “Perspectives on Checkpoint Security.” Advanced Development for Security Applications 

(ADSA) 15, Boston, MA, November 15, 2016. 
d. Oxley, J.C. “What the DHS-CoE does for Law Enforcement.” 2016 Texas Special Response Team 

Conference, Austin, TX, October 4, 2016.
e. Oxley, J.C. “Research into Improvised Explosives (HME).” 5th Australian Symposium on Energetic 

Materials, Adelaide, Au, September 27-29, 2016.
f. Oxley, J.C. “HMEs.” International Association of Bomb Technicians & Investigators, Halifax, CA, July 

18-22, 2016.
g. Oxley, J.C.  Why Study Explosives?” Wesleyan University, April 29, 2016.

F. Other Presentations 

1. Seminars - See Section IV.D and E for presentations and invited lectures. 
2. Short Courses - Listed under Section IV.H (New and Existing Courses). 
3. Interviews and/or News Articles 

a. Mosher, Dave. “What a ‘nail bomb’ is and why they are terrifying improvised weapons.” Business 
Insider, May 23, 2017. http://www.businessinsider.com/nail-bombs-what-are-they-2017-5.

b. Cross, Ryan. “A look at the explosives used in the New York bombing.” Chemical & Engineering 
News, September 26, 2016. http://cen.acs.org/articles/94/i38/look-explosives-used-New-York.
html. 

c. Rice, Doyle. “This totally legal product was used to make the NYC bomb.” USA Today, Septem-
ber 19, 2016.  https://www.usatoday.com/story/news/nation/2016/09/19/tannerite-explo-
sive-bomb/90692338.

d. Greenmeier, Larry. “Chemicals Could Be a Key in Investigating the New York and New Jersey 
Bombings.” Scientific	American, September 19, 2016. https://www.scientificamerican.com/arti-
cle/chemicals-could-be-a-key-in-investigating-the-new-york-and-new-jersey-bombings.

e. Mays, Kelsey. “Which New Cars Still Have Takata Airbag Inflators?” Cars.com, August 22, 
2016. https://www.cars.com/articles/which-new-cars-still-have-takata-airbag-infla-
tors-1420689912742.

f. Brown, Jennings. “Land Mines Kill Thousands A Year, But Can This Drone Help?” Vocativ, July 22, 
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2016. http://www.vocativ.com/342975/land-mine-drone/.
g. Kelly Gormly Pittsburgh Quarterly magazine  July 21, 2017; interview about 1862 explosion of 

the Allegheny Arsenal during the Civil War.
h. Jensen, Alex. This Morning (Seoul, South Korea), June 14, 2017, radio interview.
i. Callimachi, Rukmini. The New York Times, May 2017, question.
j. Schaub, Ben. Daily Planet, April 2017, video interview.
k. Welch, Tom. Nutopia, CNN network crime series, February 2017, video interview. 
l. Wellner, Jon. Rosewood Productions, January 2017, question.
m. Jones, Conor. Outrageous Acts of Science, December 2016, question.
n. Rose, Sarah. Journalist writing book on WWII, December 2016.
o. Recchia, Scott. The Blacklist on NBC, September 2016, question.
p. Jerving, Sara. Vice New Tonight (TV), September 2016, question.          
q. Monahan, Kevin. NBC Universal, August 2016, question.
r. Piquet, Caroline. Le Figaro (French newspaper), July 2016, interview.
s. Vallone, Phil. CBS News, July 2016, question.
t. Salahuddin, Chelsea. CBS National News, July 2016, interview.

G. Student Theses or Dissertations Produced from This Project

1. Swanson, D. “Intermolecular Interactions of Energetic Materials.” PhD dissertation, University of 
Rhode Island, December 2016. Devon studied improved swabs, AFM, and co-crystalization of explo-
sives. After receiving his PhD, he took a job with ATK in West Virginia. 

2. Porter, M. “Tools to Fight the Terrorist Threat.” PhD dissertation, University of Rhode Island, May 
2017. Matt studied FOX from small-scale in project R.1-A.1 to large-scale in project R1-B.2, and also 
examined HMTD. After receiving his PhD, he took a job with Esterline. 

3. Brown, A. “Improvised Explosives: X-ray Detection & Eutectics of Erythritol Tetranitrate.” PhD dis-
sertation, University of Rhode Island, May 2017. Austin studied ETN decomposition and eutectics as 
well as X-ray simulants. Austin is working for the Transportation Security Lab run by ARA at Tyndall 
AFB, FL.

4. Levine, R. “Interactions of Polymers and Energetic Materials.” Masters thesis, University of Rhode 
Island, May 2017.

H. New and Existing Courses Developed and Student Enrollment

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student  
Enrollment

Existing Certificate Fundamentals URI May 3-5, 2016. 50

Existing Certificate Fundamentals Los Al-
amos Aug. 1-3, 2016. 43

Existing Certificate LANL Fundamentals Feb. 27-Mar. 1, 2017. 31

Existing Certificate LLNL Fundamentals Mar. 27-29, 2017. 28

Existing Certificate Fundamentals ABQ Aug. 29-31, 2016. 22
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Existing Certificate Fundamentals  VA Oct. 25-27, 2016. 12

Existing Certificate Explosive Analysis URI May 6, 2016. 21

Existing Certificate Advanced Hazards 
Recognition May 12, 2016. 12

Existing Certificate TSA June 20-24, 2016. 23

Existing Certificate Air Blast May 16-18, 2016. 36

Existing Certificate Detonation & DDT, 
LANL Sept. 20-22, 2016. 28

Existing Certificate Dynamic Diagnostics, 
LANL Nov. 14-15, 2016. 21

Existing Certificate Dynamic Diagnostics Mar. 21-22, 2017. 25

 352 (Total)

I. Technology Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. Oxley, J., Smith, J., & Canino, J. “Non-Detonable Explosive or Explosive-Simulant Source” is in the 

process of being converted from provisional to full patent. 

J. Software Developed

1. Databases
a. The Explosives Properties Database: Over 1000 members are registered for the database, of 

which 250 are associated with U.S. government agencies. http://expdb.chm.uri.edu/.

K. Requests for Assistance/Advice

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

Working Group (IExTRAWG). 
c. Oxley is a member of the NAS committee on “Reducing the Threat of Improvised Explosive De-

vice Attacks by Restricting Access to Chemical Explosive Precursors.” http://dels.nas.edu/Study-
In-Progress/Reducing-Threat-Improvised-Explosive/AUTO-7-66-86-I.

2. From Federal/State/Local Government
a. A TSA explosives specialist emails questions weekly and occasionally calls.
b. The new URI bomb dog and his trainer rely on our lab for advice and explosives training aids.

V. REFERENCES

[1] Oxley, Jimmie C.; Smith, James L.; Donnelly, Maria; Porter, Matthew “Fuel-oxidizer mixtures:  their stabil-
ities and burn characteristics,” J. of Therm. Anal.  Calorim. 2015 121(2), 743-763.

[2] Massey, J.M., Jr. “Measurement of the Impetus, Covolume, and Burning Rate of Solid Propellants” U.S. 
Naval Weapons Laboratory Dahlgren, Virginia Report AD412685 1963.

[3] Shannon, L.J. “Composite Solid Propellant Ignition Mechanisms” AFOSR Scientific Report AD820453 
1967. September. 
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[4] Barrett, D.H. “Solid Rocket Motor Igniters” NASA Report SP-8051 1971. March.
[5] Cheetah 7.0 [Computer software] Lawrence Livermore National Laboratory.
[6] Swisdak, M. M., Jr. DDESB Blast Effects Computer V5.0 [Computer software] Explosives Safety Board De-

partment of Defense 2001.
[7] Swisdak, M. M.; Ward, J. M. “DDESB Blast Effects Computer – Version 5.0” Minutes of PARARI 2001 – Aus-

tralian Safety Seminar 2001. November.
[8] Kingery, C. N.; Bulmash, G. “Airblast Parameters from TNT Spherical Air Bursts and Hemispherical Sur-

face Bursts” ARBRL-TR-02555 1984. April.
[9] Ornellas, D.L. “Calorimetric Determinations of the Heat and Products of Detonation for Explosives: Octo-

ber 1961 to April 1982” Lawrence Livermore National Laboratory. 1982, UCRL-52821.
[10] Cooper, P.W. “Comments on TNT Equivalence” IPS Proceedings. 1994. 20, 215-226.
[11] Cooper, P.W. “Explosives Engineering” 1996. Wiley-VCH, New York, NY.
[12] Souers, P.C. “A Library of Prompt Reaction Zone Length Data” Lawrence Livermore National Laboratory. 

1998. UCRL-ID-130055 Rev 1.
[13] Marta Menicatti, Luca Guandalini, Silvia Dei, Elisa Floriddia, Elisabetta Teodori, Pietro Traldi and Gianlu-

ca Bartolucci. The power of energy-resolved tandem mass spectrometry experiments for resolution of 
isomer: the case of drug plasma stability investigation of multidrug resistance inhibitors. Rapid Com-
mun. Mass Spectrom. 2016, 30, 423-432.

[14] Osamu Kanie, Yoshimi Kanie, Shusaku Daikoku, Yuki Shioiri, et al. Multi-stage mass spectrometric in-
formation obtained by deconvolution of energy-resolved spectra acquired by triple quadrupole mass 
spectrometry. Rapid Commun. Mass Spectrom. 2011, 25, 1617–1624.

[15] Shusaku Daikoku, Ayako Kurimoto, Sachiko Mutsuga, Takuro Ako, et al. Ion-trap mass spectrometry un-
veils the presence of isomeric oligosaccharides in an analyte: stage-discriminated correlation of ener-
gy-resolved mass spectrometry. Carbohydrate Research 2009, 344, 384–394.

[16] Yuki Shioiri, Ayako Kurimoto, Takuro Ako, Shusaku Daikoku, et al. Energy-Resolved Structural Details 
Obtained from Gangliosides. Anal. Chem. 2009, 81, 139–145.

[17] Osamu Kanie, Yoshimi Kanie, Shusaku Daikoku, Yuki Shioiri, Ayako Kurimoto, Sachiko Mutsuga, Satoshi 
Goto, Yukishige Ito and Katsuhiko Suzuki. Multi-stage mass spectrometric information obtained by de-
convolution of energy-resolved spectra acquired by triple-quadrupole mass spectrometry. Rapid Com-
mun. Mass Spectrom. 2011, 25, 2617-1624.
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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 08/2021

Nick Cummock MS/PhD Purdue University 4/2017 – MS  
5/2020 - PhD

II. PROJECT DESCRIPTION

A. Project Overview

Our research seeks to develop a small-scale experimental approach to characterize homemade explosives 
(HMEs), so we can quickly provide the relative detonability of different compositions, as well as provide data 
for modeling 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), Sandia National Laboratories (SNL),
or Army Research Laboratory (ARL) to compare experimental data as well as disseminate results ob-
tained from small-scale explosive test techniques.

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 di-
ameter 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, exper-
iments in which detonation failure in non-ideal ammonium nitrate (AN) based explosives occur are observed 
to explore the relationship between rate of failure and the shock sensitivity of an explosive. Microwave inter-
ferometry (MI) is used to measure the rate of detonation failure in AN-based explosives doped with various 
sizes of aluminum particles or solid glass beads, and it is observed that the rate of detonation failure has a re-
lationship with aluminum particle size. The size of glass beads at this mixture ratio appears to have no effect 
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on the rate of detonation failure, and it is concluded that the contribution of aluminum to the failing reaction 
wave is chemically dominated.

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

• Some strengths identified during the Biennial Review include: 1) “This research methodology of these 
small-scale experiments is technically sound and will allow to obtain key data quickly and at a lower 
cost”; 2) “One of the strengths of their approach is the melding of experiment and modeling”; 3) “Their 
finding from their model that the detonation failure for ANFO (AN and fuel oil) is only a function of the 
initial density of ANFO is significant”; 4) “This project produces knowledge products that are useful for 
threat analysis and development of detection requirements”; 5) Transition of obtained results is straight-
forward, via calibration of predictive models and publications; and 6) Straightforward milestones and 
timeframe were presented.

• Some weaknesses identified during the Biennial Review include: 1) “The work on this project would 
make a bigger impact if it is explicitly coupled to projects R1A1, R1A2, and R1D1”; 2) “A major knowledge 
gap can be closed if the overall methodology can be extrapolated to a larger set of explosive materials”; 
and 3) “…improved distribution of the knowledge reports is needed.” 

In order to address the identified weaknesses, the microwave interferometer technique was applied to a new 
set of materials (beyond ANFO), which were ammonium nitrate based. This allowed comparison with ANFO 
as a baseline explosive. Ongoing research to be published will be presented below, and one publication, sub-
mitted to the Journal of Applied Physics, has been accepted. Collaboration with Rocky Mountain Scientific 
Laboratory (RMSL) has included using materials provided by RMSL for MI testing.  

C. State of the Art and Technical Approach

Microwave interferometry (MI) is a technique to measure shock and detonation velocities in explosives; how-
ever, it has not previously been applied to this work on homemade explosives in a configuration which in-
duces a detonation failure, or transient detonation. Detonation failure in homemade explosives occurs when 
the explosive 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 inhib-
its testing over a wide range of compositions and configurations [1,2]. 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 [3-5]. 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 on the 
next page). 
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The physics governing a detonation failure event, which will occur if the diameter of an explosive charge 
is below the critical diameter [6-8], and its relationship to mechanisms of initiation have not been fully ex-
plored. 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.

C.1. Experimental

In recent work, microwave interferometry [9,10] was used to measure the transient shockwave velocity of 
the explosive system at a diameter well below the critical diameter in response to an overdriven shock insult 
in a small-scale experiment. An array of mixture ratios and particle size distributions of the explosive system 
was examined to vary the sensitivity of the explosive and to explore the relationship between the shock veloc-
ity decay rate, initiation mechanisms, and large-scale shock sensitivity. In this work, it was found that the rate 
at which the transient shock velocity approaches that of a compressive wave with no supporting reaction, 
corresponds to the relative shock sensitivity of the system. Specifically, it is proposed that the shock velocity 
decay rate of an overdriven shocked sub-critical diameter charge of AN/Al explosive can be used to infer the 
relative shock sensitivity of the system. Table 1 (on the next page) shows the details the compositions of AN-
based explosives used in this study.

Figure 1: Schematic showing uses of microwave interferometry.
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Each test sample used a donor explosive, pressed to 98% of its theoretical maximum  
density (TMD). The AN-based receptor explosives in the samples consisted of a mixture of AN and  
varying sizes of aluminum particles or solid glass beads, as is denoted in Table 1. The target TMD 
and volume percent of additives for all samples were kept constant at 65% and 10%, respectively.  
Figure 2 shows a schematic of the test shots which were fired remotely in a blast box. Figures 3 and 4 (on 
the next page) show microscope images of some of the additives used before and after mixing with AN. 

Table 1: Details about compositions used in a study to correlate detonation failure behavior with shock sensitivity.

Figure 2: Schematic showing details of a typical AN-based explosive charge.
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Figure 3: Aluminum additive images for the smallest (a & b) and largest (c & d) additive sizes used.

Figure 4: Glass additives showing the smallest (a & b) and largest (c & d) additive sizes used.
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C.2. Data analysis

A typical microwave interferometer output trace from the above mentioned tests is shown in Figure 5. 
Peak-picking provided sufficient time resolution for these experiments due to the high quality of the output 
signals. Determination of the shock velocity from the frequency content uses the relationship [11]: 

v(t)=λmf(t)/2,
where v(t) is the velocity of the microwave signal reflector (in this case a leading shock in an explosive), f(t) 
is the time-varying frequency of the signal, and λm is the material specific wavelength, which is a calibrated 
value.

C.3. Results

The transient shockwave velocity profiles as a function of distance into the receptor material are presented 
in Figures 6-9 (here and on the next pages). The shockwave velocity profiles of the sub-critical diameter AN/
Al samples strongly indicate that the amount of energy contribution of the aluminum additive to the pass-
ing shockwave is heavily tied to the particle size. Specifically, smaller aluminum additives tend to increase 
the reactivity (i.e. decrease the velocity decay rate) of the AN-based explosive in the context of supporting a 
shockwave (see Fig. 10 on the following page).

Figure 5: Typical MI output from the shots in this experiment with peak indications. The detonation failure process 
lasts for an additional 30 microseconds, but is not shown here in order to show detail of the transition between donor 
explosive and non-ideal.

Figure 6: Velocity profiles of AN/glass beads. No distinct difference is noted in shock velocity profiles between bead 
sizes.
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Figure 7: Velocity profiles of non-AN/Al with the glass beads data overlaid into one data marker due to similarities. 

Figure 8: AN/Al velocity profiles. 

Figure 9: Select aluminum additive shock profiles compared with glass bead additive shock profiles. 
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This trend is also seen in the relationship between the failure diameter and Al particle size observed in 
large scale experiments of aluminized AN-based explosive systems. In a study by Cook et al. [1], it was found 
that as the Al particle size was decreased, the measured failure diameter of the AN/Al explosive system also 
decreased. This result indicates that small-scale experiments of sub-critical diameter non-ideal explosive 
samples may be used to infer the relative reactivity and sensitivity to shock insult of a large-scale charge. 
Furthermore, this experiment yields quantifiable metrics of the shock velocity decay profile such as the ve-
locity decay rate; further study on this seemingly important phenomenon of a sub-critical diameter explosive 
charge may prove useful in the study of the shock initiation mechanisms of detonation in explosives.
This proposed experiment may allow characterization of non-ideal explosive systems using very small 
amounts (less than three grams of material in the demonstrated case), where typical non-ideal character-
ization experiments often require a kilogram or more of the material. It is evident that there exists a high 
potential for the use of small-scale shock experiments of sub-critical diameter explosive charges to further 
study the initiation phenomenon with the benefit of minimal material, risk, and cost.

D. Major Contributions

Major contributions from Year 4:
• Observed and detailed effects on ammonium nitrate based explosives based on particle size of aluminum 

additives in ammonium nitrate.
• Observed and detailed effects on ammonium nitrate based explosives based on particle size of an inert 

additive (glass beads) in ammonium nitrate.
• 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—to be submitted soon.

Figure 10: Magnitude of average decay slopes. A lower decay rate indicates a higher shock sensitivity.
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Major contributions from Year 3:
• Graduated a student (David Kittell) who continues to contribute to security research as technical staff at 

Sandia National Laboratories.
• Characterized 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 and 
accepted with revisions).

Major contributions from Year 2:
• Graduated a student (Peter Renslow) who contributes to security research by testing impact and explo-

sive events to assess vulnerabilities.
• Initial ammonium nitrate + aluminum (AMMONAL) tested at small diameter with comparisons being 

made to large scale experiments.
• ANFO: Kinepak, cold pack, and prilled AN characterized.
• Triaminotrinitrobenzene (TATB)/Teflon mixtures with tailorable detonation failure characteristics 

demonstrated and initial modeling compared to these results. Results have been published [12].
• Wavelet analysis developed and paper published in Review of Scientific Instruments [4].
• Initial development and calibration of ignition and growth modeling to ANFO results.
• Sample density shown to have large effects on detonation dynamics.
Major contributions from Year 1:
• Microwave interferometry developed as a non-intrusive diagnostic.
• Analysis techniques developed Fourier transform, quadrature, and peak-to-peak calculations of MI data.
• Varied mixture ratio, sample geometry, and confinement. Results have been published [13].
• Initial modeling of TATB results. Results have been published [14].

E. Milestones

The following Year 5 milestones still need to be achieved:
• 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. 
• An alternative diagnostic to the microwave interferometer for making detonation failure measurements 

on peroxides and other microwave absorbing materials is to be developed. There exist a number of per-
oxide and nitromethane-based explosives which are relevant to the DHS enterprise for which we would 
like to obtain a similar set of detonation failure data. These materials absorb microwaves, therefore, they 
are not conducive to experiments using microwave interferometry. Development of an additional mea-
surement tool has been proposed to allow observation of a wider set of HMEs at small-scales. We have 
purchased an ultra-high speed framing camera (10 MHz), which we plan to use to analyze homemade 
explosives that cannot be characterized using microwave interferometry. This includes explosives with 
larger aluminum particles and moisture/hydrogen-peroxide.

• 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 equa-
tion of state experiment.  We hope to adopt a modified small-scale cylinder test or Disc Acceleration  

ALERT 
Phase 2 Year 4 Annual Report

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

Project R1-B.2

137



eXperiment (DAX).
The following Year 4 milestones were achieved:
• A range of sensitizing agents in ammonium nitrate, including glass beads, solid glass spheres, and alumi-

num, of varying particle sizes, have been tested to observe effects on the detonation failure characteris-
tics. 

• Using shock Hugoniot interface calculations, this project disproved that the transition point from a driver 
explosive to the target material can be used to obtain large-scale detonation velocities, as had been hy-
pothesized. 

Major milestones accomplished in Year 3:
• Fully developed (and submitted for publishing) results from a calibrated ignition and growth model 

applied to small-scale detonation failure experiments. This model may be scaled up to large scale ex-
periments, where detonation velocity is predicted as the CJ condition detonation velocity; this result 
is expected, as CJ conditions are used to determine the Jones-Wilkins-Lee equation of state (JWL EOS) 
parameters.

Future milestones will include:
• We will expand this approach to a wider range of materials in Year 5. 
• We will add the capability to synthesize small quantities of relevant HMEs. 
• In Year 5, we will develop/demonstrate an alternative diagnostic to the microwave interferometer exper-

iment. 
• In the remainder of Year 4, we will prove or disprove that the transition point from the driver explosive 

to the target material (discussed below) can be used (and identify the required conditions) as a way to 
obtain a measure of the large diameter detonation speed. 

• In the remainder of Year 4 and Year 5, we will further develop a modeling approach. 
• We will use our microwave cavity in combination with ultrasound loading to explore the synergistic ef-

fects that might allow for higher vapor pressure, increased temperature, or other measurable outcomes 
to identify explosive materials. 

• In Year 6, if funded, we plan to explore shock experiments using phase contrast X-ray imaging to  
determine the response of explosive materials at the microscale.   In addition, we will apply recently 
developed thermographic phosphor techniques to quantify hot spots at the microscale, resolving crystal 
scale phenomena never achieved before for homemade explosives to provide detailed information of 
initiation mechanisms.

F. Future Plans

In Year 5, we plan to: 
• Incorporate our new equipment, including the aforementioned framing camera and a streak camera, into 

our experiments. 
• Implement experiments put forth in the recent supplemental funding request to explore new methods to 

increase the observability of explosives.
• We will use our microwave cavity in combination with ultrasound loading to explore the synergistic ef-

fects that might allow for higher vapor pressure, increased temperature, or other measurable outcomes 
to identify explosive materials.  

• Perform shock experiments using phase contrast X-ray imaging and thermographic phosphors to deter-
mine the response of explosive materials at the microscale.  
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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.

2. Project R1-B.2 transitions its efforts, by transferring detonation and composition information and 
modeling data to DHS users, small companies such as Rock Mountain Scientific Laboratory (RMSL), 
and national laboratories (ARL, LLNL, and SNL), as well as educating highly trained personnel for 
those labs. These transfers are significant to the DHS enterprise. Metrics include: Number of labora-
tories and companies to which data, techniques, and students have been transferred.

B. Potential for Transition

We are transitioning our testing approach and test data to both companies (RMSL) and national labs (ARL, 
LLNL, and SNL) to assist them in their research and technology development. Additionally, it is a goal to pub-
lish all significant results in order to disseminate pertinent information to the community.

C. Data and/or IP Acquisition Strategy

The technical approach used has been described above and we do not anticipate IP to be developed.

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 there upon graduation.

E. Customer Connections

• David Kittell (SNL), previous ALERT student.
• Scott Jackson (LANL), mentored Nick Cummock (current ALERT student).
• Brian Bockmon (RMSL), founder of RMSL.
• Mike Lindsay (Air Force Research Laboratory (AFRL)), branch chief of the high explosives division at 

AFRL.
• David Moore (LANL), mentored Christian Sorensen (current ALERT student).

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. Teaching a course on the combustion of energetic materials every other year (Fall 2016 was the 

most recent offering). The course number is ME 697C and there are typically 10-15 students that 
take the class.  A section of the course covers detonation processes, including diagnostics and 
non-ideal (homemade) explosives. About one week of the course includes content/relevance to 
this project.
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2. Student Internship, Job, and/or Research Opportunities
a. Nick Cummock is interning at AFRL this summer.

3. Training to Professionals or Others
a. Christian Sorensen is mentoring two undergraduate students, one of which is from the U.S. Naval 

Academy. 

B. Peer Reviewed Journal Articles 

1. 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.

Pending - 
1. Cummock, N.R., Mares, J.O., Gunduz, I.E., Son, S.F. “A small-scale experiment for investigating the 

shock sensitivity of a non-ideal explosive” To be submitted.

C. Student Theses or Dissertations Produced from This Project

1. Cummock, N. “A small-scale experiment for investigating the shock sensitivity of non-ideal explo-
sives.” Master’s of Science, Mechanical Engineering, Purdue University, April 2017.

D. 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)
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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

Michelle Gonsalves PhD URI 5/2019

Zeeshan Parvez MS URI 9/2017

Jeff Canaria PhD URI 5/2020

Devon Swanson PhD URI 5/2017

Victoria Stubbs PhD URI 5/2021

Rebecca Levine MS URI 5/2017

Maxwell Yekel BS URI 8/2017

Chris Perez BS URI 5/2020

II. PROJECT DESCRIPTION

A. Project Overview

The aim of this project is to develop new methods for those involved in the Homeland Security Enterprise 
(HSE) to collect, handle, and store explosives, especially homemade explosives (HMEs), in a safe and effective 
manner. Because there are many applications where explosives must interact with other materials, a number 
of approaches have been developed. To date, the applications of this study have been: (1) safe trace explosive 
sources for canine and instrument training; (2) explosive sampling devices (swabs), which are effective at the 
pick-up and release of explosive residues; and (3) the investigation of X-ray explosive simulants. Explosives 
are rarely used in their pure form; they are generally mixed with a plasticizer or other formulating agent. Of 
concern to the HSE is whether components of HME compositions interact with each other, thus decreasing 
stability and increasing sensitivity, or the opposite. Of particular importance are the following: (1) safe han-
dling and storage of HMEs; (2) creation of better swabs; (3) creation of better vapor concentrators; (4) cre-
ation of canine training aids; and (5) creation of trace and bulk simulants. The specific aim depends on which 
of the specific goals enumerated above is being addressed. In any case, it is essential that the explosive and 
polymer are compatible, meaning the polymer does not promote the explosive decomposition nor enhance 
its sensitivity. Furthermore, it is important that no undesirable or unanticipated sorption of the explosive to 
the polymer occur.
This year, our project has resulted in two papers authored at the University of Rhode Island (URI), four pa-
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pers from our partners at two minority-serving-institutions (MSIs), as well as a provisional patent [1].  Both 
our MSI partners and our group have been awarded further Department of Homeland Security (DHS) funding 
for certain aspects of this research. This work has also resulted in a graduate student award in Year 2 [2], five 
graduated PhD students, of which one is working at TSL, and two at Tyndall AFB; one Master’s student at the 
FBI; and partnerships with three vendors (FLIR, DSA Detection, Detectachem) supporting trace explosives 
detection.
Safe-Scent Aids: One of the first research successes in this project was polymer encapsulation of triacetone 
triperoxide (TATP), which allows for the safe handling of a highly sensitive, volatile explosive. Polycarbonate 
(PC) microspheres containing up to 25% TATP have been demonstrated to last for years, yet produce pure 
TATP vapor when heated at a designated program rate. An appropriate polymer had to be selected, cleaned, 
and successfully introduced to TATP as the encapsulating material. Similar procedures produced encapsu-
lated hexamethylene triperoxide diamine (HMTD), although a residual solvent offered certain challenges. 
Further characterization was required to make these encapsulated peroxides into useful products. In the 
case of HMTD, the heating profile required to release the peroxide had to be determined. In the case of TATP, 
sensitivity characterization was necessary so that Department of Transportation (DoT) approval for shipping 
these aids could be requested.  DoT approval for shipping these aids as non-explosives was received in April 
2017. Hopefully, this will remove remaining barriers and result in successfully marketing these materials. 
The encapsulated peroxides provide canine handlers and instrument vendors with safe access to stored haz-
ardous explosives at trace levels for use in the detection, calibration, and validation of instruments as well as 
the training of explosives detecting canines. The new generation of training aids has been tested by a limited 
number of users due to the requirement for a specialized heating device to release the explosive scent from 
the polymer. From law enforcement and instrument vendors who have tested the product, we have received 
enthusiastic support. A prospective vendor of these training aids has built a compact heating device for use 
in the field and has made a couple of potential sales. The process of patenting and licensing to a commercial 
vendor is in progress. Major milestones this year include performing sensitivity testing and applying for and 
receiving DoT shipping approval as non-explosives. Both the TATP and HMTD have been encapsulated and 
the temperature profiled for release. Once these training aids are made available, and these activities reach 
a successful conclusion, the number of users will increase significantly. It is apparent that canine trainers 
and other users of the safe-scent aids require an entire suite of explosives. Efforts this year have focused on 
encapsulation of erythritol tetranitrate (ETN) and trinitrotoluene (TNT). Furthermore, a new method to en-
capsulate using supercritical CO2 was initiated (see further details in Section II.C. below).
X-ray Simulants: We have previously reported a way to develop simulants for liquid explosives. The primary 
X-ray detector used in that study was designed to examine hazardous liquids, and was capable of examin-
ing materials at two energy levels above and below 35 keV. This detector analyzed samples based on X-ray 
scattering rather than attenuation. Surprisingly, this method of making simulants for liquid materials was 
transferable to other types of X-ray instruments—a computed-tomography (CT) single-energy instrument 
and a CT of dual-energy. Initial work was undertaken toward preparing simulants for other solid HMEs. The 
work with solids has not been particularly successful due to inhomogeneous packing; however, we believe 
this approach is a useful way to make simulants of composite materials (explosives made up of more than one 
compound). Furthermore, it points to potential problems with the X-ray analysis of these types of materials. 
Details can be found in the Appendix to this report entitled “X-Ray Simulant Project.” 
In examining hair as a source of evidence of handling explosives, we were faced with the need for better 
swabbing materials. Interestingly, vendors who create swabs to accompany their explosive trace detection 
(ETD) systems often choose non-sticky materials such as Teflon, or Nomex. Presumably, getting the explo-
sive residue to release from the swab into the ETD is a bigger problem than picking up the explosive in the 
first place. We have taken the approach of putting an electrostatic charge on existing commercial swabs and 
demonstrating that, under most circumstances, holding them near explosive residues is more effective in 
picking up the residue than rubbing that area with an uncharged swab. Furthermore, when the swab touches 
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the inlet of the ETD, it is partially discharged, making it significantly less attractive to the swab. The lack of 
need for vigorous rubbing of the surface of interest means that these swabs are likely to pick up less back-
ground interferences, and are likely to experience longer life times.  A prototype charging station will be 
constructed.
In examining the thermal characteristics of ETN, it was decided to make an attempt to stabilize it. It has a 
relatively long temperature region between melt and violent decomposition – about 120o C, as compared to 
TNT (230o C) and PETN (50o C). That work is reported in [1]. 

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

Of all the Thrust R1 projects, this one most closely meets the day-to-day user needs within the Transporta-
tion Security Administration (TSA). It is addressing the requirement for canine training aids of hazardous 
materials and the need for more efficient swabs.
The HSE and other state and federal law enforcement agencies consider canines to be the gold standard for 
drug and explosives detection. For the canine explosives training aids, there were about 14 users during 
initial trials supervised by the Transportation Security Laboratory (TSL). The newest generation of training 
aids has been tested by a limited number of users because of a requirement for a specialized heating device 
to release the scent from the polymeric encapsulant. With an industrial partner, we are working on a compact 
heating device for use in the field. Once available, the number of users will increase significantly. The proto-
type heater was on display at the DHS Innovation Showcase in May 2016.
For the swab development, the most obvious user will be the TSA. This swab development program benefits 
from the direct involvement of DHS personnel from all divisions.
One reviewer during the Biennial Review noted the diversity of efforts in this project and suggested creating 
several projects. Should extra funding become available, this may be possible. However, without that, this 
project will remain in the cradle where new concepts are investigated.

C. State of the Art and Technical Approach

This project uses a variety of tools to determine the compatibility of various materials with explosives. In 
addition to standard laboratory analysis methods, this project has explored the use of reaction and titration 
calorimetry, atomic force microscopy (AFM), thermogravimetric analysis with infrared detector (TGA-IR), 
and various gas and liquid chromatographs as tools to aid this work. This project has also investigated new 
methods to package sensitive HMEs, and novel ways to collect explosives residues with the goal of an on-off 
collection methodology. This group produced the first TATP training aids in response to the sudden demand 
after the failed shoe bomb attempt on December 22, 2001. While these initial aids had many drawbacks, this 
project has prioritized the creation of safe, long-lived canine training aids for peroxide explosives. The encap-
sulated TATP resulted in a paper [3]; also, a student author won the National Security Innovation award of 
$10,000 [2]. Partnering with Detectachem to design and market the heating device has built strong industrial 
ties. Scientists at the National Institute of Standards and Technology (NIST) sent us a congratulatory email 
after seeing our presentation at the Annual Workshop on Trace Explosives Detection in April 2014; they had 
come up with something similar.
ETN and TNT microspheres were made using the solvent evaporation method employed for TATP micro-
spheres [3]. The procedure includes a shell material (polymer) and a core material (explosive) which are 
dissolved in a hydrophobic, volatile solvent. This solution of shell and core material is added to a stirring 
aqueous solution of a surfactant, creating a two-phase system. The polymer, being insoluble in water, precip-
itates around the core material as the volatile solvent slowly evaporates from the solution. The microspheres 
are then collected, washed, and baked at a low temperature.
Polycarbonate (PC) was selected for the ETN and TNT microsphere encapsulant. Thermoplastic polymers 
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were preferred because they soften at their glass transition temperature but do not decompose until higher 
temperatures. Polystyrene (PS) and poly(methyl methacrylate) (PMMA) were also tested. The chromatogram 
of the polystyrene heated to 150°C showed peaks, suggesting the need of a cleaning process.  PMMA micro-
spheres were abandoned because, upon heating, the IR spectrum showed the release of methacrylate and 
related molecules, which would have contaminated the explosive vapor. PC was chosen because it had been 
successfully used in TATP microspheres, and a cleaning method had already been developed. The pre-clean-
ing process consisted of heating the PC in a vacuum oven at 120°C for three days to ensure a clean chromato-
gram, free of small hydrocarbons.
TGA-IR was used to determine the success of explosive encapsulation. If the core material (the explosive) was 
encapsulated within the shell and was released on heating without polymer breakdown, then a single mass 
loss would be observed in the thermogram. As the temperature of the TGA increased, the polymer would 
soften, releasing the core material as a vapor; simultaneously, the sample mass would decrease.
The TGA-IR method consisted of heating about 10 mg of the sample at a rate of 20°C/min to 300°C. The 
evolved gases were carried through a transfer line to an IR spectrometer for vapor analysis. To compare the 
vapor released from the spheres, the spectrum of pure ETN was run by the same TGA-IR method used to 
characterize the microspheres. The temperature of the transfer line, which connects the TGA to the IR, had to 
be optimized to maintain ETN in the vapor phase while preventing any further decomposition. Temperatures 
from 80°C to 160°C were tested, but 120°C was considered the optimum temperature. The transfer line was 
held at 150°C for TNT, but this requires further optimization.   
The thermogram of a polycarbonate ETN microsphere only showed one mass loss around 190°C (see Fig. 1 
on the next page). The solvent used in the synthesis, dichloromethane (DCM), was completely evaporated 
during the cleaning/baking process because no mass loss around the boiling point of DCM (39.6°C) was ob-
served. No mass loss for the polymer should be observed in the TGA-analyzed range because PC does not de-
compose below 300°C. Furthermore, blank microspheres, made of only the shell material (polymer), do not 
show any mass loss, indicating the cleaning process was effective. The mass loss observed, which correlates 
to the IR spectrum at ~11 minutes, matches the ETN spectrum. Figure 2 on the next page shows the overlaid 
IR spectra of polycarbonate ETN microsphere vapor (blue) at 10.974 minutes, and of pure ETN vapor (red), 
thus indicating that the spheres are releasing only ETN. This is the desired result.
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Figure 1: TGA thermogram of a polycarbonate ETN microsphere.

Figure 2: Infrared spectrum of a polycarbonate ETN microsphere.
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The vapor of the microspheres was further analyzed by mass spectrometry (MS). About 50mg of the poly-
carbonate ETN microspheres was heated in a sealed headspace vial at 150°C for 1 minute. The headspace 
vapor was collected using a 1mL syringe and dissolved in 500uL of a 50:50 mixture of acetonitrile and buffer 
solution (10mM ammonium acetate, 10mM ammonium chloride, and 0.1% formic acid). The mixture was 
infused directly into the MS at a flow rate of 10uL/min using ESI- mode. The spectrum collected is shown in 
Figure 3. The peak at m/z 336.9656 corresponds to the [ETN+Cl]- adduct. The larger peak at m/z 363.9344 
corresponds to the [ETN+NO3]- adduct. The data shows that ETN did not decompose during the microsphere 
synthesis by solvent evaporation, or during the heating process to release the vapor from the spheres. This 
indicates that the PC microspheres achieved a controllable release of the ETN vapor.

In our lab, gas chromatography mass spectrometry (GC-MS) is usually used to characterize the vapor re-
leased by the microspheres, but ETN decomposes in the inlet when it is injected into the GC. For that reason, 
direct infusion was used to identify the intact molecule of ETN. Although the IR analyzed the vapor released 
from the microspheres, further tests with chromatographic separation were needed to confirm that no other 
gases were being released with ETN.
The thermogram of a polycarbonate TNT microsphere is shown in Figure 4 on the next page. The thermo-
gram shows two mass losses. No mass loss for the polymer should be observed in the TGA-analyzed range 
because PC does not decompose below 300°C. Both mass losses are likely from the core material, which could 
be degrading during the encapsulation process or contaminated with other synthesis by-product. The IR 
vapor cell did not collect enough gas for a significant signal to be acquired, so no spectral data to identify the 
released compounds was obtained.
Dinitrotoluene (DNT) is usually found in TNT and can be considered a permanent contaminate in the head-
space [4]. DNT has a higher vapor pressure than TNT; thus, it could be the material being released in the first 
mass loss [5]. The long mass loss from 150°C to 300°C is questionable. The melting point of TNT is 80.65°C 
[6]. TNT could be melting and slowly being vaporized throughout the heating range. However, ETN also melts 
at a low temperature, and this issue was not observed [6]. The synthesis and cleaning process of the TNT mi-
crospheres needs further improvement to ensure the presence of only one mass loss in the TGA and a clean 
TNT odor.

Figure 3: Mass spectrum of a polycarbonate ETN microsphere vapor.
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Because there was concern about a solvent lingering from the emulsion encapsulation technique, super-
critical carbon dioxide (CO2) was examined as an additional solvent to ensure the removal of the encapsu-
lation solvent, e.g. DCM. The Supercritical Anti-Solvent (SAS) procedure consists of dissolving the polymer 
and explosive in a nonpolar solvent, such as DCM. The solution is slowly pumped into a chamber into which 
supercritical CO2 is constantly being added. As CO2 is pumped through the chamber, the nonpolar solvent 
exiting the chamber is dissolved in the CO2. As the solvent is removed by the CO2, the polymer explosive 
sphere precipitates from the solution. The adjustable parameters in this process are the concentration of the 
polymer explosive solution, the flow rate of the solution into the supercritical chamber, the pressure of the 
CO2 chamber, and the temperature of the CO2 chamber. Each of these will have to be optimized to obtain the 
best results.
Various explosives (e.g. HMTD, TATP, ETN, and TNT) have been tested at various concentrations with PC as 
the polymer and DCM as the solvent. Figures 5 and 6 on the next page show thermograms of PC HMTD mi-
crospheres made through the SAS method. In both cases, PC and HMTD were dissolved in DCM and flowed at 
a rate of 0.5mL/min into the supercritical CO2 chamber containing 10mL of water. The instrument settings 
were as follows: CO2 flow rate was 20g/min; the electric heat exchanger temperature was 80°C; reaction 
vessel heater temperature was 75°C; cyclone heater temperature was 10°C; and pressure was 150 bar. The 
thermogram in Figure 5 shows a single mass loss of 6.5%, indicating successful encapsulation, while the 
thermogram in Figure 6, which should have been identical, shows only mass loss of 1.4% and possibly a two-
step loss. Thus, reproducibility is presently an issue. The use of supercritical CO2 is a clean method to create 
microspheres. However, many parameters still need to be optimized to produce a reliable microsphere.

Figure 4: TGA thermogram of a polycarbonate TNT microsphere.
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Figure 5: TGA thermogram of a PC HMTD microsphere made by the SAS method.

Figure 6: TGA thermogram of a PC HMTD microsphere made by the SAS method (same procedure as used in Fig. 5).
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D. Major Contributions

This work has resulted in a graduate student award, three PhD students (Dec 2016, May 2017, May 2017) 
and one Master’s student. Two graduates of this program now work at the ARA transportation lab at Tyndall 
AFB and one at TSL in Atlantic City. The work has also created partnerships with three vendors (FLIR, De-
tectachem, DSA Detection) supporting trace explosives detection. A number of papers were published (see 
below) by ourselves and both our MSI partners (from Cal State Polytechnic and New Mexico Tech). Both our 
MSI partners and our group have been awarded further Department of Homeland Security (DHS) funding for 
certain aspects of this research. 
In developing metrics and tools to judge explosive-polymer compatibility, AFM and micro-calorimetry were 
employed. Three papers have resulted from this work (in Years 1-3). AFM was used as a way to measure the 
adhesive forces between 7 polymer and 8 energetic materials.  Though Teflon was the least adhesive polymer 
for every energetic tested, no discernible preference among the other polymers could be established. Fur-
thermore, despite wide chemical variations in the energetic materials attached to the AFM tip, little bias for 
one energetic over another was observed. The lack of superior adhesion to one polymer over another was 
attributed to the effect of bulk properties, such as particle size, roughness, and contact orientation/angle, 
during force curve collection [7].    
Our safe-scent aids have progressed over the last four years, from learning how to encapsulate TATP and 
what to encapsulate it with to how to evaluate the results. We have a good product for HMTD and an accept-
able, but not perfect one, for ETN.   
The sampling techniques required by current swabs are inefficient and invasive. To counteract inefficient 
pick-up, swabbing greater surface area may increase the mass of the explosive collected but only if there is 
explosive contamination over the whole surface. Screening of hands, headdresses, and medical appliances 
requires physical contact that can be invasive and may expose passengers and screeners to biohazards. To 
avoid being intrusive or causing physical harm (medical devices), TSA operators may not swab certain areas 
otherwise of interest. Swabbing can also damage (scratch) some surfaces. The aim of this work is to create 
a reversibly switching surface capable of altering adhesive properties. A swab composed of such a material 
could maximize both pick-up and release of analyte particles for introduction to a detector. Modern explo-
sives swabs suffer from the fact that they can either adhere well and release poorly, or adhere poorly but 
release well. Both aspects are important to adequate delivery of the analyte to a detector system. An adhesion 
tunable surface controlled by a small electric charge (less than that of a 9V battery) or by a thermal stimulus 
could be a major accomplishment.  
Switchable swabs would attract explosive particles from about 3 cm away from the contaminated surface. 
This prevents the need for actual physical contact with a surface, and therefore speeds up the sampling pro-
cess, provides for greater privacy, possibly increases the overall swab lifetime, and perhaps minimizes the 
collection of certain types of interfering compounds. These advantages, coupled with higher pick-up and 
release efficiencies, will make for speedier, more pleasant, and more economical checkpoint operations while 
improving trace detector performance. Our approach involves new material synthesis to improve explosive 
pick-up; a successful material in this area may serve as a pre-concentrator. 
Our approach to creating CT simulants for liquid explosives proved to be transferable from a system based 
on X-ray scatter to two different CT systems. However, a number of issues have been encountered with solid 
explosives, especially those readily subject to different packing densities; it should be noted that this is a 
problem with the actual explosives. 

E. Milestones

• Swab work has shown that PETN, TNT, and RDX pick-up is enhanced by non-contact swabbing with an 
electrostatically enhanced Nomex swab, regardless of the substrate (about 13 substrates were inves-
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tigated). Furthermore, we believe the techniques developed in this study offer rigorous protocols for 
evaluating and comparing swabs. This work has resulted in the completion of a Master’s degree by one 
of our students.   

• Evaluation of other commercial swabs, such as Teflon-coated fiberglass, is in progress, as is evaluation of 
pickup of the ionic-species potassium chlorate. 

• TATP safe-scent training aids have received DoT approval for shipping as a non-explosive. Patenting and 
licensing issues remain. Surprisingly, there appears to be demand for similar training aids of more tradi-
tional explosives (e.g. TNT, RDX PETN). Year 4 addressed the challenges of creating training aids for TNT 
and for ETN. ETN and TNT are particularly challenging explosives to encapsulate since they decompose 
at such low temperatures; ETN stability was also examined under Project R1-A.1. The use of supercritical 
CO2 will be investigated in-depth in Year 5.

• ETN mixtures with a number of other explosives were examined. The idea was that these mixtures might 
be more stable than ETN itself, or that ETN-TNT mixtures might be more stable than PETN-TNT mixtures.  
It was shown that ETN-TNT eutectics could be made, but thermal stability has not yet been assessed. One 
paper has resulted from this work and one PhD graduate in May 2017.

• Our approach to creating CT simulants for liquid explosives proved to be transferable from a system 
based on X-ray scatter to two different CT-systems; however, a number of issues have been encountered 
with solid explosives, especially those readily subject to different packing densities. 

F. Future Plans

In Year 5, we will work towards creating a complete suite of canine training aids. This will provide dog train-
ers as well as vendors of explosive trace instruments with the option to work without bulk quantities of ex-
plosive materials; this is a huge advantage. Presently, vendors must pay exorbitant prices for dilute solutions 
of explosives or attain a Bureau of Alcohol, Tobacco, Firearms and Explosives (ATF) license and purchase 
storage magazines and the bulk explosives. Canine trainers often travel with their canine partner and bulk 
explosives in their vehicles.  Aside from cross-contamination of explosive types, this is a safety issue and 
could be a security concern as well. 
• The safe-scent training aids will be extended to cover the entire suite of TSA explosives that must be de-

tected by ETDs. The difficulty will be that each explosive may require a unique polymer and encapsulation 
method. This year, two of our employees attended an encapsulation training course. New instrumenta-
tion may also be required if our present emulsion methodology does not apply to the required polymers.

• The enhanced swab idea will be extended so that the device for charging is available for use at the check-
point, and protocols for use will be documented and tested. Questions to be answered include: 1) Charge-
on-swab versus explosive pickup; 2) What is the effect of touching the surface; and 3) To what extent are 
background contaminants eliminated?

• Our attempts to stabilize ETN for safe transport and storage will continue. Binders and encapsulants will 
be investigated, outside of the use in canine aids, but from the vantage of enhancing thermal stability and 
insensitivity.

• For controlling packing density, we will examine the X-ray characteristics of a few fuel/oxidizer (FOX) 
explosives. The long-term goal is to investigate the potential of simulants, while the short term goal is to 
assess the flexibility required in CT algorithms to allow detection.

• Coating and encapsulation of materials will continue to be of interest. Not only will we investigate en-
capsulation of energetic materials, but the encapsulation of potential additives to energetics will be in-
vestigated. For example, we have shown that the addition of parts-per-million (ppm) amounts of gener-
ally-recognized-as-safe (GRAS) metals to 3% or 12% hydrogen peroxide (HP) prevents its concentration 
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from heating, instead promotes its decomposition. Furthermore, at ppm levels, metals do not affect the 
stability of HP at room temperature. Applying the same approach to 30% HP requires elevated levels of 
metals, which would negatively influence shelf-life. This could be avoided by encapsulating the metals 
with a coating that can be degraded by heating.  Thus, at room temperature, the 30% HP would be stable. 
Rather than concentrate the HP, heating would remove the polymer coating from the metals and expose 
the HP to their degrading effect. This requires a polymer compatible with both metal and HP, and which 
can be removed or softened by heating; hence, the need for metrics.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Progress in both the electrostatically enhanced swabs and the canine training aids has advanced sufficiently 
that their benefit to the TSA is obvious. Swabs, which obviate the need for vigorous rubbing of the surface, 
speed sampling, provide greater privacy, increase swab lifetime, and minimize collection of interfering com-
pounds. These advantages, coupled with higher pick-up and release efficiencies, will make for speedier, more 
amenable, and more economical checkpoint operations while improving trace detector performance.   
The safe-scent aids will provide dog trainers as well as vendors of explosive trace instruments with the op-
tion of working without bulk quantities of explosive materials. Presently, vendors must pay exorbitant pric-
es for dilute solutions of explosives or attain an ATF license and purchase storage magazines and the bulk 
explosives. Canine trainers often travel with their canine partner and bulk explosives in their vehicles.  This 
is a safety issue and could be a security concern, as well. Canine training aids are already in limited use at a 
number of facilities. The first shipment of these to customers is expected this fall.   

B.    Potential for Transition

This project addresses the necessary safe handling of explosives required within the HSE. We are in the pro-
cess of licensing the safe-scent trace explosive sources. The product is presently available for limited distri-
bution. Licensing to a vendor who has already invested in the project and lined-up customers is expected in 
Fall 2017. 
The electrostatically enhanced swabs effort has two commercial partners, FLIR and DSA Detection, who are 
handling potential commercialization. In addition, monthly conference calls reviewing our progress are at-
tended by members of the DHS Science and Technology directorate, TSL, and TSA [8].

C. Data and/or IP Acquisition Strategy

URI is pursuing the patenting of the safe-scent aids and licensing to a commercial vendor.

D. Transition Pathway & Customer Connections

This project addresses safe-scent samples of explosives. We have received requests to license the product and 
are working with Detectachem LLC. Because the need in the HSE community is great, this product is present-
ly distributed freely to those requesting it. This helps the HSE community and aids in product development 
via customer feedback.
This project addresses sampling partners. FLIR Systems, Inc. and DSA Detection are in place for transitioning 
this work. Government partners are invited to a monthly phone call with this group.
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IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities   

1. Course, Seminar, and/or Workshop Development
a. We have conducted 13 explosives classes on seven different topics ranging from fundamentals 

of explosives to safety in handling. Over 350 people attended these courses. See details listed in 
Section IV.H.

b. There was a new course offering in July 2017 called “Safe Handling of Explosives for Techni-
cians.”

c. Prof. Oxley has given six invited talks and will be giving two more in Summer 2017. 
2. Student Internship, Job, and/or Research Opportunities

a. We have or will have a number of visitors who come with the express purpose of learning how 
we handle HMEs and other energetic materials.
i. We hosted a young man from the Home Office (United Kingdom) for two days in May 2017.
ii. In July 2017, we hosted two students from the lab of last year’s MSI award recipient (Dr. 

Bakhtiyarov, New Mexico Tech) for a week.
iii. Having performed TNT equivalence tests for Advanced Technology Research Centre (ATREC), 

we were asked to host researchers from ATREC and are invited to send students to their fa-
cility in Singapore. No dates have been set for this interaction.

iv. See also Student Theses in Section IV.G.  
3. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-

dents or Faculty
a. In Summer 2016, we had a visiting professor, Dr. Bakhtiyarov from New Mexico Tech, as well as 

one graduate and one undergraduate student from his group. He requested to return this sum-
mer, but decided to accept a DHS follow-on award instead.  

b. We have done three STEM related magic shows for K-12 students.
c. In Summer 2016, we initiated a collaborative learning program where high school teachers 

along with select high school students spent two 2-week sessions solving an analytical chemis-
try problem.

4. Training to Professionals or Others
a. See Section IV.H. 

5. Other Outcomes that Relate to Educational Improvement or Workforce Development
a. Three PhD students graduated this year and are now employed (see Section IV.G. for details). 

B.    Peer Reviewed Journal Articles 

1. Colizza, K., Mahoney, K.E., Yevdokimov, A.V., Smith, J.L., & Oxley, J.C. 2016. “Acetonitrile Ion Supres-
sion in Atmospheric Pressure Ionization Mass Spectrometry.” Rapid Communications in Mass Spec-
trometry, 27(1), pp. 1796-1804.

Pending-
1. Oxley, J.C., Smith, J.L., & Brown, A.C. “Eutectics of Erythritol Tetranitrate.”  Journal of Physical Chem-

istry (Accepted).
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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 & Computational Study.” Journal of Physical 
Chemistry (Accepted). 

3. Oxley, Jimmie C.; Smith James L.; Brown, A.C. “X-ray Simulants.” (In preparation).

C. Other Publications

Pending-
1. Bakhtiyarov, S.I., Oxley, J.C., Smith, J.L. & Baldovi, P.M. “Rheological Studies of Functional Polyure-

thane Composite: Part 1.  Rheology of Polyurethane Composite, Its Compounds with and without 
Solid Additives (Aluminum Flakes).” Journal of Elastomers and Plastics, JEP-17-0010.R1 (Accepted).

2. Oxley, J.C., Smith, J.L., Bakhtiyarov, S.I. & Baldovi, P.M. “Rheological Studies of Functional Polyure-
thane Composite: Part 2. Rheology of Polyurethane Composite with Solid Additives (Calcium Iodate 
Particles and Aluminum Flakes).” Journal of Elastomers and Plastics, JEP-17-0041.R1 (Submitted). 

3. Oxley, J.C., Smith, J.L., Porter, M., Yekel, M.J., & Canaria, J.A. “Potential Biocides - Iodine-Producing Py-
rotechnics.” Propellants, Explosives, Pyrotechnics (Accepted).

D. Other Non-ALERT Publications & Conference Proceedings

1. Oxley, J.C., Smith, J.L., Bernier, E., Sandstrom, F., Weiss, G.G., Recht, G.W., & Schatzer, D. 2017. “Character-
izing the Performance of Pipe Bombs.” Journal of Forensic Science. 24 May 2017. DOI: 10.1111/1556-
4029.13524.

2. Oxley, J.C.; Smith, J.L; Bakhtiyarov, S.I.; Baldovi, P. M. 2016. “A Complex Variable Method to Predict a 
Range of Arbitrary Shape Ballistic Projectiles.” Journal of Applied Nonlinear Dynamics (1), pp. 1-10.

3. Lindsay McLennan. “The Role of Thermal Analysis in Screening and Analyzing Co-crystallization of 
Energetic Materials.” North American Thermal Analysis Society International Conference, Orlando, FL, 
August 14-19, 2016.

4. Rebecca Levine. “Pyrotechnic Foams.” North American Thermal Analysis Society International Confer-
ence, Orlando, FL, August 14-19, 2016.

E. Other Conference Proceedings

1. Invited Lectures
a. Oxley, J.C. “How to Detect HME.” CBRNe International Conference, Lyon, Fr, May 29-June 2, 2017.
b. Oxley, J.C. “Explosive Analysis.” American Society for Clinical Laboratory Science Central New En-

gland, Providence, RI, May 9-11, 2017.
c. Oxley, J.C. “Perspectives on Checkpoint Security.” Advanced Development for Security Applications 

(ADSA) 15, Boston, MA, November 15, 2016. 
d. Oxley, J.C. “What the DHS-CoE does for Law Enforcement.” 2016 Texas Special Response Team 

Conference, Austin, TX, October 4, 2016.
e. Oxley, J.C. “Research into Improvised Explosives (HME).” 5th Australian Symposium on Energetic 

Materials, Adelaide, Au, September 27-29, 2016.
f. Oxley, J.C. “HMEs.” International Association of Bomb Technicians & Investigators, Halifax, CA, July 

18-22, 2016.
g. Oxley, J.C.  Why Study Explosives?” Wesleyan University, April 29, 2016.
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F. Other Presentations 

1. Seminars - See Section IV.D and E for presentations and invited lectures. 
2. Short Courses - Listed under Section IV.H (New and Existing Courses). 
3. Interviews and/or News Articles 

a. Mosher, Dave. “What a ‘nail bomb’ is and why they are terrifying improvised weapons.” Business 
Insider, May 23, 2017. http://www.businessinsider.com/nail-bombs-what-are-they-2017-5.

b. Cross, Ryan. “A look at the explosives used in the New York bombing.” Chemical & Engineering 
News, September 26, 2016. http://cen.acs.org/articles/94/i38/look-explosives-used-New-York.
html. 

c. Rice, Doyle. “This totally legal product was used to make the NYC bomb.” USA Today, Septem-
ber 19, 2016.  https://www.usatoday.com/story/news/nation/2016/09/19/tannerite-explo-
sive-bomb/90692338.

d. Greenmeier, Larry. “Chemicals Could Be a Key in Investigating the New York and New Jersey 
Bombings.” Scientific American, September 19, 2016. https://www.scientificamerican.com/arti-
cle/chemicals-could-be-a-key-in-investigating-the-new-york-and-new-jersey-bombings.

e. Mays, Kelsey. “Which New Cars Still Have Takata Airbag Inflators?” Cars.com, August 22, 
2016. https://www.cars.com/articles/which-new-cars-still-have-takata-airbag-infla-
tors-1420689912742.

f. Brown, Jennings. “Land Mines Kill Thousands A Year, But Can This Drone Help?” Vocativ, July 22, 
2016. http://www.vocativ.com/342975/land-mine-drone/.

g. Kelly Gormly Pittsburgh Quarterly magazine  July 21, 2017; interview about 1862 explosion of 
the Allegheny Arsenal during the Civil War.

h. Jensen, Alex. This Morning (Seoul, South Korea), June 14, 2017, radio interview.
i. Callimachi, Rukmini. The New York Times, May 2017, question.
j. Schaub, Ben. Daily Planet, April 2017, video interview.
k. Welch, Tom. Nutopia, CNN network crime series, February 2017, video interview. 
l. Wellner, Jon. Rosewood Productions, January 2017, question.
m. Jones, Conor. Outrageous Acts of Science, December 2016, question.
n. Rose, Sarah. Journalist writing book on WWII, December 2016.
o. Recchia, Scott. The Blacklist on NBC, September 2016, question.
p. Jerving, Sara. Vice New Tonight (TV), September 2016, question.          
q. Monahan, Kevin. NBC Universal, August 2016, question.
r. Piquet, Caroline. Le Figaro (French newspaper), July 2016, interview.
s. Vallone, Phil. CBS News, July 2016, question.
t. Salahuddin, Chelsea. CBS National News, July 2016, interview.

G. Student Theses or Dissertations Produced from This Project

1. Swanson, D. “Intermolecular Interactions of Energetic Materials.” PhD dissertation, University of 
Rhode Island, December 2016. Devon studied improved swabs, AFM, and co-crystalization of explo-
sives. After receiving his PhD, he took a job with ATK in West Virginia. 
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2. Porter, M. “Tools to Fight the Terrorist Threat.” PhD dissertation, University of Rhode Island, May 
2017. Matt studied FOX from small-scale in project R.1-A.1 to large-scale in project R1-B.2, and also 
examined HMTD. After receiving his PhD, he took a job with Esterline. 

3. Brown, A. “Improvised Explosives: X-ray Detection & Eutectics of Erythritol Tetranitrate.” PhD dis-
sertation, University of Rhode Island, May 2017. Austin studied ETN decomposition and eutectics as 
well as X-ray simulants. Austin is working for the Transportation Security Lab run by ARA at Tyndall 
AFB, FL.

4. Levine, R. “Interactions of Polymers and Energetic Materials.” Master’s thesis, University of Rhode 
Island, May 2017.

H. New and Existing Courses Developed and Student Enrollment

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student  
Enrollment

Existing Certificate Fundamentals URI May 3-5, 2016. 50

Existing Certificate Fundamentals Los Al-
amos Aug. 1-3, 2016. 43

Existing Certificate LANL Fundamentals Feb. 27-Mar. 1, 2017. 31

Existing Certificate LLNL Fundamentals Mar. 27-29, 2017. 28

Existing Certificate Fundamentals ABQ Aug. 29-31, 2016. 22

Existing Certificate Fundamentals  VA Oct. 25-27, 2016. 12

Existing Certificate Explosive Analysis URI May 6, 2016. 21

Existing Certificate Advanced Hazards 
Recognition May 12, 2016. 12

Existing Certificate TSA June 20-24, 2016. 23

Existing Certificate Air Blast May 16-18, 2016. 36

Existing Certificate Detonation & DDT, 
LANL Sept. 20-22, 2016. 28

Existing Certificate Dynamic Diagnostics, 
LANL Nov. 14-15, 2016. 21

Existing Certificate Dynamic Diagnostics Mar. 21-22, 2017. 25

 352 (Total)

I. Technology Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. Oxley, J., Smith, J., & Canino, J. “Non-Detonable Explosive or Explosive-Simulant Source” is in the 

process of being converted from provisional to full patent. 

J. Software Developed

1. Databases
a. The Explosives Properties Database: Over 1000 members are registered for the database, of 

which 250 are associated with U.S. government agencies. http://expdb.chm.uri.edu/.
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K. Requests for Assistance/Advice

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

Working Group (IExTRAWG). 
c. Oxley is a member of the NAS committee on “Reducing the Threat of Improvised Explosive De-

vice Attacks by Restricting Access to Chemical Explosive Precursors.” http://dels.nas.edu/Study-
In-Progress/Reducing-Threat-Improvised-Explosive/AUTO-7-66-86-I.

2. From Federal/State/Local Government
a. A TSA explosives specialist emails questions weekly and occasionally calls.
b. The new URI bomb dog and his trainer rely on our lab for advice and explosives training aids.

V. REFERENCES

[1] Jimmie Oxley; James Smith; Jonthan Canino. March 2013. Provisional Patent. U.S. Patent App. No. 
14/215,768  “Non-Detonable Explosive Simulant Source”

[2] First-Place Team 8th Annual National Security Innovation Contest; April 2014 for Safe Training Aids for 
Bomb-Sniffing Dogs; prize $10,000.

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

[4] Jenkins, T.; Leggett, D.; Ranney, T. Vapor signatures from military explosives. U.S. Army Engineer Research 
and Development Center 1999, 1-40.

[5] Ostmark, H.; Wallin, S.; Ang, H. Vapor Pressure of Explosives: A Critical Review. Propellants Explos. Pyro-
tech. 2012, 37, 12-23.

[6] URI Explosive Database  http://expdb.chm.uri.edu/
[7] Oxley, Jimmie C.; Smith, James L.; Kagan, Gerald L.; Zhang, Guang; Swanson, Devon S. “Energetic Ma-

terial/Polymer Interaction Studied by Atomic Force Microscopy,” Propellants, Explosives, Pyrotech-
nics 2016 41(4), 623-628. 

[8] DHS contract for “Advanced Swabs for Near-Field Sampling” funded under BAA EXD 13-03.
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X-ray Simulant Project
Jimmie Oxley; James Smith; Austin Brown

University of Rhode Island

Abstract

A new approach to develop non-hazardous materials which to x-ray detection instrumentation simulated ex-
plosives and other related threats is presented in this work. Rather than trying to make universal simulants, 
which often do not provide adequate matches across multiple instruments, this method focuses on making 
more accurate simulants specific to the instruments they are designed on. These simulants could be used in 
locations where the actual threats cannot, e.g. vendors’ facilities, airports, and personnel training. 

Background

X-ray scanner response (RES) to a compound is based on its density (ρ) and effective atomic number (Zeff) e as 
well as constants related to the energy of the x-ray. Thus the development of simulants for x-rays has often fo-
cused on crafting materials that match both the density and Zeff of the threat.  One problem with this approach 
is that it is challenging to match these values, specifically the Zeff; which is directly related to the energy of the 
x-rays being used. Thus, a “Zeff match” is only good for the x-ray energy level for which it was created. The only 
way to match the Zeff across all energies would be to match the exact elemental composition of the material 
being simulated.
The first step in creating simulants for x-ray systems is understanding how the x-ray instrument response 
is related to density and Zeff.  Zeff is calculated by taking the sum of the Z’s for each component of the system 
raised to some exponential power weighted by their fraction of protons in the entire system. The value of this 
exponent depends upon the x-ray energy and the type of x-ray interactions being measured (i.e. transmission 
or scattering). For transmission it is often assumed to be 2.94 (Equation 1).1,2 

Where Z is the number of protons in a given atom; f is the number of protons in that atom divided by the to-
tal number of protons in the composition (which means the proton in H and O in aqueous solutions must be 
accounted for); and n is the exponent constant related to x-ray energy.
If the Zeff exponent can be predicted based on the energy of the x-ray system, the simulant development meth-
od of matching the density and Zeff of a hazardous solution becomes an option. Originally, the goal of this proj-
ect was to develop a theoretical model that could be used to create simulants for hazardous solutions based 
on density, the energies of the x-rays in a system, and Zeff at those energies. Our approach was to run sufficient 
samples of known composition and density so that by an iterative process the data could be fit to equation 
2. The value of n in equation 1 and the form of equation 2 were varied systematically as part of the iterative 
process. Based on the best fit, the exponent n in equation 1 could be established for that x-ray instrument. 
Unfortunately, this approach did not feasible, due to the polychromatic nature of x-ray sources.  Nevertheless, 
we were able to identify a number of effective simulants for threat liquids and elucidate a method for simu-
lant development applicable to certain instruments. 
Explosive precursors were used as the threat materials in this study:  nitrobenzene (NB), hydrogen peroxide 
(HP), and nitric acid (NA). Non-energetic materials used as potential simulant components are listed in Table 
1. Nitrobenzene was used as purchased. Hydrogen peroxide and nitric acid were concentrated or diluted as 

(1)

(2)
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required. Urea was ground by hand with mortar and pestle and diluted with magnesium sulfate. Other simu-
lant components listed in Table 1 were dissolved in water, making a suite of aqueous solutions for investigat-
ing x-ray response. The primary x-ray detector used in this study, designed to examine hazardous liquids, was 
capable of examining materials at two energy levels above and below 35 keV. This detector analyzed samples 
based on x-ray scattering rather than attenuation.  Samples were also examined on a computed-tomography 
(CT) single-energy instrument and on a CT of dual-energy. Materials used to gauge instrument response 
were categorized by their density and Zeff (Table 2).  Density was either measured, found in the literature3 or 
calculated as reported by Laliberte.4–6 Equation 1 with an exponent of 4 was used to estimate Zeff, and mole 
percentage of water was accounted for in aqueous solutions.  List of aqueous solutions employed and their 
estimated density and Zeff are shown in Table 2.

Results and Discussion

Rather than trying to match the actual density and elemental composition of a threat material, we attempted 
to match the output signals that the instrument produced through other methods.  Initial experiments varied 
the concentration of each liquid by addition of water. The instrument response at high and low X-ray ener-
gies (HE and LE, respectively) were plotted. For all solutions the concentration trendlines in a LE vs HE plot 
intersected at the water LE/HE response, a point which corresponded to 0% solute and 100% water (Fig. 1), 
which we termed the “zero” point. This observation led to the idea that solutions could be mixed to produce 
the desired concentration trendline.  Figure 2 shows the trends for aqueous BaCl2 and aqueous 2-propanol 
as well as the shift in LE/HE that could be expected when BaCl2 is dissolved in 40% 2-propanol solution.   
When prepared in 40% 2-propanol, the trendline for BaCl2 shifts its lower end (its 0% origin) from that LE/
HE of water to the LE/HE of the 40% 2-propanol. This being the case it became possible to calculate how the 
innocuous liquids could be combined to simulate the hazardous materials.   Figure 2 shows that a solution of 
approximately 40% 2-propanol with barium chloride (0.2%) might act as a simulant for nitrobenzene.
Calculated Trendline Shifting:  Microsoft Excel was used to estimate what innocuous liquids (e.g. A, B) and 
quantities or concentrations of A and B would simulate a threat liquid. In order to calculate the concentra-
tions of A and B needed to create a simulant, four plots were created: HE vs wt% A; LE vs wt% A; HE vs. wt% 
B; and LE vs wt% B. Trendlines were constructed for each of these plots resulting in four equations that were 
input into an Excel table to create the formulae for the shifted trendlines. The intercept for each set of equa-
tions corresponded to 0% solute and 100% water. Finding a simulant for a particular hazardous liquid, i.e 
matching its LE/HE, was done in two steps (Fig. 3a-3c).  First, the trendline for A had to be shifted so that at 
some concentration of A it passed through the desired LE/HE.  This resulted in a new 0% point for A (Fig.3b).  
Second, the trendline for B had to be adjusted so that the concentration of B required to pass through the LE/
HE of the threat material was also determined (Fig. 3c).  This approach involved solving four equations—LE 
and HE for each of A and B and resulted in a rough estimate of the concentrations of A and B necessary to 
create a simulant.  
The Excel approach described above assumed no interaction between component A and component B (BaCl2 
and KBr).  Sometimes the resultant match was excellent (Fig. 4a), and sometimes it was a bit “off” (Fig. 4b).  
When the simulant did not match exactly the actual threat material, small increases or decreases in the com-
ponent concentrations were made. This resulted in additional LE/HE data gathered on BaCl2 + KBr mixtures 
as the ratios of BaCl2 and KBr in water were varied. A total of twenty-five mixtures of BaCl2 + KBr were cre-
ated during the first attempts to create a hydrogen peroxide (HP) simulant, giving an additional 25 sets of 
LE/HE data (Table 2). By this method simulants were prepared for five concentrations of HP (Fig. 5).  The 
simulant attempts and adjustments are included for 65-90% HP in supplemental information (SI 1-4), 60% 
HP simulant matched on first try.
For liquids with densities lower than water, the LE/HE trends lines approached the water LE/HE value from 
the lower left corner (Fig. 1).  To reach these LE/HE values, it was necessary to prepare simulant mixtures 
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using at least one low-density organic material (see Table 2, CHNO samples).  Figure 7 shows the success of 
this method for creating a simulant for nitrobenzene. Original attempt and honing process for this simulant 
are included in supplemental information (SI 5)
Computed Component Mixing:  With the twenty-five additional LE/HE sets of data collected for the HP work, 
a sophisticated multi-equation problem solver such as Mathmatica could be used to generate two equations; 
one that predicted HE and one that predicted LE from the wt% BaCl2 and wt% KBr mixtures (Equations 2 and 
3).   With equations 2 and 3, simulants for any liquid threat material bracketed by the original 25 simulants 
could be prepared. To demonstrate the robust nature of the calculation, equations 2 and 3 were used to create 
simulants for four concentrations of nitric acid (NA). The three simulants for nitric acid that were within our 
original simulant boundaries matched on the first attempts. The fourth, which was outside of our boundar-
ies, was close but slightly “off,” requiring further adjustments (Fig. 6). Original fourth simulant attempt that 
required adjustment is included in supplemental information (SI #).

HE = - 0.6738x2 + 0.5865x - 0.05616y2 + 0.2842y + 0.6142      R2 = 0.999996                                                         (2)
LE = - 0.4693x2 + 0.3160x + 0.01635y2 + 0.3262y + 1.061       R2 = 0.999979                                                          (3)

where x = wt% BaCl2 and y = wt% KBr.
Potential Extrapolation of Method for Dual-energy CT:  Having successfully demonstrated a method for 
preparing X-ray simulants for a rather unique X-ray device, this method was tested for applicability on a 
dual-energy computed-tomographic (CT) X-ray.  Using a subset of the innocuous liquids listed (Table 1), we 
found that as the sample concentration decreased the trendlines for instrument output reported as “Zeff“ and 
“density” trended back toward water in a similar manner as observed on the original x-ray detector (Fig. 8). 
Using this data we attempted to create simulants for the dual energy CT using the trendline shifting approach 
described in Figure 3. However, the HE and LE of the innocuous liquids were replaced by the appropriate 
instrument output of density and Zeff.  Simulants were created for three concentrations of HP and one con-
centration of hydrochloric acid (HCl). The results are shown in Figure 9.
During two sessions, threats were analyzed on the dual energy CT. The first session threat data is shown in 
green, and the second is shown in blue. Simulants, shown in orange, were created from the first session data 
and analyzed during the second. The initial results for the three HP simulants were promising for creating 
simulants in this fashion. The deviation from the first session threat data and the simulant data was less than 
2% for the three HP simulants in both density and Zeff. The HCl data landed directly in the path of one of the 
aqueous solution trendlines, collection of data on a potential simulant is in progress.
Methods for Simulant Development for Single-energy CT: The one dimensionality of the single-energy CT 
response meant that our previous method could not be applied. On a single-energy CT, the histogram of the 
instrument response to the threat material, i.e. HP (Fig. 11) can be matched.  The ratio of the solutes to one 
another affects the histogram peak shape. Once the desired peak shape is achieved, increasing or decreasing 
the solutes in this ratio will shift the peak right or left, respectively, until their histogram overlays that of 
the threat material.   A simulant made of aqueous glycerol and BaCl2 was adjusted in this manner for 30% 
hydrogen peroxide (Fig. 11). Such an adjustment would not be possible on a dual energy X-ray; one of the 
approaches described above would be required.
Investigating Trendline Generation for Solids:  An attempt was made to investigate whether a series of 
solid solutions could be made that would also trend linearly to a single “zero” point, such as was observed 
with water.  To simulate solid solutions, ground urea was chosen as the solvent and MgSO4 as the solute; thus, 
the “zero” point would be 100% urea.  Urea and MgSO4 were mixed together in a variety of ratios.  These 
solutions were examined on single-energy CT.  Figure 10 compares shifts in the response of the single-energy 
CT to various concentrations of hydrogen peroxide in water to various concentrations of MgSO4 in urea. No 
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clear trend of signal response with concentration is observed in the solid.  Without a clear trend, the trendline 
method could not be used for predicting simulants. The samples used to collect the data used in Figure 10 
were remade.  The set of histograms collected with the new samples did not match those of the first sample 
set. Evidently, discrepancies in bulk packing density overwhelmed the effects of the inherent density and Zeff 
of the two components.

Conclusions

Several methods, which generated successful simulants for threat liquids, have been outlined.  These meth-
ods do not require knowledge of Zeff nor density. The simulants developed (Table 3) proved to be quite ac-
curate for the instrument for which they were designed. Each of these methods require that a database be 
created for a particular model of X-ray instrument and the response to both hazardous and benign materials 
be recorded. Application of these methods to solid threat materials may be possible, but bulk packing density 
inconsistencies need to be overcome.
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Table 1: Compounds used to make liquid x-ray samples.
Table 2: Innocuous liquids used to construct simulants.
Table 3: Twenty-five potential simulant mixtures of BaCl2 and KBr.
Figure 1: Response trendlines originating from water for many aqueous solutions.
Figure 2: BaCl2 response trendline shifted from origin of water to propanol passing through nitrobenzene 
response.
Figure 3: Illustration of the two-step approach to blending innocuous liquids to match response of threat.
Figure 4: First attempt to simulate 65% HP (5a, top) and 90% HP (5b, bottom). 
Figure 5:  Illustration of match between instrument response to threat and simulant.
Figure 6: Illustration of match between instrument response to threat and simulant.
Figure 7: Experimental results from collecting 150 and 200 data points each of nitrobenzene and a proposed 
simulant.
Figure 8:  Dual-energy CT response to various aqueous solutions.
Figure 9:  Dual-energy CT response to HP and simulants plotted with aqueous solutions shown in Figure 8.
Figure 10: Single-energy CT response to uniform variation in HP concentration in water (top) & MgSO4 con-
centration in urea (bottom).
Figure 11:  Matching instrument response-authentic compound and simulant.
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Table 1: Compounds used to make liquid x-ray samples.
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Table 2:   Innocuous liquids used to construct simulants.
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Table 3: Twenty-five potential simulant mixtures of BaCl2 and KBr.
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Figure 2: BaCl2 response trendline shifted from origin of water to propanol passing through nitrobenzene response.

Figure 1: Response trendlines originating from water for many aqueous solutions.
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Figure 3: Illustration of the two-step approach to blending innocuous liquids to match response of threat.

ALERT 
Phase 2 Year 4 Annual Report

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

Project R1-C.2

168



Figure 4: First attempt to simulate 65% HP (5a, top) and 90% HP (5b, bottom).
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Figure 5:  Illustration of match between instrument response to threat and simulant.

Figure 6: Illustration of match between instrument response to threat and simulant.
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Figure 7: Experimental results from collecting 150 and 200 data points of nitrobenzene and a proposed simulant.

Figure 8: Dual-energy CT response to various aqueous solutions.
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Figure 9:  Dual-energy CT response to HP and simulants plotted with aqueous solutions shown in Figure 8.
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Figure 10:  Single-energy CT response to uniform variation in HP concentration in water (top) & MgSO4 concentration 
in urea (bottom).
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Figure 11:  Matching instrument response-authentic compound and simulant.
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R1-C.3: Characterizing, Modeling and Mitigating 
Texturing in X-Ray Diffraction Tomography  

I. PARTICIPANTS

Faculty/Staff 

Name Title Institution Email

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

Anuj Kapadia Co-PI Duke University anuj.kapadia@duke.edu

Scott Wolter Co-PI Elon University swolter2@elon.edu

Graduate, Undergraduate and REU Students

Name Degree Pursued Institution Month/Year of Graduation

Mehadi Hassan PhD Duke University 1/2017

Shobhit Sharma PhD Duke University 5/2021

Siyang Yuan Meng Duke University 5/2017

Mingxi Cheng Meng Duke University 5/2018

Bi Zhao Meng Duke University 5/2018

Michael Macalino MechE Elon University 5/2019

Chris Brittlebank MechE Elon University 5/2019

James Spencer MS Duke University 5/2017

Joshua Carter MS Duke University 5/2017

Yixiao Du MS Duke Kunshan University 6/2017

Caley Buxton MS Duke University 5/2018

Jeffrey Fenoli MS Duke University 5/2018

Mary Esther Braswell MS Duke University 5/2018

David Nacouzi MS Duke University 5/2019

Jesse Yue ECE (Undergrad) Duke University 5/2019

Brian Matejevich Physics (Undergrad) Elon University 5/2018

Talha Rehman Summer Student 
(Undergrad)

Duke University/Berea 
College 5/2018

Abhiram Kondagunta HS

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

6/2018

Kaitlyn Szekerczes HS
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North East, MD06/2018 
[through Duke University]
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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. While this sensitivity to molecular composition 
is necessary for accurately assessing a host of benign and threat materials, it may at times be too sensitive. 
For example, the details of the measured X-ray diffraction scatter signatures can depend on a variety of fac-
tors 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 challenges to 
real-world implementations of XRDT. First, it complicates the creation of a robust universal material dic-
tionary (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  
scatterer may be estimated incorrectly, resulting in misclassifications. 
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 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; 

2. Incorporating the database into comprehensive modeling tools to allow accurate simulation of  
various measurement architectures; and 

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. 

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. 

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

This project was newly funded following the last Biennial Review, so this section is not applicable.

C. 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. 
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C.1. 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. The majority of these studies use a standard X-ray diffrac-
tometer operated in reflection mode at a single X-ray energy to record the scatter form factors. By rotating 
the sample through a range of angles, it is possible to map out multi-dimensional scatter patterns that give 
detailed information about the microscopic structure, composition, and crystallographic orientation of the 
sample. Unfortunately, this method requires that a single, thin sample be placed at a specific location and is 
therefore unsuitable for detection of hidden threats; it is necessary to use high-energy X-rays to penetrate 
complex and optically thick materials and, therefore, operate in transmission mode. Because the scat-
ter cross section changes as a function of energy and angle, it is important to record the complete energy- 
and angle-dependent scatter cross sections.  To this end, we have previously developed and demonstrated 
a novel XRDT approach known as coded aperture X-ray scatter imaging (CAXSI) that allows angle- and ener-
gy-dispersive measurement of the scatter form factor signature in a single measurement using our custom 
apparatus (see Fig. 1).  

In addition, while databases of materials exist [1], they typically only cover specific classes of materials (e.g. 
powders or biomolecules) and usually include only a few instantiations for each unique material. We have 
previously created a shareable and searchable XRD signature database through the DHS Coded Aperture 
X-ray Imaging (CAXI) program that contains a broad range of stream of commerce and energetic materials 
relevant to aviation security. This database, however, contains only a single instantiation of each material and 
therefore does not adequately represent the expected statistical variation of the materials. This information 
is necessary for performing dictionary-based classification [2], as well as determining the true information 
content of a given detection system [3]. It is therefore necessary to build a comprehensive database 
relevant to threat detection and develop a statistical description of texturing in order to improve the 
performance of existing systems and properly evaluate the performance of future scanners.

C.2. 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 (which typi-
cally consider only first order scatter phenomena); and 2) Monte Carlo (MC) techniques (which are exhaus-
tive 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 necessary 
for performing model-based reconstruction for an XRDT system. On the other hand, MC is the most 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 

Figure 1: Degree of texturing: XRD scatter at 60 keV using a pencil beam CAXSI system and 2D energy-sensitive detec-
tor spanning π/2 for a) Al powder, b) Al sheet, and c) ammonium nitrate powder (in order of increasing texturing from 
left to right).
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performance with all relevant sources of noise. 
Models of both types have been developed previously by several groups [4-6]. Through the DHS CAXI pro-
gram, we have developed state-of-the art simulation models of both types: a numerical model of Compton 
scatter and XRD [7], as well as a MC model based on GEANT4 [8] that includes empirically-measured 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. 2) [7, 9].  While 
useful, none of the models developed to date include the energy and angular dependencies exhibited by tex-
tured materials and are therefore constrained to describing a limited set of materials. The current models 
must be extended to include a statistical description of texturing in order to faithfully represent re-
al-world materials present in luggage.

C.3. XRDT 

The physics of XRD conflates the location and material composition of an object. In order to determine the 
identity of a material, one must first determine its location in 3D. While several methods for performing this 
hyperspectral imaging task have been studied previously, the two methods most applicable to aviation se-
curity are selected volume tomography (SVT) [10] and coded aperture X-ray imaging (CAXSI) (see Fig. 3 on 
the next page) [9].  In SVT, 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 signature 
is recorded through the use of energy sensitive detection at each pixel. This technique forms the basis of the 
Morpho XDi machine currently in production. While SVT has a well-defined spatial resolution and low com-
putational overhead, the heavy collimation results in extreme photon starvation in the imaging system. In 
addition, the requirement of viewing an object voxel from only a single angle may result in the system mea-
suring incorrectly or missing altogether the scatter from a particular textured voxel.
In contrast, the CAXSI architecture (currently being investigated by Smiths Detection and Rapiscan Systems) 
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 [7], which increases 
the system throughput and robustness against texturing. While this is a clear advantage, CAXSI’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. For both SVT and 

Figure 2: Comparison of raw experiment (top) and MC simulation (bottom) XRD data for Al, NaCl and graphite powders 
(left to right).
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CAXSI, texturing presents challenges for accurate material identification. 

D. Major Contributions

This project is new (having starting in January 2017), but has nevertheless gotten off to a very fast and pro-
ductive start. Below, we highlight several of the technical accomplishments of the program to date (as mir-
rored in the milestones reported above):
• Testbed X-ray system: We have built an experimental testbed X-ray system capable of performing ener-

gy-sensitive Laue diffraction (see Fig. 4). The system consists of an X-ray source; collimation optics to 
create a pencil beam; a sample object; and a scanned, 1D, energy sensitive detector 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.  

• Acquisition of testbed scatter data: Conventional XRD databases only include a 1D cross-section of the 
full scatter signal, and are usually only measured for powders. We collect the full 3D signal for a variety 
of instantiations (e.g. orientation, history, processing, vendor, etc.) of stream of commerce materials.  Ex-
ample spectra are shown in Figure 5 (on the next page) for aluminum sheet, brass sheet, and ammonium 
nitrate (all at 60 keV), demonstrating different types of texture patterns.

Figure 3: 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.

Figure 4: Photo of the experimental testbed (with key elements labeled).
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• Measurement of pole figures with a conventional XRD system: For the same materials measured using 
the testbed, we also record the conventional 1D XRD spectrum using a commercial diffractometer system 
(Bruker D2 Phaser), operated in reflection mode at the copper k-Alpha line. We rotate the sample through 
a variety of different orientations and record the conventional XRD θ-2θ spectrum, as well as pole figures 
for key lattice spacings. Figure 6 demonstrates the difference in resulting spectra obtained for a sheet of 
copper vs. copper powder.  The resulting pole figure has the symmetry expected for a cubic crystalline 
material.

• Monte Carlo simulation framework: We have developed the first Monte Carlo framework capable of sim-
ulating textured XRD scatter signals for arbitrary geometric configurations. By using the scatter data 
acquired via the testbed and diffractometer systems, we can simulate accurate angular scatter patterns 
that agree with experimentally-observed data (see Fig. 7 comparing measured and simulated raw scatter 
data). This will allow us to simulate and evaluate the performance of complete XRD scanner systems.  

Figure 5: XRD scatter patterns for Al sheet (left), brass sheet (center), and ammonium nitrate powder (right). The beam 
is incident on the detector in the center of the rings, where the black square is present.

Figure 6: (a) X-ray diffraction spectra of roll-formed copper sheet showing the strong (200) diffraction line. The inset 
shows the same sample analyzed after rotating to φ = 45° and tilting to Ψ = 55° showing a strong (111) texture. (b) X-ray 
diffraction spectra of randomly oriented polycrystalline copper powder. (c) Radial intensity data for the Cu {111} peaks. 
As expected, diffraction intensity increases at 90° intervals due to the cubic crystal structure.
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• Application of machine learning to XRD-based detection: Threat detection based on the XRD signature of 
a material can be challenging for two reasons: 1) Any reference library used for classification will neces-
sarily not include all possible materials; and 2) the extent of variations in the XRD signatures can be large 
(as seen by the above 1D texture spectra results). Thus, any classification scheme that must first identify 
the material and then assess its threat status will ultimately fail. In order to overcome this limitation and 
assess the potential utility of XRD for the detection of prohibited materials, we performed an investi-
gation of the fundamental separation between materials in “XRD space” using a 400 material library of 
1D scatter spectra (previously obtained by Dr. Wolter under the DHS BAA 10-02 CAXI program). Using 
machine learning techniques (PCA/clustering/LDA), we found that there are common features among 
materials of certain classes (such as solid/liquids or explosives/non-threats) that cause them to natu-
rally cluster together. We find that this clustering is robust against signal degradation (such as noise and 
blurring). More recently, we have begun to develop various classification algorithms that identify the 
threat status of a material based on its features and does not require material identification first. Figure 8 
shows a receiver operating characteristic (ROC) curve for the binary classification problems of separate 
solid/liquid materials, crystalline/non-crystalline materials, and threats/non-threats based on their XRD 
spectra alone. The near-perfect results show the power that collecting the additional XRD features has for 
realizing explosives detection with high Pd and Pfa.

Figure 7: Scatter pattern for Al sheet obtained via experiment (left) and MC simulation (right).

Figure 8: ROC curve for the separation of solid/liquid, crystalline/non-crystalline, and dangerous/non-dangerous ma-
terials. The figure on the right shows a zoomed-in and log-represented version of the upper left hand corner of the ROC 
plot from the left figure. 
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E. Milestones

• Originally proposed Year 4 milestones achieved:
 ○ Developed a test plan for acquiring XRD data for the database, including material choice and condi-

tions, measurement protocol (for diffractometer and broadband transmission modes), and required 
resources.

 ○ Developed numerical models (deterministic and Monte Carlo) capable of representing qualitatively 
XRD with texture (i.e. appropriate azimuthal and energy dependences).

 ○ Built a broadband testbed system. Used this testbed system in conjunction with a commercial dif-
fractometer (Bruker D2 Phaser) to measure the XRD scatter signal from several materials in multiple 
instantiations/orientations.

 ○ Identified distinct texture “modes” and correlations in the scatter data to help build a statistical mod-
el of the micro-physics of texturing at the macroscopic level.

• Originally proposed Year 5 milestones achieved in Year 4:
 ○ Measured the full angle/energy scatter pattern for 5 instantiations of 20 different materials.

 ○ Demonstrated agreement between MC and experimental scatter data for a single material.

• Additional (not originally proposed) Year 4 milestones achieved:
 ○ Studied material organization and clustering in a conventional XRD database (with no material vari-

ability). 

• Originally proposed Year 5 milestones planned for Year 5:
 ○ Create a searchable database for storing and accessing the XRD scatter data (including the full raw 

and dimension-reduced data from the broadband system and the diffractometer data).

 ○ Cross-validate Monte Carlo and deterministic forward models and compare these against experimen-
tal measurements.

 ○ Determine and compare baseline XRD tomography systems (e.g. direct and coded aperture tomog-
raphy) in order to assess which measurement approaches give the best detection performance in 
the presence of textured objects. This will allow us to identify approaches to mitigate the effects of 
texturing in XRD systems.

 ○ Grow the XRD measurements database.

• Additional (not originally proposed) Year 5 tasks planned for Year 5:
 ○ Study detection performance of different classifiers operating with the conventional 1D XRD and full 

3D XRD scatter signals (including the presence of texturing).

 ○ Study data dimensionality reduction approaches for optimizing the tradeoff between data volume/
computational overhead and detection performance

F. Future Plans

After building much of the necessary infrastructure in Year 4, the focus of Year 5 will be on applying and 
quantifying our results to the problem of threat detection and false alarm reduction. The relevant expected 
outcomes are:
• Quantitative validation of numerical models against experimental data for a broad range of materials.
• Definition and specifications of baseline XRD imaging systems along with image quality and classification 
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metrics quantifying performance of each method with different types of texturing.
• Description of strategies for mitigating the effects of texturing along with quantified performance im-

provements (in terms of imaging and explosives detection) of the proposed methods.
• Creation of an accessible, broad database of full XRD scatter measurements and their lower-dimensional 

representations (>200 measurements planned).
While the project is moving smoothly forward, there are several potential risks and/or challenges that have 
been identified: 
• Staffing: The current Master students may not continue through the summer or into next year. To address 

this, I have offered one Master student a Ph.D. position and have identified mechanisms for bringing new 
students in and online. 

• PoP vs SOW: The statement of work (SOW) in the project contract includes a 24 month period over which 
to accomplish the proposed milestones and deliverables; however, the awarded contract has only an 18 
month period of performance (PoP). We have therefore re-budgeted and accelerated our timeline in or-
der to accomplish the proposed work in a shorter time.

• Material availability: The current activity focuses exclusively on studying benign stream of commerce 
materials (i.e. interferents); therefore, we can assess the impact from these materials, but cannot eval-
uate how the imaging configuration should be optimized for mitigating texturing with threat materials. 
To remedy this, we are seeking to collaborate with Lawrence Livermore National Laboratory (LLNL) or, 
pending funding, work with Dr. Jimmie Oxley at University of Rhode Island (Projects R1-A.1, R1-B.1, and 
R1-C.2) to study explosives.

The final outputs of the project (at the end of Year 5) will be:
• Shareable database of raw and processed (i.e. dimension-reduced) XRD scatter data for 5-10 realizations 

of 50 materials.
• New classification algorithms for threat detection based on multi-dimensional XRD signature (potential-

ly without the need to first identify the object, which greatly generalizes the relevance of such a system).
• First Monte Carlo-based software package capable of simulating textured XRD patterns.
• Demonstration of first expert-assisted, data-focused analysis of XRD signals over a sufficiently broad 

range of materials relevant to aviation security in order to quantitatively demonstrate the utility of XRD 
at the checkpoint.

• Quantitative analysis and related mitigation strategies for performing XRD imaging. 
• Students trained in the problems and techniques relevant to DHS.
• Publications and conference presentations related to our findings.
Given additional time and funds, a Year 6 effort focused on transitioning our results could include:
• Experimental validation of the XRD imaging strategies identified to mitigate texture-related challenges. 

This is directly relevant to the development of next-generation XRD imaging machines and could be done 
as a transition activity in conjunction with Smiths/Rapiscan as they further the technology readiness 
level (TRL) of their X-ray diffraction tomography machines.

• Expanding the database to include more materials/realizations (including XRD data from threat sub-
stances). This would allow for a more substantial analysis of the impact on the probability of detection 
of XRD systems. This would help make the database better suited for direct use by OEMs (e.g. Morpho, 
Rapiscan, and Smiths Detection) as they develop classifiers, and the Transportation Security Laboratory 
(TSL)/Transportation Security Administration (TSA) as they prepare to certify XRD machines.

• Using the developed simulation framework to develop a tool for vendors, DHS, and TSA to perform sys-
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tem-level analysis of proposed or existing systems to analyze expected imaging performance. This can 
help streamline funding proposals to build new equipment and may aid in the scanner certification pro-
cess. These simulation tools can be made more user-friendly so that vendors and the government can use 
them to assess the potential performance of a new XRD system before and/or after its development. As 
discussed below, this effort is already underway in collaboration with Rapiscan and/or Defence Science 
and Technology Laboratory (DSTL) in the United Kingdom (UK).

• Although we have focused on XRD for explosives detection, its application is more generally applica-
ble. We could additionally investigate the use of XRD imaging for contraband detection or assessment of 
nuclear threats. This can be translated into utility through working with OEMs (e.g. Morpho, Rapiscan, 
Smiths Detection) and in conjunction with government parties (e.g. Customs and Border Protection, TSA, 
etc.).

• Traditional, non-imaging XRD is currently used in various ALERT projects (e.g. Dr. Jimmie Oxley’s re-
search). We could further collaborate to develop an XRD imaging system to provide additional methods 
for relating chemical properties to structural characteristics in explosive materials in order to better un-
derstand them. The methods developed in this way can aid government facilities (e.g. LLNL, Tyndall, etc.) 
in better understanding and characterizing energetic materials.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

This work is directly relevant to the goals of DHS Science and Technology Directorate (S&T) and the TSA, 
which are currently seeking new techniques for improving airport security. It is likely that XRD can improve 
detection and/or false alarm rates when used in conjunction with conventional, transmission imaging ap-
proaches, but some of the fundamental and practical aspects of such an approach have not yet been ana-
lyzed. 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 to affirm the relevance of XRD. Our work will benefit ongo-
ing and future DHS funded efforts, such as the current BAA 13-05 programs at the University of Arizona, 
Duke University, and Boston University on information theoretic analysis of X-ray imaging systems; the Rap-
iscan Systems, Smiths Detection, Morpho, and HALO X-ray Technologies Ltd programs on the development of 
checkpoint and checked baggage XRDT systems and associated algorithms; and future BAA 17-R-03 studies 
on related technology. The likely results will also aid the TSA, TSL, and the National Institute of Standards 
and Technology (NIST) in developing standards, calibration phantoms, simulants, and robust classification 
methods for XRD applications that have not previously been explored.
To this end, the outcomes of this project are likely to 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.

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

• Affect XRD imaging system design and determine requirements on coding and sampling approaches. 
• Improve threat detection and provide an understanding of to what degree XRD systems can improve the 

ability to identify and localize threats. 
• Create new tools for OEMs and government agencies to analyze and evaluate the performance of  
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next-generation X-ray systems.

B. Potential for Transition

The likely results of this program will directly impact current and future efforts in academia, industry and 
government. The database of XRD signals and MC software will be made available to interested authorized 
parties, such as the TSA, universities, vendors, and the ALERT COE to aid in fundamental studies of material 
discriminability and explosives detection. We are currently discussing such efforts with DSTL and Rapiscan.  
In addition, the recommendations regarding texturing mitigation strategies would likely impact the develop-
ment of key components of XRD systems, such as X-ray illumination strategies and energy-sensitive detectors. 
This is the subject of a recent DHS S&T BAA 14-02 proposal from Duke/University of Arizona/Smiths. Finally, 
the results and knowledge gained through the project will be shared with interested parties (e.g. university 
collaborators, Rapiscan, Smiths Detection, Morpho Detection, Bruker, Halo Technologies, etc.) through the 
publication of our findings in journals and participation at relevant conferences.   
We are already collaborating with Rapiscan and Smiths Detection by sharing our findings to date and 
incorporating their suggestions into our test plans. In addition, the preliminary results and insights  
gained will be used to inform requirements and specifications for next-generation XRD detectors (e.g. as 
part of Duke University/Redlen Technologies’ recently awarded proposals under DHS S&T BAA 17-03 and 
related proposal under 14-02). Our work has also inspired collaboration with Lawrence Livermore National 
Laboratory (Harry Martz) to extend our work on texturing to a more complete view material variability (in-
cluding threat and non-threat materials) jointly with dual-energy CT.
In Year 5, we will seek to engage with NIST, TSL, and TSA to make available our developed software and share 
our scatter database. Feedback from these agencies will also help us tailor our data acquisition procedure. 
In addition, we will continue collaborating with the vendors mentioned above and will reach out to Halo 
Technologies to better understand how our findings complement their XRD-related research. Finally, we are 
working with a group at University College London (UCL; London) to apply our techniques and findings to 
crime prevention measures outside of aviation security (e.g. contraband detection at borders and security in 
the mail system), and are using our general findings to support our medical imaging applications related to 
the detection of cancer.

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. 

• Based on the results of our texture mitigation strategy, we plan to file an invention disclosure for an archi-
tecture best suited for measuring and/or being robust against texturing in XRD imaging.
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D. Transition Pathway 

• Monte Carlo code transition:
 ○ At the end of Year 5, the Monte Carlo GEANT4 code will be made available to interested users and 

scientific community.

 ○ In addition to providing access to the code, we also aim to develop scientific research collaborations 
with end-users, customers, and industry partners to incorporate texture-based modeling into their 
work. These collaborations may seek additional grant funding to continue building research projects 
and infrastructure for the betterment of the scientific community.

 ○ We are currently in discussion with DSTL and Rapiscan about transitioning our Monte-Carlo simula-
tions to them for their research tasks. 

• XRD database transitions: 
 ○ At the end of Year 5, we will make the database of XRD form factors publicly available to interested 

users.

 ○ We are already using both the raw data and insights gained in analyzing it to aid the DHS S&T BAA 
13-05 Applied Quantum Technologies/Smiths/Duke effort (aimed at building the first coded aper-
ture XRD imaging machine for carry-on baggage inspection) and the DHS S&T BAA 13-05 SureScan/
UA/Duke effort (aimed at studying information theoretic optimization CT systems for checked and 
carry-on baggage inspection).

 ○ Once the database is more user-friendly and complete, we plan to share it with Rapiscan (who is also 
developing an XRD imaging system under BAA 13-05 and, potentially, BAA 17-03), as well as LLNL 
and TSA.

• XRD clustering/classification transitions:
 ○ At the end of Year 5, we will have both general conclusions about the range and variability of mate-

rials as well as specific conclusions related to the performance of newly developed (as part of this 
program) explosives detection algorithms based on XRD signals with varying degrees of degradation.

 ○ We are already using the results of our cluster analysis to develop novel classifiers as part of the DHS 
BAA 13-05 AQT/Smiths/Duke effort (which uses real data acquired using our prototype XRDT scan-
ner).

 ○ Going forward, we will share our findings with Rapiscan (and other interested OEMs) and Halo Tech-
nologies for implementation in their respective systems.

E. Customer Connections

• DSTL (UK) – Interested in using MC code for research. Research and financial agreements being drafted 
by Duke offices to proceed with code transfer. 

• Rapiscan (USA) – Discussions ongoing regarding initial NDA to permit detailed discussion of scientific 
projects. 

• Smiths (USA) – Close interaction on a weekly basis as part of this and related DHS projects.
• Redlen Technologies (Canada) – Interactions on a bi-weekly basis concerning ongoing and awarded fu-

ture DHS projects related to this work, as well as focusing on the development of next-generation ener-
gy-sensitive detectors for XRDT.

• MultiX Detection (France) – Discussions every couple of months about the future directions and opportu-
nities for their energy-sensitive detectors based on the findings of this program.
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• University College London (UK) – Recently initiated discussions on how to apply XRDT to crime preven-
tion in the UK and abroad.

• CEA-Leti (France) – Currently in the process of signing a non-disclosure agreement (NDA) to move to-
ward the development of detectors optimized for XRDT based on our conclusions from this program.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Student Internship, Job, and/or Research Opportunities
a. Summer research internships for 4 undergraduate students (Michael, Chris, Jesse, and Talha) 

and 1 graduate student (Bi).
2. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-

dents or Faculty
a. Summer research internships for 2 high school students. 

B. Peer Reviewed Journal Articles 

Pending – 

1. Zhao, B., Yuan, S., Wolter, S., & Greenberg, Joel.  “Material-identification-free Classification via X-ray 
Diffraction” (in preparation). 

2. Zhao, B., Yuan, S., Wolter, S., & Greenberg, Joel. “Energy-angle Correlations in Energy-dispersive Laue 
Diffraction” (in preparation). 

C. Other Publications

1. Wolter, S. “Substance Classification Using Material-science-informed Cluster Analysis.” X-Ray Diffrac-
tion: Technology and Applications (CRC press) (in preparation). 

D. Peer Reviewed Conference Proceedings

1. Yuan, S., Wolter, S., & Greenberg, J.A. “Material-identification-free Detection Cased on Material-sci-
ence-informed Clustering.” Proc. SPIE 10187. Anomaly Detection and Imaging with X-Rays (ADIX) II, 
101870K, 1 May 2017. DOI: 10.1117/12.2262942.

E. Other Conference Proceedings

1. Greenberg, J. “Characterizing, Modeling, and Mitigating Texturing in X-Ray Diffraction Tomography.” 
ALERT Year 3 Program Review. 

F. Other Presentations 

1. Poster Sessions
a. Carter, J.E., Spencer J.R., Buxton, C., Fenoli, J., Greenberg, J.A., & Kapadia, A.J. “Optimization of a 

Coherent Scatter Spectral Imaging System for Breast Cancer Detection.” 59th Annual Meeting of 
the American Association of Physicists in Medicine, Denver, CO, USA, July 30 - August 5, 2017.

b. Fenoli, J., Hoye, J., Sharma, S., Spencer, J.R., Harrawood, B.P., Segars, W.P., Samei, E., & Kapadia, 
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A.J. “Evaluation of Intra-Organ Dose Heterogeneity Using XCAT Phantoms.” 59th Annual Meeting 
of the American Association of Physicists in Medicine, Denver, CO, USA, July 30 - August 5, 2017.

c. Spencer, J.R., Carter, J.E., Buxton, C., Leung, C., McCall, S.J., Greenberg, J.A., & Kapadia, A.J. “X-Ray 
Diffraction Spectral Imaging for Breast Cancer Assessment.” 59th Annual Meeting of the American 
Association of Physicists in Medicine, Denver, CO, USA, July 30 - August 5, 2017. (Best in Physics - 
Imaging). 

G. Technology Transfer/Patents

1. Inventions Disclosed
a. IDF for Monte-Carlo Simulations (IDF submitted to Duke Office of License and Ventures on July 

15, 2017).

H. Software Developed

1. Databases
a. 3D XRD signal database showing the scatter intensity at each angle and energy for a variety of 

materials with multiple instantiation per material. We expect this to be ready for public access 
and transition by the end of Year 5.

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

progress, but final code will be made available at the end of Year 5).
3. Algorithms

a. Clustering and Linear Discriminant Analysis (LDA) approach to analyzing a library of 1D XRD 
signatures. Currently transitioning results to the Applied Quantum Technologies/Smiths/Duke 
DHS BAA 13-05 program. 

b. Support Vector Machine (SVM) and Random Forest classifiers for determining the threat status 
of an object without first identifying the material.

V. REFERENCES

[1] See http://www.icdd.com or http://nanocrystallography.net or http://www.nist.gov/mml/mmsd/ma-
terials-structure/crystallographic-databases.cfm

[2] Q. Qiu, V. M. Patel, & R. Chellappa. “Information-Theoretic Dictionary Learning for Image Classification.” 
IEEE Transactions on Pattern Analysis and Machine Intelligence, 36(11), Nov. 1, 2014, pp. 2173-2184. 
DOI: 10.1109/TPAMI.2014.2316824David Coccarelli, Qian Gong, Razvan-Ionut Stoian, Joel A. Green-
berg, Michael E. Gehm, Yuzhang Lin, Liang-Chih Huang, & Amit Ashok. “Information-theoretic analysis 
of x-ray scatter and phase architectures for anomaly detection.” Proc. SPIE 9847, Anomaly Detection and 
Imaging with X-Rays (ADIX), 98470B, May 12, 2016. DOI:10.1117/12.2223175.

[3] Venkatesh Sridhar, Sherman J. Kisner, Sondre Skatter, & Charles A. Bouman. “Model-Based Reconstruc-
tion for X-ray Diffraction Imaging.” Proc. SPIE, vol. 9847, pp. 98470K-98470K-11, April 17, 2016.

[4] Ke Chen, & David A. Castañón. “Architectures and algorithms for x-ray diffraction imaging.” Proc. SPIE 
9020, Computational Imaging XII, 902006, March 7, 2014.

[5] Qian Gong, David Coccarelli, Razvan-Ionut Stoian, Joel Greenberg, Esteban Vera, & Michael Gehm. “Rapid 
GPU-based simulation of x-ray transmission, scatter, and phase measurements for threat detection sys-
tems.” Proc. SPIE 9847, Anomaly Detection and Imaging with X-Rays (ADIX), 98470Q, May 12, 2016. DOI: 
10.1117/12.2223244.
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[6] J.A. Greenberg, K. Krishnamurthy, and D. Brady, “Snapshot molecular imaging using coded energy-sensi-
tive detection,” Optics Express 21, 2548, 2013.

[7] Lakshmanan MN, Kapadia AJ, Sahbaee P, Wolter SD, Harrawood BP, Brady DJ, Samei E, “An x-ray scatter 
system for material identification in cluttered objects: a Monte Carlo simulation study”, Nuclear Inst. and 
Methods in Physics Research, B, Volume 335, 2014, pp. 31-38.

[8] K. MacCabe, K. Krishnamurthy, A. Chawla, D. Marks, E. Samei, and D. Brady, “Pencil beam coded aperture 
x-ray scatter imaging,” Opt. Express 20, 2012, 16310-16320. 

[9] 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 2017 or 2018 

Natan Kalson MSc Ben-Gurion University 10/2017

Or Hadas BSc Ben-Gurion University 8/2018

Danny Kogan BSc Ben-Gurion University 8/2017

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 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 mate-
rials (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 meth-
odology allows the simulated explosive to reach the C-J state of the energetic material using a very short 
simulation. 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 
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in Erythritol tetranitrate (ETN). Schematic description of the ETN system studied and the new methodology 
are shown in Figure 1.

The results of the simulations (see Fig. 2 below) prove that these small 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 the two cases.

A.3. New 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. A schematic illustration of the mechanism is presented in Figure 3 (on the next page). The 
conditions required for this process were determined and will allow an optimization of molecular ejection. 
These results may have important implications on explosive detection methods.

Figure 1: Cut-plane view of the initial equilibrated state (left). The system is composed of two identical slabs of material 
2 Å apart from each other. In each slab, all the molecules residing within a sphere of a defined diameter (5 nm) are re-
moved to form a nanoscale spherical void and the symmetric plate impact methodology is carried out. Cut-plane view 
of the system a few picoseconds after the two identical slabs collided and generated two oppositely propagating shock 
waves (right). Atoms are colored by the magnitude of their velocity, and shock propagation is in the (100) direction.

Figure 2: Temperature evolution during shock initiation of ETN: Single crystal ETN (left); and ETN with a nanovoid of 5 
nm diameter (right). Black dots mark the position of the nanovoid in both parts of material.
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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 (R1-A.1, 
R1-B.1, and R1-C.2) of Dr. Jimmie Oxley and Dr. James Smith. The joint study yielded an efficient and safe 
route to decompose large quantities of HMTD. The possible decomposition pathways of HMTD in different 
environments are shown, with the energy barriers involved, in Figure 4 below. The destruction method pro-
posed can be used by end-users such as the police bomb squad and other law enforcement units.

A.6.	 Detonation	of	Liquid	Mixtures

During Year 4, we started a comprehensive study of liquid explosive detonation. The study considers pure 
nitromethane as well as its mixture with other liquids (both oxidizers and fuels) at various ratios. The addi-
tives considered are: acetone, ethanolamine, methanol and hydrogen peroxide. The main goal of this study is 
to understand the role of the various additives on sensitivity and detonation performance. The simulations, 
performed at the C-J states of these mixtures using the methodology described above, show that prior to 
detonation these systems have an incubation period. During this incubation period, low rate decomposition 
reactions are observed; at the end of this period, the reaction rates increase dramatically resulting in large 
energy release. This starts the detonation stage. However, the incubation periods observed for identical sys-
tems with different initial atomic positions and velocities can vary appreciably. This is manifested in the rate 
of parent nitromethane decomposition of an 80:20% mixture of NM and acetone (see Fig. 5 on the next page). 
To examine the local temperature in the system at various regions and its variation with time, the simulation 
volume was divided into 3x3x3=27 sub-volumes and the local effective temperature in each was evaluated.

Figure 3: Interaction of an intense, non-resonant, ultrashort laser pulse with a metal surface generates an outward 
propagating shockwave. A solid TNT sample, transparent to the laser, experiences a mechanical impact on a femtosec-
ond time scale due to a plasma plume formation and supersonic expansion.

Figure 4: Scheme showing all the possible initial decomposition steps of a HMTD molecule in different  
environments.
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The 27 sub-volumes are presented along the horizontal axis in Figure 6 while time evolution is along the 
vertical axis. The 2D distributions obtained for the 9 systems shown in Figure 5 are presented in Figure 6 
below. The incubation periods and their variation are clearly seen as the width of the green regions. Also, the 
transition to detonation is clearly observed as the boundary between the green and yellow regions.

It is clear that decomposition reaction of NM should start simultaneously in a few cells to obtain the transi-

Figure 5: NM disappearance during three shock velocities. For each shock velocity, three identical simulations are 
shown.

Figure 6: 2D description of the local temperature variation in the reaction volume during the simulation. Three identi-
cal simulations using shock velocity of vshock=7.8 Km/sec (top row), vshock=8.0 Km/sec (middle row), and vshock=8.2 Km/sec 
(bottom row). The temperature scales are identical and span the range of 300K (blue) up to 5300K (red).
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tion into detonation stage. Thus, it seems that these liquid mixtures exhibit a similar behavior to solid explo-
sives and require hot-spot formation to transform from burning to the detonation stage. At present, we are 
trying to understand the physical/chemical nature of these “hot spots” in the liquid.
We recently began to investigate the reaction pathways and energy barriers involved in detonation of hy-
drogen peroxide mixed with different fuels. The first system we examined is a mixture of H2O2 and urea. The 
system was studied using QC calculations at the Density Functional Theory (DFT) level of theory. The first 
system examined is a mixture of hydrogen peroxide with urea. The calculations were aimed at the under-
standing of the reaction mechanism that is responsible for the urea decomposition and formation of detona-
tion products. Preliminary results indicate that the decomposition of a urea molecule is required to overcome 
an initial energy barrier of about 42 kcal/mol to obtain intermediates. This is followed by an additional bar-
rier of 59 kcal/mol to achieve further decomposition. The reaction between one urea and one H2O2 molecule 
is required to overcome an initial energy barrier of only about 11 kcal/mol; however, further steps to obtain 
stable product are required to overcome a high energy barrier of approximately 60 kcal/mol. In the case that 
two H2O2 molecules react with one urea molecule, the reaction can reach completion by surpassing a barrier 
of only about 14 kcal/mol. 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.

A.7.	 Homemade	Plastic	Explosives

An additional system we plan to study in the near future involves the mixture of potassium chlorate and 
wax. Through simple procedures, potassium chlorate can be used to synthesize homemade plastic explosives 
when mixed with wax. This homemade explosive (HME) is a high-energy material that can be molded to the 
desired shape with a density of about 1.3 g/cm3. A milestone to be achieved in this case will be the deter-
mination of the detonation characteristics of mixtures of hydrogen peroxide with urea and formaldehyde at 
a variety of compositions. These two types of mixtures are detonable and our main focus will be on under-
standing the mechanism governing the process and the variation of sensitivity to detonation as a function of 
mixture type and components ratio.

B. Year	Two	(July	2014	through	June	2015)	Biennial	Review	Results	and	Related	Actions	to	Address	

The previous Biennial Review indicated that DHS has no interest in THz spectroscopy, hence, this aspect of 
the project was suspended. All our efforts were channeled, according to the interest of DHS, into the study of 
HMEs. The advancement of these directions are described above.

C. State	of	the	Art	and	Technical	Approach

The theoretical studies concentrated on 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 set 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: 1) a 
method to calculate THz spectra of molecular crystals was developed by us and its implementation to TATP 
and RDX were published [3]; 2) 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 
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is also implemented in the study of liquid explosives; and 3) 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. This method allows 
for efficient analysis and search capability of the very large amounts of data obtained in big simulations of the 
detonation of energetic materials. 
At present, we are in the process of developing a new approach that will allow for an efficient construction 
of reactive force fields (ReaxFF). At the moment, the development of ReaxFF for new systems constitutes two 
stages: 1) QC calculations of geometries, and energies of a large number of reactant configurations, interme-
diates, bi- and tri-molecular processes, etc; and 2) the development of an accurate ReaxFF, namely, to obtain 
the parameters that reproduce the QC data. This stage, in most cases, is extremely complex and involves 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 number of improvements that markedly reduce search time and increase the probability to locate the 
lowest minimum.
As far as we know, we are the only group in ALERT that performs theoretical studies as those described here.

D. Major	Contributions

The major contributions of this project to date include: 
• Year 4: 

 ○ New ReaxFF parametrization for solid Erythritol tetranitrate (ETN) HME.

 ○ 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.

E. Milestones

Milestones accomplished in Year 4 include:
• ReaxFF parametrization for solid Erythritol tetranitrate (ETN) HME.
• Theoretical and experimental characterization of Erythritol tetranitrate (ETN) HME detonation. 
• Study of liquid HME mixtures based on nitromethane (in progress; will complete in Year 5). 
Milestones to be achieved in Year 5: 
• Complete the study of liquid HME mixtures based on nitromethane. 
• Theoretical and experimental study of the stability and decomposition mechanism of improvised explo-
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sives based on nitrated sugars.
• Development of a new methodology for ReaxFF parametrization and its implementation to include dis-

persion forces in the force field for HN3. 
• Sensitivity and decomposition mechanism of HMEs based on hydrogen peroxide mixtures with urea or 

sugar. 

F. Future Plans

If additional funding for this project becomes available (Year 6), we plan to address the following issues:
• Characterize, using theoretical methods, the sensitivity and detonation mechanism of homemade plastic 

explosives: mixture of wax with KClO4.
• Write a comprehensive overview of the physical and chemical properties of HMEs studied during the 

period of this research (jointly with Dr. Jimmie Oxley’s group). This overview will address information 
required by law enforcement units (bomb squads, etc.).

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

One of the main challenges in dealing with the threat of terror is the appearance of unknown improvised 
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.
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 pre-
dict.

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, Prof. Jimmie Oxley and her colleagues to validate the mechanisms 
of synthesis 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 supplement material.

D. Transition Pathway 

Computer simulations are essential for rapid response to unknown improvised explosives. Such simulations 
can identify fundamental properties, such a detonation mechanism and yield of new materials. Experimental 

ALERT 
Phase 2 Year 4 Annual Report

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

Project R1-D.1

197



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. Furman, D., Kosloff, R., and Zeiri, Y. “Effects of Nanoscale Heterogeneities on the Reactivity of Shocked 
Erythritol Tetranitrate.” Journal of Physical Chemistry C, 120(50), 21 November 2016, pp. 28886–
28893. DOI: 10.1021/acs.jpcc.6b11543

Pending-
1. Oxley, J.C., Furman, D., Brown, A.C., Dubnikova, F., Smith, J.L., Kosloff, R., and Zeiri, Y. “Thermal De-

composition of Erythritol Tetranitrate: A Joint Experimental and Computational Study.” Journal of 
Physical Chemistry C (submitted for publication).

2. Kalson, N-H, Furman, D., and Zeiri, Y. “Collapsing Bubbles as Natural Bioreactors on Primordial 
Earth.” Chemistry Science (submitted for publication).

3. Fisher, D., Zach, R., Matana, Y., Elia, P., Shustack, S., Yarden, S., and Zeiri. Y. “Bomb Swab: Can Trace 
Explosive Particles Detection Be Improved?” Talanta (submitted for publication).

B. Peer	Reviewed	Conference	Proceedings

1. Kosloff, R., Schefer, I., and Tal-Ezer, H. “Semi-global approach for propagation of the time-dependent 
Schrödinger equation for time-dependent and nonlinear problems.” 3rd Computational Chemistry 
(CC) Symposium. ICCMSE	2017, 21-25 April 2017, Thessaloniki, Greece.

C. Software	Developed

1. Model: Development of a computational model for bulk ENT and hydrogen oxide.
2. Algorithm: Development of search algorithm for MD simulations.

V. REFERENCES

[1] Frisch, M. J.; Trucks, G. W.; et al. Gaussian 09, Revision A.02; Gaussian, Inc.: Wallingford, CT, 2009. 
[2] S. Plimpton, Fast Parallel Algorithms for Short-Range Molecular Dynamics, J Comp Phys, 117, 1-19 

(1995).
[3] G. Katz, S. Zybin, W. A. Goddard III, Y. Zeiri, and R. Kosloff. “Direct MD Simulations of Terahertz Absorp-

tion and 2-D Spectroscopy Applied to Explosive Crystals.” J. Phys. Chem. Lett., 5, 772 (2014).
[4] David Furman, Ronnie Kosloff, and Yehuda Zeiri. “Effects of Nanoscale Heterogeneities on the Reactivity 

of Shocked Erythritol Tetranitrate.” J. Phys. Chem. C, in press.
[5] David Furman, Faina Dubnikova, Adri C.T. van Duin, Yehuda Zeiri and Ronnie Kosloff. “Reactive Force 

Field for Liquid Hydrazoic Acid with Applications to Detonation Chemistry.” J. Phys. Chem. C, (2016), 
120, 4744-4752.
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[6] Jimmie C. Oxley, David Furman, Austin C. Brown, Faina Dubnikova, James L. Smith, Ronnie Kosloff, and 
Yehuda Zeiri. “Thermal Decomposition of Erythritol Tetranitrate: A Joint Experimental and Computa-
tional Study.” J. Phys. Chem. C, submitted for publication.
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THRUST R2 
TRACE & VAPOR SENSORS

Project 
Number Project Title Lead Investigator(s) Other Faculty 

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

Ambient Pressure
Gary A. Eiceman John A. Stone

Avi Cagan
R2-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

R2-B.4 Mid-Infrared Photonic Integrated Circuits 
for Stand-Off Detestion of Trace Explosives

Anthony Hoffman
Michael Wanke

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

Scott Howard
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R2-A.1: Improved Swab Design for Contact 
Sensing

I. PARTICIPANTS

Faculty/Staff
Name Title Institution Email

Stephen Beaudoin Professor, PI Purdue University sbeaudoi@purdue.edu

Bryan Boudouris Associate Professor Purdue University boudouris@purdue.edu

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

Darby Hoss PhD Purdue University 8/2017

Sean Fronczak PhD Purdue University 12/2017

Jennifer Laster PhD Purdue University 12/2017

II. PROJECT DESCRIPTION

A. Project Overview

The goal of this project is the development of novel swabs 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 that must be addressed include: 1) limited impact of mechanical and chemical effects on swab 
performance; 2) high temperatures on the desorber plate in the IMS (well above 250°C); 3) loss of mechan-
ical integrity of the swabs 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 (shown below) that changing 
the surface chemistry of a swab can dramatically change its adhesion behavior towards explosives residues.  
In our ongoing work, we are experimenting with different surface chemistries to identify the ones that most 
effectively improve the adhesion of the swabs to the residue during residue harvesting without impeding the 
residue release process in the IMS.  
It is generally accepted that electrothermal methods (the application of an elevated temperature combined 
with a strong electrostatic potential) will allow residues to desorb from surfaces at lower temperatures than 
in the absence of the potential. However, because existing swabs are not electrically conductive, the method 
has not been applied to the desorption of explosives residues in IMS chambers. The conductive swabs devel-
oped here do not suffer from this limitation, and therefore have the potential to deliver the electrothermal 
process. As such, this provides a means by which to employ a new tool for enhanced detection of current 
difficult-to-detect threats as well as future materials of interest.
The goals of this project are as follows:
• Identify surface chemical moieties that influence the adhesion of explosives residues to our polymeric

ALERT 
Phase 2 Year 4 Annual Report

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

Project R2-A.1

203



swabs, and quantify their effect on the adhesion and the release of residues.
• Demonstrate the effectiveness of electrothermal desorption on altering the thermal profile of residue 

release from our conductive polymeric swabs, including the swabs with modified surface chemistry.
• Transfer the results of this research to a corporate partner who will develop and deliver the swabs to the 

public sector for use in air transportation security settings.
When this project succeeds, the swabs that we deliver will improve the effectiveness of checkpoint security 
activities based on contact sampling/IMS at a low cost. These swabs will allow contact sampling/IMS to be 
employed in the detection of new and emerging explosives threats that have very high vapor pressures and 
are not amenable to IMS-based detection using current swab technology. These threats include inorganic 
species for which no current methods exist. Because the swabs being developed here can operate using a 
combination of electrostatic potential and thermal effects, we expect to release these residues at such a suf-
ficiently low temperature that swab- and IMS-based sensing will be possible.

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The strengths of the project were as follows:
• “If the growth and optimization of the meso-structured swabs can be accomplished, this will be very 

promising.”
• “The approach is sound.”
• “The swab has the promise for detecting other agents besides explosives, and could benefit other agen-

cies, and this should be explored” (this comment appeared twice).
• “Reusable swabs should be cost competitive.”
The project weaknesses were as follows:
• “Swabs that are optimal for sampling some surfaces, such as nylon, will not be optimal for sampling other 

surfaces, like plastic.” 
• “The community may migrate to non-contact sampling, rendering this work obsolete.”
• “If the swabs are reused, they will not be valuable for the prosecution of criminals.”
The weaknesses identified include two concerns that would be relevant for all technologies being employed 
for contact sampling. First, if the community abandons contact sampling, then all research along these lines 
is unnecessary. The community has shown no movement in that direction, although there has been a stated 
desire to go to standoff methods. For the foreseeable future, however, contact sampling is the main tool in 
the toolkit, and for this reason we are moving forward with our work. Next, whether the swabs are reused 
or not is a decision made by the Transportation Security Administration (TSA), not by the PI; this decision 
affects the swabs being developed and existing commercial-off-the-shelf (COTS) swabs. We are working to 
make swabs that offer superior performance at the lowest possible cost so that single use can be financially 
viable. If we are successful, this will obviate the need for multi-use. Specifically, COTS swabs that were to be 
reused would incur the same chain of evidence concerns as our swabs, and COTS swabs would face the same 
obsolescence as ours if the community can successfully perform non-contact sampling.  
In Year 4, we worked on improving the thermal stability of the swabs. We modified the growth conditions 
by changing the surfactant/supporting electrolyte composition during the electropolymerization process to 
make the swabs. We identified a surfactant that caused the swabs to be thermally stable up to 250°C in our 
labs. We found that our swabs tend to ‘age’ poorly if left out in air for an extended period of time. This is be-
cause water trapped in the polymer tends to diffuse out of the polymer and evaporate, reducing the plasticity 
of the polymer. By storing the swabs in a sealed environment (like a plastic bag), we believe that this effect is 
minimized. We have developed a method to describe the topography of large surfaces using a small number 
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of measurements. This allows us to characterize the topography of a wide range of surfaces in silico, which 
will then allow us to optimize the topography and mechanical properties of the swabs so that a single swab 
can operate effectively on a broad range of surfaces.

C. 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 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 technical approach pursued here 
involves a focused investigation of mesopatterned polymeric swabs with surface structures that are designed 
for interrogation of surfaces and capture of target residues. These swabs are engineered to survive the me-
chanical and thermal demands associated with contact sampling and IMS detection. In addition, the swabs 
being developed are electrically conductive, which is a unique characteristic compared to all existing swabs.  
This feature allows electrothermal desorption to be employed to remove residues from the swab surfaces in 
the IMS chamber. This method combines the effects of elevated temperature and applied electrical potential 
to cause residues to be released from swab 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 swabs with the desired performance attributes, the shape, size, and spacing of the topographical 
features on the swabs will be designed to increase the van der Waals interaction forces between the swabs 
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 swabs [1, 2]. The swabs are fabricated using an electropolymerization process to produce me-
sostructured materials that have strong adhesion towards explosives residues [3-6]. It is possible to modify 
these materials by grafting different chemical species onto their surfaces, changing the adhesion between the 
swabs and the residues [7]. This is explored in order to create swabs 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.  

D. Major Contributions

Year 4:
1. Detailed model for residue adhesion to swabs: We finished a 3-dimensional model for the van der 

Waals adhesion between explosive residues and swabs.
2. Adhesion between different explosives and different chemical species: We created self-assembled 

monolayers (SAMs) of different chemical species, and measured the change in adhesion between ex-
plosives residues and these monolayers. The method and materials are shown in Figure 1 on the next 
page, including the structure of the atomic force microscope (AFM) tip with the attached particles, 
the structures of the explosives molecules used, and the structures of the thiol-based SAM species 
immobilized on the gold for the purpose of these measurements. The results are shown in Figure 
2 on the next page. In this graph, the force was normalized by the adhesion between the explosives 
particles and the bare gold, thus removing effects of the shape, size, and topography of the particles.  
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3. Apparatus and method for measuring electrothermal desorption: We developed an apparatus for 
measuring the change in adhesion between explosives residues and the swabs in the presence of the 
different 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 swab, 
temperature, and residue.

Year 3:
1. Continued optimization of swab fabrication: We continued the optimization of deposition/growth 

conditions for fabrication of new, state-of-the-art swabs for contact sampling.

Figure 1: Colloidal Probe-AFM measurement (CP-AFM) illustration. (a) Cartoon depiction of an explosive particle 
mounted with epoxy (orange color) at the end of a tipless AFM cantilever interacting with a SAM on template-stripped 
gold. The irregularity of the particle topography and uniformity of the template-stripped gold is accentuated in 
this cartoon. (b) Chemical structures of the nitro-containing explosives research department explosive (RDX), pen-
taerythritol tetranitrate (PETN), and trinitrotoluene (TNT). RDX, PETN, and TNT contain nitramine, nitrate-ester, and 
nitroarene groups, respectively. (c) Chemical structure of the thiols used to form the SAMs. All of the thiols are of the 
form X(CH2)11SH where R is the functional group that is exposed at the new surface generated by the SAM.

Figure 2: Normalized adhesion force between TNT, PETN, RDX, and Silica (model material) and gold surface with self-as-
sembled monolayers with terminal endgroups as indicated. The error bars indicate the normalized standard deviation 
of the measurement against the functionalized materials. The amine SAMs exhibit the highest adhesion force specifi-
cally for the explosive particles indicating that the amine has a specific chemical affinity to the explosives.
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2. Continued evaluation of thermal stability of swabs: By changing the surfactant used during swab 
growth, we improved the thermal properties of the swabs so that they are stable to temperatures as 
high as ~250°C.

3. Novel method for measuring the adhesion of explosives residues: Developed a novel, first-in-the-
world approach for measuring the adhesion between explosives residues, swabs, and surfaces that 
will allow for the measurement of the adhesion of compounded explosives, such as C-4 and Semtex, 
with unprecedented accuracy. 

4. We developed a novel method for measuring the adhesion of an explosives powder or population of 
explosives residues to a surface based on a modification of the classical centrifuge method. 

Year 2:
1. Preliminary optimization of swab fabrication: We performed preliminary optimization of deposi-

tion/growth conditions for fabrication of new, state-of-the-art swabs for contact sampling.
2. Thermal stability of swabs: By changing the surfactant used during swab growth, we improved the 

thermal properties of the swabs so that they are stable to temperatures as high as ~230 °C.
3. Topography of swabbed surfaces: We determined the relationship between the number of locations 

on a surface where one performs topographical measurements and the accuracy of the topography 
statistics determined. This is the basis for the protocol that will be implemented to determine the 
swabbing challenge on various materials of interest in air transportation security settings.

4. Model contaminated surface: We developed and implemented a modeled, highly-engineered surface 
in combination with fluorescent beads (model contaminants) to create a new ‘standard’ swabbing 
challenge. With this standard challenge, we were able to assess the superior performance of the 
swabs being developed here in comparison to COTS swabs.

Year 1:
1. Viscosity of binders in compounded explosives: The viscosities of the binders used in C-4 and Semtex 

H were evaluated. This included 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-thin-
ning behavior. There are several important distinctions between each composite. First, the Semtex 
binder is significantly more viscous than the C-4 binder. The viscosity ranged from 810 to 2030 Pa*s 
for Semtex compared with 20 to 350 Pa*s for C-4. The C-4 binder is more stable with respect to 
shear rate, whereas any minute change in shear rate creates a significant change in the viscosity of 
the Semtex binder. 

2. Residue failure under load: The dynamic behavior of granulated/compounded materials, including 
silica particles in C-4 and Semtex binders, was documented. The goal was to assess the process by 
which the granules deformed and failed under load, as this is a good representation of the way they 
will behave when they are removed from a surface during contact sampling. We observed many sim-
ilarities 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 Newtonian binders that would be a good representation of the real compounded 
explosive.

3. Inverse gas characterization: Cohesive Hamaker constants (the van der Waals force constants in 
effect for materials adhering to themselves) were evaluated using inverse gas chromatography.  Con-
stants were determined for RDX, PETN, TNT, ammonium nitrate (AN), ammonium nitrate fuel oil 
(ANFO) at 2, 5 and 10% fuel oil, and ammonium nitrate paraffin (ANPA) at 2, 5 and 10% paraffin. 
These constants agreed well with those obtained from contact angle measurements and optical con-
stants or Lifshitz’s theory (data was available for a limited amount of samples). It should be noted 
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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].

4. Swab prototypes: Polypyrrole was electrodeposited in a unique apparatus to create nano-/mi-
cro-structured swabs for use as advanced contact sampling tools. The windows for material deposi-
tion were explored and preliminary progress was made linking the thermal stability of the materials 
to the deposition conditions. 

E. Milestones

Milestones accomplished in Year 4:
• Completed Generation 1 optimization of the size and shape of the fingers on the swab to help them be 

more effective in the field. For the bilayer swabs that are compatible with IR assessment in the field, we 
will first demonstrate an ability to make the films of interest.  

Milestones to be achieved in Year 5:
• Demonstrate recovery of threat-levels of residues from target surfaces in realistic swipe conditions (us-

ing slip/peel tester), and show that the fractional recovery with our swabs is higher than with COTS 
materials. 

• Demonstrate that our swabs are reusable many times over, and that they do not liberate any harmful 
byproducts during IMS processing. 

• Develop and perform first generation optimization of a method for affixing functional groups to  
conductive polymer swabs, including identifying the proper functional species to attach.

• Develop a method for improving mechanical stability of the swabs, that is if polymer swabs are employed.  
• Develop a method for improving the thermal stability of the polymer swabs to make them compatible 

with current IMS protocols.
• Demonstrate operational capabilities of electrothermal residue desorption from swabs in the IMS  

chamber.  

F. Future Plans

In the next year, it is proposed to complete the proof-of-concept of the electrothermal desorption from our 
polymeric swabs, demonstrating that residues can be desorbed from our swabs at lower temperatures in 
the presence of an applied electrical potential than in its absence. This will be performed with at least one 
explosive material (likely TNT). Samples of our electrothermally-capable swabs will be shared with indus-
try and government partners, including 908 Devices, CTTSO/TSWG, TSL, Bruker, and Smiths/Morpho for 
testing. We will also document the details of this work at the Trace Explosives Detection workshop in Salt 
Lake City in April 2018, to further enhance the transition possibilities. Preliminary results show that there 
should be no problems with completing this work; the process seems to work. It is now a question of simply 
documenting the magnitude of the effect of the electrical potential on the desorption. The technology will 
be protected once the preliminary results are complete, to facilitate licensing. In addition, we will complete 
the work demonstrating the effect of the SAMs on the adhesion between explosives and the swabs, and will 
make swabs with and without the most effective SAMs. These will be distributed to the same companies and 
government labs for testing as in the case of the electrothermal work. Preliminary results show that surface 
treatment has an effect on the adhesion, so we are confident this will work. All that remains is to quantify the 
magnitude of the effect. When both of these aspects are finalized, the work can sunset in Year 6. The only ex-
ception to this projection is if the thermal stability remains inadequate for the modified swabs, even with the 
electrothermal enhancement. If this is the case, then we will move to metal swabs, aluminum (Al) or copper 
(Cu), with SAMs present. These can be grown inexpensively with soft, flexible surface topography that would 
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be highly stable both thermally and mechanically. With appropriate engineering, these can support the elec-
trothermal approach, can be modified by SAMs, and can be reused many times.  

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

1. Develop new swabs with superior ability to harvest explosives residues:
a. Metric 1. The swabs will recover at least the same quantities of residue as existing swabs in 

swipe tests.
b. Metric 2. The swabs will release residue at lower temperatures than existing swabs when elec-

trical potential is applied.
c. Metric 3. The swabs will survive multiple uses without a degradation in performance.
d. Metric 4. The swabs will be implemented in checkpoint security applications.

2. Quantify the effects of the topography, surface chemistry, and electrical potential on the swab per-
formance:
a. Metric 1. Swab/IMS manufacturers will develop conductive swabs and IMS desorber chambers 

that support the employment of this understanding. 
b. Metric 2. Swab/IMS manufacturers will develop SAM coatings for existing swabs.
c. Metric 3. Swab/IMS manufacturers will develop swabs with new textures to optimize residue 

recovery.

B. Potential for Transition

First generation swabs have been sent to CTTSO/TSWG for testing. We also are pursuing a joint development 
agreement with FLIR. If preliminary work is successful, we will pursue joint development with these part-
ners.

C. Data and/or IP Acquisition Strategy

A patent application is pending on this technology (see Section IV.D).

D. Transition Pathway 

Technical results documenting swab performance have already been shared. During Year 5, the swab perfor-
mance will be compared side-by-side with existing COTS swabs using a slip-peel tester, which will replicate 
the swiping environment encountered at checkpoints. The results of these tests will be shared at the annual 
Trace Explosives Detection workshop in April, 2018. Swabs have been distributed to several commercial 
partners for testing, and a substantial number have been provided to CTTSO/TSWG, and they are helping to 
commercialize the swabs.

E. Customer Connections

• Erin Tamargo, CTTSO/TSWG, quarterly calls, 1000 swabs shipped for testing.
• FLIR, Purdue Research Park, joint development agreement under negotiation.
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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 3 PhD students on methods associated with this project.

B. Peer Reviewed Journal Articles 

Pending – 
1. Hoss, D., Boudouris, B., Beaudoin, S. “Describing van der Waals Adhesion in Microstructured Systems 

through a Robust Computational Approach.” Surface and Interface Analysis. In review (responding to 
reviewer comments).

C. Other Presentations 

1. Seminars
a. Hoss, D., Boudouris, B., and Beaudoin, S. “Adhesion Characterization of Energetic Microparticles 

to Functionalized Surfaces.” Annual Meeting of the American Institute of Chemical Engineers. San 
Francisco, CA. 2016.

D. Technology Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. Boudouris, B., Beaudoin, S., Cipich, M., Harrison, A., Lukow, S., Rostro, L., Schram, C., Smith, K., and 

Thomas, M. “Engineered Polymer Swab for Explosives Residue Detection: A Nanobrush.” Patent 
Application 62/052,375. Filed September 18, 2015. Published March 24, 2016.
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R2-A.2: Stability of Gas Ions of Explosives in Air 
at Ambient Pressure

I. PARTICIPANTS

Faculty/Staff 
Name Title Institution Email

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

John A. Stone Consultant Queens University john.stone@chem.queensu.ca

Avi Cagan Research Professor New Mexico State University avicagan@nmsu.edu

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

Bhupendra Gurung PhD New Mexico State University 5/2019

David Emery BS New Mexico State University 5/2019 

II. PROJECT DESCRIPTION

A. Project Overview

Central to the function of the most widely-used explosive trace detector (ETD) technology, and to future 
technology, are gas phase ions created from explosives when introduced into these detectors. Until this proj-
ect, no systematic database existed on the ion lifetimes or thermochemical values for these gas ions, typi-
cally-chloride adducts for most explosives, or protonated monomers for some others. Knowledge of these 
fundamental terms informs understandings of performance for current ETDs and of boundaries of behaviors 
needed in designs for new embodiments of ETDs.
In prior work with familiar explosives (trinitrotoluene (TNT), ethylene glycol dinitrate (EGDN), nitroglyc-
erin (NG), and others), thermochemical values and ion lifetimes were determined and several categories of 
behavior were observed [1-3]. These included simple thermal decomposition over a range of temperatures, 
relatively complex decomposition, and limited or no decomposition. In subsequent studies with improvised 
explosives or what could be called specialized explosives (pentaerythritol tetranitrate (PETN), high melt-
ing explosive (HMX), hexamethylene triperoxide diamine (HMTD), peroxides), complexities were observed 
during the formation of the gas ions, blocking further ion characterization. 
The project achievements in Year 4 include:
• In 2017, the first successful studies of these “difficult-to-characterize (DTC)” explosives were completed

with the new technology, which was designed, built and, applied in this year. This new kinetic instrument
is based on ion mobility spectrometry (IMS) but includes a method to deliver explosives into a reactive
region (to form gas ions) directly before the kinetic analysis region, minimizing losses of ion signal inten-
sity.

• The chloride adduct of PETN was evaluated between 156 to 177 °C, and decomposition was determined
with standard enthalpy of decomposition of 81 kJ/mole using the new instrument.

• The decomposition of PETN*Cl- proceeded through a nitrate displacement, releasing NO3
- as the product
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(ion) of decomposition. Mass analysis of gas ions is in progress in support of the kinetic IMS studies.
• Another ion of PETN, to be presumed as the nitrate adduct (PETN*NO3

-), was observed as stable as far as 
measured to 210 °C. This is consistent with prior findings with nitrate esters, where nitrate adducts were 
stable beyond the experimental parameters of the kinetic IMS.

• Peroxides present highly complex mixtures, and efforts to evaluate these are under development with 
attention directed largely to pre-separation of complex mixtures in combination with the kinetic IMS.

One preliminary result with peroxides is a seemingly high stability of the protonated monomers or proton-
ated products of peroxides, such as TATP and others. This is in strong contrast, if validated in Year 5, with 
common understandings of the original explosives substances as neutral solids or gases.

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The two major weaknesses identified during the Year 2 Biennial Review were the relevance of the work to 
the broader community of explosives investigators and a path to use the studies for future advances in ETD 
development. These were addressed in the follow ways:

1. We have clarified that studies of gas ions of explosives are relevant to current ETD technology (e.g. 
IMS) and perhaps the promising method of atmospheric pressure ionization-mass spectrometry 
(API-MS). Fundamental studies inform users and developers of both technologies.

2. Presentations and publications have been made on our studies, and industry has been invited into 
discussion.

3. Several discussions have arisen and new concepts have been extended from the core understand-
ings of this project, meaning our work confirms and supports ideas developed in parallel with our 
efforts in the field.  

C. State of the Art and Technical Approach

There is no other team worldwide contributing to the mostly-empty table of thermochemical values for gas 
ions of explosives, and there is, as of yet, no other experimental approach to obtain enthalpy and entropy of 
decomposition of gas ions of explosives in air at ambient pressure [1-3].  Recently a team at Florida Interna-
tional University has used trapped ion mobility spectrometry to explore ion decomposition with favorable 
result at much reduced pressures [4]. The state of the art in gas phase ion decomposition at ambient pres-
sure in air or nitrogen was established at New Mexico State University (NMSU) over the past six years, and 
further advancements were made this year with the development of a new instrument suited for the study of 
improvised explosives. Additionally, the prior instrument was refitted and upgraded to measure in positive 
ion mode for temperatures approaching 250 °C for studies with peroxides.
This work is somewhat isolated to our efforts, however several prior explorations or observations exist.  This 
includes studies of temperature’s effect on the response of ETD or IMS instruments to explosives [5, 6].  Al-
though ion mobility spectrometers are widely used in DHS efforts with defense of commercial aviation, there 
is surprisingly little exploration of the foundations of response.

D. Major Contributions

During the past year, the conditions for measuring thermochemical parameters of gas ions for DTC explosives 
were developed and refined. In this, a nebulizer was used to convert explosives that were once solutions 
into vapors with high-speed flash vaporization, which was fast enough and cool enough to deliver molecules 
of explosives into a reaction region at ambient pressure. This reaction region was 1 to 10 mm from the ion 
shutters that initiate the kinetic mobility measurements. The close proximity of the ionization region to the 
mobility drift regions permitted, along with the heated nebulizer concept, strong intensity for ion adducts of 
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PETN, HMX, and HMTD. The schematic in Figure 1 shows this innovation, where a nebulized sample is passed 
over the ion shutter and mixes with reactant ions arising in the radioactive source (grey rectangle).

The entire drift tube was placed in a custom-built oven (see Fig. 2), and measurements were made with PETN 
dissolved in a solvent. Experimental findings in Figure 3 (on the next page) are shown from dual shutter 
isolation of the PETN adduct ion with chloride (pending mass analysis confirmation) with spectra shown at 
several temperatures from 156 to 177 °C. 

Figure 1: Diagram of drift tube for fast vaporization of thermally labile explosives (PETN) with rapid ionization and 
analysis near the first ion shutter.

Figure 2: Photograph of side flow kinetic IMS with dual shutters for determination of thermochemical parameters of 
gas ions of explosives which have otherwise been too unstable to measure.
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The spectra show classic patterns for ion decomposition, with an elevated base line between the adduct of 
PETN and an ion of higher mobility (smaller drift time). This is the evidence of ion decomposition in the ki-
netic IMS instrument, and the baseline slope provides a measure of the rate constant for ion decomposition.  
The rate constant obtained as several temperatures provides data points for an Arrhenius plot (see Fig. 4), 
which is the first ever for a chloride adduct of PETN.

Figure 3: Mobility spectra of the chloride adduct of PETN (mass analysis pending) at several temperatures. The spectra 
are uncorrected in drift behavior for temperature. All show the loss of intensity for the PETN adduct with temperature 
(20 to 22 ms), and the increase in intensity for a fragment ion peak (14 to 17 ms). The fragment ion peak is thought to 
be NO3

- that is produced from chloride displacement reactions and was observed widely for nitro esters.

Figure 4: Arrhenius plot for the decomposition of chloride adduct of PETN in air at ambient pressure. The decomposi-
tion proceeds through a chloride substitution reaction releasing a nitrate anion.
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The plot shows reasonable fit to a line from triplicate measurements, and the standard enthalpy change 
obtained experimentally (Fig. 5) is consistent with other chloride displacement reactions with a release of 
nitrate.

Results from ab initio modeling of the decomposition of PETN is shown in Figure 6, where the dissociation 
energy is 87 kJ/mole, under 10% relative difference from the 81 kJ/mole experiment. Nonetheless, prior 
studies with other explosives have seen a 5% relative difference or better.  Mindful that this substance has re-
quired more than a year of study and the development of a new instrument, we are reasonably content with 
the match between modeling and experimentation.

Other ion peaks can be seen in mobility spectra for PETN and one ion peak preceding the presumptive chlo-
ride adduct after dual shutter isolation to study decomposition (shown in Fig. 7 on the next page). The two 
spectra suggest limited or no significant ion decomposition based on intensity for the ion peak (here thought 
to be the nitrate adduct of PETN) and on the limited distortion of the baseline preceding the ion peak. This 
too is completely consistent with nitrate esters where the nitrate adducts were not decomposed at tempera-

Figure 5: Calculation of standard enthalpy from energy of dissociation (activation, Ea) from Figure 4, adjusted for R  
and T.

Figure 6: Findings from ab initio modeling of the chloride substitution reaction for a chloride adduct of PETN releasing 
NO3

-.
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tures shown or at 210 °C. This is consistent with ab initio modeling of a simple nitrate dissociation which 
was determined as 139 kJ/mole.

Studies with HMX and HMTD showed very high thermal stability to 210 °C, and the drift tube shown in Figure 
2 is undergoing minor refurbishment to reach temperatures of ~250 °C. Studies with peroxides are on-going 
using the original kinetic IMS developed in Years 1 to 3, which has been modified slightly to reach 250 °C in 
positive ion polarity.

E. Milestones

The major milestones reached in Year 4 were:
1. Determine and document lifetimes for ions from pentaerythritol tetranitrate (PETN), hexamethy-

lene triperoxide diamine (HMTD), triacetone triperoxide (TATP), RDX, and possible others previous-
ly unmeasurable in a vapor phase inlet, such as the gas chromatograph.
a. The first characterization of the decomposition of gas ions (chloride adduct) for PETN with sup-

porting modeling using ab initio calculation of enthalpy of reaction.
b. The discovery that PETN chloride adducts, as gas ions at ambient pressure in air, decompose to 

nitrate anions as seen with nitrate esters.
c. One ion of PETN, presumed to be nitrate adduct pending mass analysis, was stable to 210 °C 

without evidence of thermal decomposition.
2. Refine technology to accept several ion sources including an electrospray ion source and an atmo-

spheric pressure photoionization (APPI).
a. We completed the building of a new IMS kinetic instrument, described above. This has been a 

success and was used in studies of HMX and HMTD (see below).
3. Examine some of the “problem” explosives which fit into one of four categories of: 1) Too unstable; 

2) Too stable; 3) Too complex chemically; and 4) Too unstable to be vaporized by heat. These chem-
icals will be characterized using improvisation on existing instrumentation.

Figure 7: Mobility spectra for a presumptive PETN nitrate adduct with evidence of high stability at these temperatures 
and up to 210 °C (not shown).
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a. A discovery that gas ions of HMX and HMTD are stable to 210 °C in air at ambient pressure.
b. Ions of a butyl peroxide were studied found stable to temperatures above 210°C.
c. The surprising stability of the ions of peroxides necessitated modifications of the original kinetic 

IMS to operate in positive ion polarity to 250 °C.  This was done and measurements are on-going.

F. Future Plans

In Year 5, we intend to:
1. Develop a simple version of the instrument in Figure 2 and attach it to a mass spectrometer for mass 

analysis of ions of PETN from 150 to 250 °C. When these measurements are completed, the findings 
for PETN will be published.

2. The instrument in Figure 2 will be refurbished to reach 250 °C, and the stability of gas ions of HMX 
and HMTD will be explored between temperatures of 200 and 250 °C.

3. Peroxides are currently under study, though challenged by the purity of samples. The formation of 
gas ions will become a central focus toward obtaining thermochemical values and ion lifetimes for 
organic peroxides, including TATP, as a chemical family.

In Year 6, we intend to translate these findings into designs of ETDs in which ion stability is utilized as a sec-
ond dimension of selective response.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Relevance #1:  Until studies were made at NMSU on the stability of gas ions of explosives at ambient pressure, 
knowledge of and interpretation of mobility spectra with baseline distortions and the appearance of nitrate 
from chloride adducts of certain explosives existed at the level of conjecture only. Studies from Years 1 to 4 
established quantitative tables of thermochemical values for gas ions of explosives and revealed the founda-
tions of ion chemistry for these substances. Mobility spectra can now be understood, and the performance 
from various vendors (drift tube designs) can be compared and described from a thorough description of 
ion chemistry of explosives. These understandings extend directly to API-MS and future designs for API-MS 
instruments.
Relevance #2:  We have discovered that gas ions for explosives exhibit stability, as a family, over a very broad 
range of temperatures. NG adduct ions decompose near 100 °C while adducts of PETN decompose above 150 
°C, and some compounds (TNT, HMX) exhibit stability as chloride adducts (or simple products such as M-1 
anions) at temperatures over 200 °C. This range of behaviors informs us that no single ETD will provide opti-
mum response for all explosives with a given fixed temperature; ions of some explosives will be decomposed 
from the molecular adduct and others will remain as M*Cl- species. Analytical performance with IMS-based 
ETDs will therefore be distinctive for each explosive, as dependent on the temperature of the measurement.

B. Potential for Transition

We anticipate that understandings developed here may inspire and inform new measurement concepts for 
ETDs. Innovations in technology, such as advances in drift tube design and operation, have occurred with 
the confidence drawn from these fundamental discoveries. While not immediately related to the discoveries 
here, understandings and experiences from this project have inspired possible designs now in testing, such 
as drift tubes which have reactive stages. 
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C. Data and/or IP Acquisition Strategy

We do not expect any IP to be developed directly from the measurements of thermochemical values and 
discoveries of thermal decomposition of gas ions. We anticipate that the understandings and discovered  
behaviors here will be foundational in the development of new ETDs; however, pursuing IP based on such 
influences is seen as unreliable for claiming IP rights.

D. Transition Pathway 

These discoveries fit broadly into understandings of the stability of ions at a fundamental level. One indus-
trial sponsor of technology in our laboratory, while independent of our efforts on thermal decomposition of 
gas ions is broadly pursuing the concept of a reactive IMS. While these activities benefit from fundamental 
understandings, the innovations arise for industry funding and could not be directly associated to this proj-
ect’s IP (see comments above).

E. Customer Connections

One company in Spain, SEADM, has patented concepts that are consistent with our discoveries and our fun-
damental understandings although there were no collaborations or discussions with the NMSU team before 
they patented their concept 2014. During 2017, we met the company and encouraged their efforts using 
findings from this project. They have begun developing technology for baggage screening based on reactive 
IMS concepts.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Student Internship, Job, and/or Research Opportunities
a. Students in the research team have been equipped with experiences and capabilities that are 

highly specialized and useful in the development and operation of ETDs. These capabilities arise 
from daily and weekly accomplishment under the PI’s supervision.

B. Peer Reviewed Journal Articles 

Pending- 
1. Cagan, G.A. Eiceman,“Constituents in headspace vapors of an inert atmosphere over solid Pen-

taerythritol tetranitrate (PETN) by atmospheric pressure chemical ionization mass spectrometry.” 
Submitted to the Journal of Propellants, Explosives, and Pyrotechnics. 

C. Other Proceedings

1. Eiceman, G.A. “Origins, New Understandings, and Future Possibilities in Science and Technology of 
Trace Detection of Explosives.” Workshop on Spectrometry for Security Applications, University of 
Birmingham, Birmingham, England, December 15, 2016.  

2. Eiceman, G.A. “Tutorial on Ion Mobility Spectrometry.” Trace Explosives Detection Workshop, May 4, 
2016, Charlottesville, VA.

3. Eiceman, G.A. “Ambient Pressure Ion Sources.” Trace Explosives Detection Workshop, Santa Fe, NM, 
April 24, 2017.
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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 Beaudoin Professor, PI Purdue University sbeaudoi@purdue.edu

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

Andrew Parker PhD Purdue University 8/2020

Leo Miroshnik PhD Purdue University 8/2019

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 on the next page 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 monitor-
ing the rotational 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 FvdW(D) is the van der Waals adhesion force, Aeff 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 on the next page shows how 
the modeling and simulation approach developed here can be used to describe the adhesion force distribu-
tion of a population 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 μm particles in a non-Newtonian shear thinning liquid is  

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 re-
maining 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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evaluated in Figure 3. As the particle moves past the others, there is a reduction in the viscosity, which in-
creases 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 re-
ductions in viscosity. This is shown in Figure 3. In this figure, the fluid flows from right to left. As can be seen, 
the viscosity 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 increasing 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.

Figure 5: Schematic showing possible routes of residue removal from a surface by the swab during contact sampling.  
(Top left) residue under load during swiping. (Top right) residue under load showing ribbon (failure line), where the 
binder has low viscosity resulting from local fluid motion in non-Newtonian fluid. (Bottom left) residue under load in 
which the binder-residue interface is the weak link in the chain, as shown by the yellow failure line. (Bottom right) res-
idue under load in which the binder-surface interface is the weak link in the chain, as shown by the yellow failure line.
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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.

B. Biennial Review Results and Related Actions to Address

This project was initiated in Year 4 and so did not go through the Biennial Review conducted in Year 2. 

C. 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.

D. 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 
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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.

E. Milestones

Milestones accomplished in Year 4:
• We completed Generation 1 combined FVM-DEM model for deformation and flow of a realistic binder 

around particles of energetic materials in a matrix. This demonstrated our ability to model changes in 
velocity and viscosity of a binder in response to motion. 

• We completed proof-of-concept experimental and modeling work to describe adhesion force distribu-
tions for powder removal from surfaces using the centrifuge method. 

Milestones to be achieved in Year 5:
• We must create a look-up table documenting the adhesion forces between particles of explosives and a 

range of surfaces encountered in air transportation security settings. This includes both particulate ex-
plosives and compounded explosives residues. This table contains a list of ‘effective Hamaker constants,’ 
which can be used with a simple, closed-form adhesion model (Equation 1) that describes the residues 
assuming they are a distribution of perfect spheres. All information regarding deformation and topogra-
phy is included in the fitted constants.  

• We must develop an optical microscopy method to track particles of explosives adhering to the various 
surfaces of interest. This is essential to determining removal force distributions. 

• We must expand and then validate experimentally, the method for describing the deformation and failure 
of compounded explosives during contact sampling. We have finished the proof-of-concept modeling ef-
fort, but this must be expanded to cover the full range of sampling conditions and must be validated with 
experimental data.  

• We must develop a heuristic for designing improved swabs based on the removal force and residue me-
chanical behavior descriptions that are developed above. This method must be implemented and the 
results transferred to the community.

F. Future Plans

We have completed proof-of-concept modeling of the distribution of adhesion forces between powders and 
surfaces. This must be extended to consider explosives particles and residues of compounded explosives. In 
addition to the modeling effort, it is necessary for us to validate the model predictions using experimental 
data. This is challenging because the adhesion force between the surfaces of interest, explosives particles, 
and residues of compounded explosives is much larger than what was encountered in the systems where 
the proof-of-concept work was performed. As a result, we require a centrifuge capable of greater rotational 
speeds than the one currently available. Such a system is on order, pending approval. Next, the explosives 
residues do not have the same contrast against the different surfaces as in the systems in which the proof-
of-concept was performed. For this reason, we will use fluorescent dye to spike the compounded explosives, 
making them easier to observe via optical microscopy. Similarly, in the studies of the deformation and failure 
of compounded explosives under swiping loads, there is no convenient assay by which to track the deforma-
tion and removal of residues from the surface. By spiking the binder with fluorescent dye, it becomes much 
easier to quantify the removal of the residue from the surface. Finally, using the ‘dry transfer’ method allows 
a reproducible quantity of an explosive to be deposited on a surface, but this material is not in the same 
physical form as bona fide explosive. For this reason, we will use a ‘synthetic thumb’ to deposit residues with 
properties that are more faithful to the properties of real explosives.
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The problems outlined above center on the transition of our proof-of-concept work to explosives systems. 
Due to their unique character, we have been challenged to make this transition. We have recently experienced 
breakthroughs in developing a method to quantify residue deformation and removal using fluorescence, and 
to track the removal of residues from surfaces using the centrifuge technique. We are therefore confident 
that we can solve the problems outlined above. In Year 6, we intend to widely disseminate the results of our 
studies, especially through teleconferences with the manufacturers of swabs used in contact sampling stud-
ies. This will allow them to optimize their swabs and swabbing conditions for future improvements in contact 
sampling.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The new centrifuge method provides a direct measurement of performance of swab materials for specific 
samples. For the development of new swabs with the superior ability to harvest explosive residues:
Metric 1: New swabs will be developed with improved configurations to more effectively remove residues 
from surfaces. The improved configurations will be based upon the results of this work.
Metric 2: New methods will be developed for using swabs 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, swabbing protocols and instrumentation. In this context, the transition is the dissemination of the 
knowledge to the community via teleconferences and workshops. 

C. Data and/or IP Acquisition Strategy 

A patent application is pending on this technology (see Section IV.D).

D. Transition Pathway 

Technical results documenting how residues deform and fail under swiping load will be transitioned to the 
community via teleconferences and workshops, such as the Trace Explosives Detection (TEDs) workshop in 
April 2018. Via face-to-face conversations with members of the community who make swabs and develop 
swabbing protocols, we will help to transition this knowledge into improved materials and methods.

E. Customer Connections

We will conduct quarterly teleconferences with the following:
• Erin Tamargo, Combatting Terrorism Technical Support Office/Technical Support Working Group 

(CTTSO/TSWG)
• Richard Lareau, Transportation Security Laboratory (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. We have trained 2 PhD students on methods associated with this project.

B. Peer Reviewed Journal Articles 

1. Sweat, M.L., Parker, A.S., Beaudoin, S.P. 2017. “Compressive Behavior of High Viscosity Granular Sys-
tems: Effect of Particle Size Distribution.” Powder Technology 311, pp. 506-513. DOI: 10.1016/j.
powtec.2017.01.065.

2. Sweat, M.L., Parker, A.S., Beaudoin, S.P. 2016. “Compressive Behaviour of Idealized Granules for the 
Simulation of Composition C-4.”, Propellants, Explosives, and Pyrotechnics, 41(5), 855-863 (2016). 
DOI: 10.1002/pr ep.201600036.

3. Sweat, M., Parker, A., and Beaudoin, S., “Compressive Behavior of High Viscosity Granular Systems: 
Effects of Viscosity and Strain Rate”, Powder Technology, 302, 480-487 (2016). DOI: 10.1016/j.pow-
tec.2016.06.047.

C. Other Presentations 

1. Seminars 
a. Browne, C., Fronczak, S., Beaudoin, S., “Measurement of the Hamaker Constant of Crystalline Ex-

plosives Using an Atomic Force Microscope’s Approach-to-Contact”, 9th Annual Trace Explosives 
Detection Workshop, Santa Fe, NM, April (2017).

D. Technology Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. Boudouris, B., Beaudoin, S., Cipich, M., Harrison, A., Lukow, S., Rostro, L., Schram, C., Smith, K., and 

Thomas, M. “Engineered Polymer Swab for Explosives Residue Detection: A Nanobrush.” Patent 
Application 62/052,375. Filed September 18, 2015. Published March 24, 2016.
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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

Andrew Rossi BS University of Rhode Island 5/2017

Peter Ricci BS University of Rhode Island 5/2019

Alyssa Kelly BS University of Rhode Island 5/2019

Matt Ricci MS University of Rhode Island 12/2017

Dylan Meekins BS University of Rhode Island 5/2017

Spencer Fusco BS University of Rhode Island 5/2018

Jonny Cummings BS University of Rhode Island 5/2018

Vivek Patel BS University of Rhode Island 5/2017

II. PROJECT DESCRIPTION

A. Project Overview

The main deliverable of our research project is a portable explosives trace detection (ETD) system capable of 
continuously monitoring a wide variety of threat molecules in the vapor phase. Our ETD system is both pas-
sive and non-invasive, and will provide a complementary tool to the existing Homeland Security Enterprise 
(HSE) toolbox that could enhance current technologies used for the screening of explosives. For example, in 
one adaptation, we are combining our orthogonal sensors for trace detection with computerized tomography 
(CT). The screening of low-density compounds, such as 2,4- dinitrotoluene (DNT), ammonium nitrate (AN), 
and triacetone-triperoxide (TATP), using CT is not possible at this time. However, by combining the superb vi-
sualization provided by CT with our orthogonal sensors for trace detection, checkpoint augmentation would 
have an unparalleled ability to detect explosives. 
We have previously demonstrated that solid-state metal oxide sensors can successfully detect TATP at the 10 
ppm level. However, to improve sensor response time, sensitivity and selectivity, the large thermal mass as-
sociated with the solid-state sensors was dramatically reduced by replacing the microheaters with extremely 
low mass (25 um diameter) coils. These low mass sensors were able to detect TATP, at the 2 ppm level over 
a wide range of temperature, flow rate, and humidity conditions and 2,4-dinitrotoluene (DNT) at the 4ppb 
level (concentrations verified at NRL’s Vapor Test bed). Figure 1 on the next page shows the response of a 
thermodynamic sensor fabricated with a SnO2 catalyst cycled to 75oC, 100oC, 150oC, 250oC, 350oC, 450oC, and 
500oC and exposed to 20 ppm TATP. The activation energy for this rate-controlled process was 35 kJ/mol 
based on the power curves presented in Figure 1 on the next page. Previous work on our thermodynamic 
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sensors suggested that detection was based on the catalytic decomposition of TATP rather than the thermal 
decomposition of TATP, which has an activation energy in the range 136-148 kJ/mole. The activation energy 
for the thermal decomposition of hydrogen peroxide on zirconia surfaces is 33 kJ/mole, which is nearly iden-
tical to the activation energy determined for our TATP sensor. Also, in previous work, similar concentrations 
of TATP and hydrogen peroxide resulted in very similar responses. All of this supports the premise that the 
decomposition of TATP is catalytic in nature.

The effect of sampling or flow rates on sensor response and selectivity was also investigated this past year 
(see Fig. 2 on the next page). Flow rate was varied from 50 to 500sccm, and the peak power increased as flow 
rate was increased from 50 to 250sccm. There was no significant change in sensor response once a flow rate 
of 250sccm was reached, indicating that there were no adverse effects on sensor performance when higher 
flow rates were used. This is important since flow rate is an important parameter when trying to determine 
throughput while field testing our portable  ETD system; i.e. the flow rate needs to be large enough to sample 
the required volume of air in reasonable time. Operating under low flow conditions (50sccm) resulted in 
sluggish response times (on the order of minutes), whereas higher flow rate conditions produced a response 
times of 30 seconds. Therefore, it is recommended to use higher flow rates in terms of sensitivity and overall 
response as well as response time.

 

Figure 1: Response of a SnO2 coated-coil sensor held 75oC, 100oC, 150oC, 250oC, 350oC, 450oC, and 500oC and  
exposed to 20 ppm TATP. 
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Performance metrics for sensor selectivity and sensitivity, including quantifying sensor responses in the 
presence of interferrents was investigated in Year 4. Environmental tests confirmed that the effect of humid-
ity on sensor response was considerably more significant when detecting TATP as opposed to DNT. Humidity 
does indeed influence the performance of the low mass thermodynamic sensors when detecting TATP, as 
shown in Figure 3 (on the next page). Here, the presence of humidity lowered sensor response by 60%, when 
saturated conditions were used at 77°F (RH = 100% at 77°F). However, this degradation was considerably 
less when the relative humidity was reduced to the 12-75% RH levels, as shown in Figure 3. Under relatively 
high humidity conditions (100% RH at 77°F), the response of our thermodynamic sensor to 20 ppm of TATP 
degraded. However, the signal was still strong enough to be discernable from the noise floor or background signals. 
The selectivity for TATP shown in Figure 3 was encouraging, considering that the concentration of water in 
the vapor phase was many orders of magnitude greater than the TATP concentration in the vapor phase. Oth-
er interferents, such as smoke, will be investigated in Year 5.

Figure 2: Responses of a SnO2 coated sensor to 20 ppm TATP as a function of mass flow rate. Inlet mass flow rates of 50, 
250, and 500sccm were investigated. 
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Recent tests confirmed that by reducing the thermal mass of our thermodynamic sensor by a factor of 200, 
sensor sensitivity and selectivity was dramatically improved. The detection limit for TATP was reduced to the 
2 ppm level and the detection limit for 2,4-DNT was reduced to the 4 ppb level, without sacrificing selectivity. 
These results were obtained at the Naval Research Laboratory’s (NRL) Vapor Test Bed and suggests that by 
reducing the thermal mass of our thermodynamic sensor even further (i.e. by going to a microelectromechan-
ical (MEMS)-based sensing platform, where microheaters are fabricated directly onto μm-thick free standing 
diaphragms), the detection limits could be reduced even further. 
Most of the sensor testing to date has been done using a bench-level or bench-scale apparatus under con-
trolled laboratory conditions. At the end of Year 4 we began testing our portable ETD system under con-
trolled laboratory conditions, prior to field-testing at NRL and Morpho detection. Moving forward in Year 5, 
field-testing of our sensor will continue to be a priority. In Year 4, this required designing and fabricating a 
portable version of our ETD system, which is the size of a small toolbox. Most of the space in the “box” was 
allocated to an APC back-up, which is used to power the portable ETD system (i.e. a portable power supply 
to power two mass flow controllers, a pump, associated electronics, and two microheaters). This required 
some re-engineering of the components and plumbing to reduce response time and power consumption. The 
re-engineering of the portable ETD system took additional time and resources, and was partially responsible 
for the delays in field-testing early in Year 4. A photograph of our portable ETD system is shown in Figure 4 
on the next page. We were able to replicate the results obtained from our bench-scale system in the Spring of 
2017 and field test our portable detection system at the NRL’s Vapor Test Bed in July 2017 and at Morpho De-
tection in August 2017. We plan to do additional field-testing in November 2017 at the Port of Savannah, GA.

Figure 3: Low mass thermodynamic sensor response to 20 ppm TATP under various humidity conditions.  Installing 
an empty vessel downstream from the TATP introduced a dilution effect (red curve), which lowered the response.  
Saturated air at 77 °F also reduced the response (green curve).  

ALERT 
Phase 2 Year 4 Annual Report

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

Project R2-B.1

234



The ideal end-state of our research project and the ultimate deliverable is a portable ETD system, the size of 
a small tool-box, that is capable of continuously monitoring a wide variety of threat molecules. A transition 
product for our customers in the Navy is a handheld version of our orthogonal trace detection system (the 
size of a smart phone). Yet a third transition product of our research is to incorporate our orthogonal sensors 
for trace detection into a checkpoint CT system such that the superb visualization provided by CT is com-
bined with our unique capability to detect low-density compounds such as 2-4, DNT and TATP.  Screening of 
such low-density compounds using CT is not possible at this time but, by combining our orthogonal sensors 
for trace detection with CT, this may no longer be the case.

At NRL, we recently demonstrated that our portable electronic trace detection system can detect TATP at the 
2 ppm level and 2,4-DNT at the 4 ppb level under a variety of temperature, flow rate and humidity conditions. 
Figure 5 on the next page shows the response of our low mass sensor to 2 ppm TATP (low humidity) at var-
ious sensor temperatures. There appeared to be little effect on response time with higher sensor operating 
temperatures but the responses were large and repeatable. Figure 6 on the next page shows the response of 
our low mass sensor to 4 ppb 2,4-DNT (50%RH). Note the rapid rise of the signal after the introduction of the 
analyte (60 sec) and until the sensor saturated at 480 sec, at which point the flow was terminated. Over the 
last year, we studied interference effects in our laboratory that were caused by streams of non-threatening 
background components, such as humidity. However, when we tested our portable ETD system at NRL, the 
effect of humidity on our sensor performance over time became apparent. To combat the effects of humidity 
on our sensor response, we periodically regenerated our metal oxide catalyst in flowing nitrogen at elevated 
temperatures. The effect of catalyst regenerations on sensor response was dramatic, as shown in Figure 7 on 
the following page. Here, a low mass sensor was repeatedly exposed to relatively high humidity levels while 
testing for TATP. Over time, sensor response diminished, as shown in the red curve. However, after regenerat-
ing in flowing nitrogen gas for several minutes at elevated temperature, the sensor response to 2 ppm TATP 
returned to the original levels (blue curve). This in-situ heating of the catalyst in flowing nitrogen had such a 
dramatic effect that we have incorporated this into our portable detection protocol in the form of a duty cycle, 
whereby the catalyst coated microheater is exposed to flowing nitrogen for several minutes before it is placed 
back into operation (i.e. before the analyte laden gas stream is passed over the catalyst coated microheater).  
As a result of this, our portable ETD system now has three microheaters, a reference microheater and two 
catalyst coated microheaters. When one catalyst coated microheater is “active,” the other catalyst coated  

Figure 4: Photograph and schematic of our portable ETD system, complete with a supply to power the mass flow con-
trollers, sampling pump, electronics, microheaters etc. Note that the universal serial bus (USB) power cable for data 
acquisition and control on left hand side will be connected to a laptop. Initial field trials of the portable ETD system 
were completed at NRL in July 2017 and subsequent trials were completed at Morpho Detection in August 2017.
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microheater is exposed to flowing nitrogen (catalyst regeneration) so that a fully regenerated catalyst coated 
microheater is always operational. 

Figure 5: Responses of our low mass, portable sensor to 2 ppm TATP under low humidity conditions when the sensor 
was operated at various temperatures.  

Figure 6: Response of our low mass, portable sensor to 4 ppb 2,4-DNT under 50%RH conditions. Note the rapid rise of 
the signal after the introduction of the analyte (60 sec) and until the sensor saturated at 480 sec, at which point the 
flow was terminated.
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B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

One of the weaknesses of our project identified during the last Biennial Review and addressed in the Year 
4 Work Plan was demonstrating selectivity; specifically, interference caused by streams of non-threatening 
background components, such as humidity. We have systematically investigated the effects of humidity on 
sensor sensitivity and selectivity in Year 4. The effect of humidity on sensor response was discernable over 
time but by no means a showstopper. Humidity lowered sensor response by 60% when saturated conditions 
were used at 77°F (RH = 100% at 77°F). However, this degradation was considerably less when the relative 
humidity was reduced to the 12-75% RH level. We have also learned that the total exposure time to high hu-
midity conditions can affect sensor response and needs to be investigated further in Year 5. The selectivity 
for TATP in the presence of interferents like water was still encouraging, considering that the concentration 
of water in the vapor phase was many orders of magnitude greater than the TATP concentration in the vapor 
phase (2 ppm). In Year 5, we plan on continuing to focus on environmental conditions such as humidity level 
and exposure time as well as other interferents that could affect sensor response. 

C. 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 for the detection of explosives comes closest to our tech-
nology [1-5]. Chen and Bannister were able to differentiate energetic materials from non-energetic materials 
using micro-thermal analysis; i.e. as it was heated, changes in an energetic material generated a thermal 
“fingerprint” due to decomposition. Our approach relies on the catalytic decomposition of the explosive mol-
ecule [2-5], which is much more specific, and when combined with high surface area catalyst supports and 
low thermal mass microheaters, much more sensitive to the molecules of interest. Therefore, we will be 
able to detect a wider range of threats to public safety without compromising sensor reliability due to false  

Figure 7: Responses of a low mass sensor (portable trace detection system) after repeated exposure to high humidity 
conditions (red curve) and after regenerating in flowing nitrogen gas for several minutes (blue curve). Note the low 
mass sensors were exposed to 2 ppm TATP in both cases.
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positives and negatives. For example, a potential interferent for TATP when using our sensor platform is ace-
tone, which is the decomposition product of TATP in the absence of any catalyst [6-8]. However, the catalytic 
decomposition of TATP using SnO or CuO results in hydrogen peroxide formation and not acetone [2-5]. Thus, 
those interferents anticipated in the absence of a catalyst may not affect selectivity, nor be an issue using 
our ETD system since hydrogen peroxide was the more prevalent decomposition product. The activation 
energy for our rate-controlled process was 35 kJ/mol based on the power curves presented in Figure 1. The 
activation energy for the thermal decomposition of hydrogen peroxide on zirconia surfaces is 33 kJ/mole, 
which is nearly identical to the activation energy determined for our TATP sensor. Previous work on our 
thermodynamic sensors suggested that detection was based on the catalytic decomposition of TATP rather 
than the thermal decomposition of TATP, which has an activation energy in the range 136-148 kJ/mole [2-8]. 
This provides further evidence that the catalytic decomposition of TATP is responsible for detection in our 
ETD system.

D. Major Contributions

We have demonstrated that our orthogonal sensor platform can detect TATP, at the 2 ppm level and 2,4- DNT 
at the 4 ppb level. These detection limits were achieved without both pre-concentration and multi-pass pro-
tocols, and we anticipate that these detection limits will be reduced further in Year 5 if these protocols were 
employed. Performance metrics for sensor selectivity and sensitivity, including quantifying sensor responses 
in the presence of humidity and select interferents, were also investigated in Year 4 (see Section II.B. for 
further details). In addition, we have systematically investigated the effect of gas flow rate (sampling rate) 
on the detection of TATP and 2,4-DNT in Year 4. Over the range of flow rates investigated (50-500sccm), we 
have determined that there were no detrimental effects on sensor response. In fact, we determined that flow 
rates over 250sccm have a beneficial effect on sensor response, and actually lead to a much larger response 
relative to the responses when lower flow rates were used. The effects of humidity and flow rate were inves-
tigated using a variety of energetic materials including TATP and DNT as the analytes. We plan to continue to 
focus on how environmental conditions could affect sensor response including other interferents in Year 5. 
By establishing performance metrics such as sensor selectivity and sensitivity under varying flow rate and 
humidity conditions, and making sure that these metrics transfer from our bench-scale ETD system to our 
portable system, or to the CT environment (CT tunnel), field-testing of our sensor should prove to be fruitful 
throughout Year 5. We have also continued to expand our libraries of sputtered catalysts to maximize sensor 
sensitivity and selectivity in Year 4. In addition to growing ZnO, CuO, and FeO nanowires as catalysts/cata-
lyst supports, a host of sputtered oxides including SnO, ZnO, CuO, NbO, VO, and WO have been investigated 
as catalysts for our low mass sensors (see Fig. 8 on the next page). The responses of our low mass sensor to 
specific analytes, including TATP and 2,4-DNT, to these oxide catalysts have been certified in Year 4 and will 
be incorporated into our portable ETD system in Year 5.
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E. Milestones

Field-testing of our sensor was a priority in the Year 4 plan. One of the biggest obstacles to field-testing our 
orthogonal sensor was making our portable ETD system small enough to be easily transported from place to 
place while keeping many of the same attributes of the current bench-scale system. Initial field-testing was 
completed at the Naval Research Laboratory’s (NRL) Vapor Test Bed in July 2017, a venue that has a relatively 
controlled environment. However, we had to devote additional time and resources to bench testing under a 
variety of environmental conditions, namely humidity and flow rate, to determine their effects on sensor sen-
sitivity and selectivity before transitioning our sensor to a portable device. We did not take this into account 
as part of our original Year 4 plan. Also, the portable ETD system requires a reliable supply to power the mass 
flow controllers, sampling pump, electronics, and microheaters. This required some re-engineering of the 
components to reduce response time and power consumption, which took additional time and resources.  
Field-testing of our sensor will continue to be a priority in Year 5, and the additional resources supplied by 
ALERT as part of the December 2016 call for supplemental funding requests was used for travel and packag-
ing of the portable ETD system used for the field trials in July 2017 at NRL and the field trials in August 2017 
at Morpho Detection. Bench testing of our portable ETD system in the Spring of 2017 indicated that it had 
all of the attributes of our bench-scale system and we were able to replicate the results obtained from our 
bench-scale system with our portable ETD system. Bench testing of the portable system included exposure to 
trace levels of TATP and 2,4-DNT under humid conditions as well as operating over a wide range of sampling 
rates and temperatures. 

F. Future Plans

Our project outcomes will continue to advance current capabilities by expanding the library of catalysts avail-
able for a number of threat molecules. Our portable ETD system will also provide a complementary tool 
to the existing HSE toolbox, and can enhance current technologies used for the screening of explosives at 
checkpoints and ports of entry. For example, the Department of Homeland Security (DHS) and Transporta-
tion Security Administration (TSA) are investing in new technologies to address evolving threats. One such 
technology is CT applied at the checkpoint. TSA faces the need to identify a larger variety of threats within 
highly-cluttered bags, where this may cause significant artifacts and false alarms against certain homemade 

Figure 8: Low mass sensor selectivity to TATP for a variety of sputtered metal oxide catalysts. Note that CuO exhibited a 
negative power change, whereas all other catalysts exhibited a negative power change upon exposure to 20 ppm TATP.
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explosives (HMEs). Field-testing of our sensor technology in these venues will answer many questions for 
DHS.
Initial field testing was done in a venue that had a well-controlled environment, i.e. the NRL’s Vapor Test Bed. 
It provided us with preliminary data on how our sensor was performing in the field including the effects of 
relative humidity on the operation and response of our sensors to TATP and 2,4-DNT.  The feedback from NRL 
was invaluable and helped us prepare for future testing venues. Environmental variables such as explosive 
concentration, humidity, and temperature that were closely controlled at NRL will not be as controlled as 
we move to other venues for field testing.  Additional field testing was done recently at Morpho Detection 
(August 2017), that built upon the recent success at NRL.  Specifically, TATP, 2,4-DNT and mono-nitrotoluene 
were detected at trace levels in real time on a continuous basis at Morpho Detection.   Mock screening of con-
tainers for the same explosives is planned at the Port of Savannah in Georgia in November of 2107.  We also 
plan to do screening of baggage for TATP vapor in a CT tunnel provided by International Defense and Security 
Solutions (IDSS), Inc. 

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

One group of potential end-users who would benefit from our ETD technology are CT manufacturers. To assist 
us in transitioning our sensor technology to CT manufacturers, IDSS is planning to set up a state-of-the-art CT 
system at the University of Rhode Island (URI). Having such capabilities at URI will enable us to evaluate our 
sensor technology in a “real” CT environment. This would give the manufacturers of CT systems the ability to 
screen for low-density compounds, such as TATP and AN, while screening baggage for higher-density explo-
sives using X-ray. This is not possible at the present time. By incorporating our vapor detection system into a 
checkpoint CT, a truly 3D sensing capability would be possible; three orthogonal sensor modalities would be 
brought together to mitigate false positives and negatives.

B. Potential for Transition

The ultimate transition deliverable of our research project is a portable ETD system, the size of a small tool-
box, this 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 capabilities for DHS and its stakeholders. 
For example, we have recently teamed with Devco Engineering and North Carolina State University (NCSU) 
to partner in a new high throughput sampling system for vapor detection. A proposal entitled “Rapid Perox-
ide Based Explosive Detection System” was submitted in response to a DHS BAA with a deadline of August 3, 
2017. We will continue to collaborate with industry (Morpho Detection, Smiths Detection, FLIR-Nomadics, 
and DetectaChem) as well as 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 
peroxide-based explosives using their current detection systems. We have signed non-disclosure agreements 
(NDAs) with all of the manufacturers of trace detection equipment. Our cooperative research and develop-
ment agreement (NCRADA-NUWCDIVNPT-13-801) with NUWC was extended through July 2018 to continue 
the development of 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 ca-
pability to detect low- density compounds, such as AN and TATP, using our orthogonal trace detection system.
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C. Data and/or IP Acquisition Strategy

We have been in discussions with Morpho Detection (Andover, MA) regarding licensing our sensor technolo-
gy and we demonstrated our portable ETD system at Morpho in August 2017. Field-testing our portable ETD 
system at NRL and Morpho Detection went a long way in building confidence in our technology, so companies 
like Morpho Detection would be more inclined to license our technology. Also, by doing demonstrations of 
our portable ETD system at potential customer facilities, we can show firsthand that we can continuously 
detect explosives at trace levels in real time, a capability that few university groups have done, which should 
go a long way in helping to commercialize our technology. 

D. Transition Pathway 

This past spring, ALERT provided supplemental funding for our project to cover the additional costs associ-
ated with field-testing our ETD system. These costs included travel, packaging of components comprising our 
portable ETD system, and purchasing additional mass flow controllers. After successful field trials at NRL, 
we recently completed field trials of our portable trace detection system at Morpho Detection (August 2017).  
Additional field trials are planned at the Port of Savannah in November 2017. In addition to providing addi-
tional funding for our transition activity, the Center has provided a number of opportunities to engage with 
manufacturers of detection equipment and other stakeholders at the Advanced Development for Security 
Applications (ADSA) workshops as well as at the previous DHS biennial review. This, along with the feedback 
received from the testing at NRL and Morpho Detection, has proven to be extremely beneficial.  We were able 
to (1) determine certain operational characteristics that will ultimately help our detection system, (2) iden-
tify specific needs in terms of trace detection technology gaps, and (3) become better prepared to test our 
portable trace detection system in future venues. 

E. Customer Connections

We have continued to interact with the manufacturers of trace detection equipment over the past year includ-
ing Morpho Detection, Smiths Detection, FLIR-Nomadics and DetectaChem, which has proven to be benefi-
cial. For example, last summer Morpho Detection sent a team of engineers (including lead scientist Dr. Hanh 
Lai) to observe our bench-scale trace detection system firsthand, and this summer we demonstrated our 
portable system at Morpho Detection. Dr. Mark Fisher from FLIR-Nomadics has visited our labs on several 
occasions and scientists from DetectaChem have visited as well. We have had ongoing discussions with IDSS 
on partnering with them to enhance their detection capabilities by integrating our vapor detection system 
into an IDSS CT platform.  

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Peer Reviewed Journal Articles 

Pending –
1. N. Gomes, A. Rossi, P. Ricci, M. Ricci, S. Fusco, J. Cummings and O. J. Gregory. 2017. “Trace Detection of 

Explosives Using a Low-Mass Thermodynamic Sensor.” Submitted to Sensors and Actuators B: Chem-
ical.

B. Other Presentations 

1. O.J. Gregory and N. Gomes. “A Gas Sensor for the Trace Detection of Explosives.” MRS Fall Meeting,  
December 2, 2016, Boston, MA.

ALERT 
Phase 2 Year 4 Annual Report

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

Project R2-B.1

241



2. O.J. Gregory and N.Gomes. “A Trace Explosives Detection System Employing Nanowire Catalysts.” 
IEEE Sensors, Oct. 2016, Orlando, FL.

3. N. Gomes. A. Rossi, S. Fusco, J. Cummings and O.J. Gregory. “Electronic Trace Detection System for 
Explosive Vapors.” URI Graduate Symposium, May 2017, Kingston, RI.
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R2-B.3: Multi-Functional Nano-Electro-Opto- 
Mechanical (NEOM) Sensing Platform

I. PARTICIPANTS

Faculty/Staff
Name Title Institution Email

Matteo Rinaldi PI NEU rinaldi@ece.neu.edu

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

Zhenyun Qian PhD NEU 5/2017

II. PROJECT DESCRIPTION

A. Project Overview

The development of a new technology platform capable of performing multiple chemical analyses in a minia-
turized footprint is needed for the implementation of portable, field-based analytical tools for rapid and re-
liable 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 reliable 
trace detection: (1) high resolution: 100x that of conventional sensor technologies; (2) transduction efficien-
cy: efficient on-chip actuation and sensing of vibration in ultra-low volume nanomechanical structures with 
a unique combination of electrical, mechanical, and optical properties; and (3) selectivity: selective detection 
of a targeted group of chemicals with very low false positive and false negative rates. 
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 implementation of a new generation of multi-spectral uncooled IR detectors that provide near re-
al-time detection, high sensitivity, and high specificity for a targeted group of explosives IR spectral signa-
tures (e.g. pentaerythritol tetranitrate (PETN), cyclotrimethylenetrinitramine (RDX), and trinitrotoluene
(TNT)), and 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-
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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 
operation for unattended sensors that are deployed to detect infrequent but time critical events (such as 
forest fires, earthquakes, territory intrusions, chemical warfare threats, etc.).

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The biennial reviewers stated that the PI was relatively new to the field of explosives trace detection, and that 
the devices being researched were in the development phase and needed to be tested on true materials and 
in realistic conditions.
In response to this, vacuum testing capabilities were implemented in the PI’s lab. A radio frequency (RF) vac-
uum probe station with IR testing capabilities was purchased in Year 4. Wafer level testing of the fabricated 
IR detector prototypes in a vacuum environment was exploited to demonstrate the actual thermal detection 
capabilities of the proposed technology and to compare it with the other existing technologies; uncooled IR 
detectors are in a vacuum package when used in the field. 
Addressing the need for testing of the materials in realistic conditions, the Owlstone Vapor Generator (OVG-
4) will be purchased in Year 5 and used to perform testing on true materials such as PETN, RDX, and TNT. 
The OVG-4 Vapor Generator is a compact, cost-effective calibration gas system which can generate National 
Institute of Standards and Technology (NIST) traceable, precise, repeatable, and accurate concentrations of 
chemicals and calibration gas standards as well as gas mixtures representative of realistic operative condi-
tions. Also, a calibrated black body source with filter wheel will be used as an IR source for explosive signa-
ture detection experiments.

C. 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 in 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 result 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.  
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On the other hand, spectroscopy based optical sensors such as IR detectors have also been utilized for chem-
ical sensing thanks to their noninvasive 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).
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 on the next page). 
The core element of the proposed technology is a Graphene-Aluminum Nitride (G-AlN) NEMS resonant 
multi-transducer detector coupled with an array of 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 ex-
isting sensor technologies is related to the unique combination of extremely-high sensitivity to external per-
turbations (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 development challenges, enabling the implementation of a new generation of trace detec-
tors that provide near real-time detection, high sensitivity, and high specificity for a targeted group of ex-
plosives (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.
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D. Major Contributions

D.1. Work that relates to this project conducted before Year 4

D.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. 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 mate-
rials (which eliminates the loading effects of the IR absorber conventionally integrated on top of the thermal 
detector; see Fig. 2 on the next page). The achievement of high IR absorptance in NEMS resonant structures 
with reduced volume and improved electromechanical performance addresses one of the most fundamen-
tal challenges in the NEMS field, and can potentially lead to the development fast (~ms) and high resolution 
(Noise Equivalent Power ~ 1 pW/Hz1/2, Noise Equivalent Temperature Difference ~ 1 mK) uncooled IR de-
tectors 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 
transduction of the analyte-induced variations in the electrical conductivity of the graphene electrode em-
ployed to excite mechanical vibration in an AlN NEMS resonator. Analyte-induced variations in the graphene 
electrode conductivity can be efficiently detected by monitoring the corresponding induced variations in the 
device vibration amplitude without the need of direct electrical probing of the graphene sensing layer (see 
Fig. 3 on the next page). 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.

Figure 1: Schematic representation (not to scale) of the envisioned sensing technology platform.
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D.1.b. Plasmonic piezoelectric NEMS resonant IR detector 

In Year 2, we demonstrated an initial prototype of an ultra-high resolution (~371 pW/Hz1/2) uncooled IR 
detector based on a high frequency (136 MHz) AlN piezoelectric resonant nano-plate completely released 
from the substrate and supported by two nanoscale Pt anchors. In Year 3, we demonstrated a new class 
of uncooled IR spectral sensors ideal for the implementation of low-cost handheld gas and fluid analyz-
ers, with potentially revolutionary applications in medical diagnostics, homeland security, and many oth-
er markets. In particular, we used a thin piezoelectric plasmonic metasurface to form the resonant body 
of a nanomechanical resonator with simultaneously-tailored optical and electromechanical properties. We  
experimentally demonstrated that it is possible to achieve high thermomechanical coupling between elec-

Figure 2: (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.

Figure 3: (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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tromagnetic and mechanical resonances in a single ultra-thin piezoelectric nano-plate. The combination of 
nanoplasmonic and piezoelectric resonances allowed the proposed device to selectively detect long-wave-
length infrared (LWIR) radiation with unprecedented electromechanical performance and thermal capabil-
ities. These attributes led to the demonstration of a fast, high resolution, uncooled IR detector with ~80% 
absorption for an optimized spectral bandwidth around 8.8 μm.

D.2. Work conducted in Year 4:

D.2.a. 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) [14]. With this approach, the IR radiation is absorbed by means of plasmonic res-
onances whose frequencies/wavelengths are lithographically defined by the lateral dimensions of the pat-
terned 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 selective 
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: nitro-
gen monoxide (NO) molecules are characterized by absorption in the 5-5.7 μm spectral range and carbon 
monoxide (CO) molecules exhibit two adjacent absorption peaks located in the 4.4-5 μm spectral range [15] 
(see Fig. 4). 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 [14, 16, 17], 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%).

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 

Figure 4: (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.
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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. 3). Moreover, an excellent thermal isolation (~1.6×106 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.

D.2.b. 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. The unprecedented performance of such 
batch-microfabricated and lithographically-defined ultra-thin absorbers paves the way for the development 
of new classes of plasmonically-enhanced multi-spectral sensing and imaging microsystems for non-invasive 
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 on the next page). This 
localized plasmonic resonance in the MIM absorbers, if sufficient intrinsic material loss is present, turns the 
incident electromagnetic wave energy into heat, realizing near-perfect, narrowband absorption.

ALERT 
Phase 2 Year 4 Annual Report

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

Project R2-B.3

249



Differently 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 
arrays 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 5b). At the same time, the axial XY-symmetry of the cross-type nanostruc-
ture and the vertical field confinement in the sub-wavelength thickness of the structure guarantee angle and 
polarization insensitivity (see Fig. 5a).

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 3 gases (CO2, CO, and NO), and the 
corresponding cross-type absorption spectra matching each infrared signature. FWHM <230nm allows for a superior 
spectral selectivity, leading to a reliable chemical detection of closely-located infrared signatures.
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D.2.c. Ultra-fast NEMS IR detectors based on 50 nm thick AlN 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 im-
proved by scaling the device volume while simultaneously maintaining high values of quality factor (Q) and 
transduction efficiency [19]. In fact, thermal detectors based on 50 nm thick AlN NPRs have been reported 
by our group [20], showing two orders of magnitude improvement in the figure of merit compared to previ-
ous 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 are employed instead of conventional AlN and metal anchors used in [20] to in-
troduce 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 [8] (see Fig. 7 on the next page), but also 
increases the thermal resistance (Rth) by ~2 orders of magnitude (due to smaller cross-sectional area of the 
anchors) (see Table 1 on the next page), resulting in a high-performance IR detector with both high resolu-
tion (NEP ~466 pW/Hz1/2) and fast detection speed (τ ~164 µs) (see Fig. 8 on the next page). 

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. (e) A 3D schematic representation of the AlN NPR with nanoscale metallic (Al) 
anchors.
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Figure 7: Measured admittance curves and MBVD fitting of the (a) 28×30 µm2 and (b) 20×22 µm2 devices. (c)  
Measured 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.

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  
radiation modulated at (a) 1 Hz and (b) 200 Hz by a mechanical chopper. The unchanged frequency shift with higher 
chopping frequency (chopper limit) suggests a response time shorter than 5 ms.
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Moreover, a record small detector (20×22 μm2, comparable to the ones of state-of-the-art microbolometers) 
with NEP ~656 pW/Hz1/2 and τ ~80µs is experimentally demonstrated thanks to the high Q (~902) preserved 
by the new anchoring scheme and the ultra-thin AlN employed (see Fig. 6b). It is worth noting that the ca-
pability of trading response time (τ=Rth⋅Cth, where Cth is the thermal capacitance of the detector) for high-
er resolution (NEP=fn/η⋅Rth⋅TCF⋅f0, where fn and f0 are the frequency noise spectral density and the center 
frequency of the resonant detector, respectively) 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 struc-
tures are capable of efficiently absorbing short- to mid-wavelength IR (η ~47%, for blackbody radiation at  
625°C) without any additional absorbers. These experimental results suggest the great potential of the AlN 
NEMS IR detectors for the implementation of high performance IR cameras.

E. Milestones

• In Year 4, the following project milestones were achieved: (1) demonstration and characterization of 
spectrally selective NEMS resonant IR detectors (NEP ~130 pW/Hz1/2); (2) characterization of detector 
responsivity in vacuum; (3) demonstration of a deeply subwavelength thin plasmonic absorber that fea-
tures narrow bandwidth (FWHM ≤ 5%) and near-perfect IR absorption (η ≥ 91%); and (4) demonstra-
tion and characterization of ultra-fast (τ ~80µs) NEMS IR detectors with pixel size comparable to state-
of-the-art microbolometers (20×22 μm2).

• In Year 5, detection of explosive IR spectral signatures will be demonstrated in order to reach the final 
project objective. 

F. Future Plans

• In Year 5, detection of explosive IR spectral signatures (e.g. PETN, RDX, and TNT). will be demonstrated. 
• The programmatic risks or obstacles and mitigation strategies are as follows:

 ○ Achievement of high IR absorption and spectral selectivity: Full-wave simulations indicate that prop-
er sizing of plasmonic nanostructures on the NEMS resonator will yield the desired IR absorption ef-
ficiency and improved spectral selectivity (FWHM < 5%). Plasmonic absorbers meeting the program 
requirements have been demonstrated. The absorbers demonstrated in Year 4 will be integrated with 
the NEMS detectors in Year 5 to demonstrate signature detection.

 ○ Achievement of high thermal isolation: By operating the device in a vacuum, the total thermal resis-
tance will be completely determined by the thermal conductance of the anchors and radiative effects. 
Our 3D Finite Element Method (FEM) simulations indicate that thermal resistance >106 K/W can be 
readily achieved in the vacuum. A vacuum RF probe station with IR testing capability was purchased 
and used in Year 4 to test devices in vacuum, meeting the expected performance metrics. 

 ○ Testing in realistic conditions: OVG-4 will be purchased in Year 5 and used to perform testing on true 
materials like 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. A microbolometer vacuum packaging solution will be used in Year 5 to manufacture a 
complete device prototype for explosive IR signature detection. 

• The technology development during Year 5 will lead to the implementation of prototypes suitable for lab 
demonstrations to transition partners.
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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 
mid-wavelength infrared (3 - 8 μm, MWIR) range. (Most molecules of common explosives have a unique 
“fingerprint” in the MWIR spectral region that can be exploited for the detection and discrimination of a 
threat in the field).

• 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.

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 
was awarded on August 16, 2016; United States Patent 9,425,765 was 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, Dev Palmer
• Air Force Office of Science Research, Kenneth Goretta, Gernot Pomrenke, and Harold Weinstok
• Analog Devices, Inc.
• Qualcomm
• RF Micro Devices, Inc.
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• Pendar Technologies 
• Avago
• Apple
• Google

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. 2017 Spring semester course: Nano and Micro Fabrication 

2. Training to Professionals or Others
a. PhD student training

B. Peer Reviewed Conference Proceedings

1. Z. Qian, S. Kang, V. Rajaram and M. Rinaldi. “Narrowband MEMS Resonant Infrared Detectors based 
on Ultrathin Perfect Plasmonic Absorbers.” Proceedings of the IEEE Sensors 2016 Conference, Orlan-
do, FL, Oct. 30 – Nov. 2, 2016, pp. 1-3. [Nominated for Best Student Paper Award]

2. S. Kang, Z. Qian, V. Rajaram, A. Alu, and M. Rinaldi. “Ultra Narrowband Infrared Absorbers for Om-
ni-Directional and Polarization Insensitive Multi-Sepctral Sensing Microsystems.” Proceedings of 
the 19th International Conference on Solid-State Sensors, Actuators and Microsystems (Transducers 
2017), Kaohsiung, Taiwan, June 18-22, 2017, in press.

C. Other Presentations 

1. Seminars
a. Matteo Rinaldi. “Paradigm Shift in MEMS toward Multi-Functional and Near-Zero Power Inte-

grated Microsystems.” Columbia University, Department of Electrical Engineering, New York, NY, 
February 28, 2017. Invited seminar.

b. Matteo Rinaldi. “Paradigm Shift in MEMS toward Multi-Functional and Near-Zero Power Inte-
grated Microsystems.” University of Pennsylvania, Department of Electrical and Systems Engi-
neering, Philadelphia, PA, October 4, 2016. Invited seminar.

2. Other
a. Matteo Rinaldi. “MEMS Sensors and Wireless Communication Devices for IoT.” IEEE 25th Inter-

national Conference on Computer Communication and Networks (ICCCN 2016), Waikoloa, HI, Au-
gust 1, 2016. Invited panel talk.

b. Matteo Rinaldi. “Aluminum Nitride Piezoelectric MEMS for Advanced Sensing and Wireless Com-
munications.” Analog Devices, Norwood, MA, July 15, 2016. Invited talk.

D. Student Theses or Dissertations Produced from This Project

1. Zhenyun Qian. “Micro and Nano Electromechanical Systems for Near-Zero Power Infrared Detec-
tion.” PhD dissertation, Northeastern University, Department of Electrical and Computer Engineer-
ing. April 2017.
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E. Technology Transfer/Patents

1. Patents Awarded
a. M. Rinaldi, C. Cassella, Z. Qian, Y. Hui “Nano- and Micro-Electromechanical Resonators,” United 

States Patent 9,419,583, August 16 2016. 
b. M. Rinaldi, Z. Qian, Y. Hui “Nano- and Micro-Electromechanical Resonators,” United States Patent 

9,425,765, August 23 2016.
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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 Degree Pursued Institution Month/Year of Graduation 

Ahmet Cagri Aydinkarahaliloglu PhD University of Notre Dame 5/2021

Galen Harden PhD University of Notre Dame 5/2019

Owen Dominguez PhD University of Notre Dame 5/2017

Kaijun Feng PhD University of Notre Dame 5/2017

Junchi Lu PhD University of Notre Dame 5/2020

Irfan Khan PhD University of Notre Dame 5/2021

Zhaoyuan (Andy) Feng BS University of Notre Dame 5/2020

Bryce Beddard BS Vanderbilt University 5/2018

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 
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 
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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. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

This project is new to ALERT, and therefore was not part of the Biennial Review in Year 2.

C. 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 in-
teraction 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 states of molecules, which have unique spectral fingerprints that can be differentiated using these 
techniques. 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, dras-
tically limiting access 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 de-
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tector, 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 sensi-
tivity and selectivity of the system have also been employed. These more sophisticated approaches include 
photoacoustic spectroscopy [12], cavity ringdown spectroscopy [13, 14], and Faraday rotation spectroscopy 
[15, 16], among others. These schemes have been used by a number of groups to detect explosives and pre-
cursors to explosives in the solid and gas phases [11, 17, 18, 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 cal-
ibration [21, 22 23]. Phase sensitive detection or imaging is often used to distinguish between similar ma-
terials. 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 sensi-
tivity 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 on the next page 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 wave-
guide), and an integrated Schottky barrier diode (gold dot). The active core of the QCL generates mid-IR pho-
tons 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 of 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 mix-
ing 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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In the second year of this project (Year 5), we will use the developed and characterized MIR-PICs to demon-
strate detection of trace explosives. We will focus on trace samples of C-4 (91% research department explo-
sive (RDX)) already available in our laboratory. These samples are deposited on bare car-body aluminum, 
car-body aluminum with paint and clear coat, and low-reflectivity plastic. The trace amounts are deposited 
using gloved thumbprints and are provided by Prof. Steve Beaudoin at Purdue University (projects R1-A.1 
and A.3). These explosives are already well-characterized in the mid-IR and will serve as an excellent bench-
mark for the performance of our MIR-PICs.  
We will explore 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-scat-
tered light. Collimating the beam provides more power on target and collecting 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. We anticipate that for small stand-off distances appropriate for scanning fingerprints, handled 
documents, baggage, etc., an external 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.  

D. Major Contributions

In the first six months of this project, we have made excellent progress, including a close study of the prelim-
inary MIR-PICs, the design of a new MIR-PIC active region and waveguide for the detection of RDX, and sig-
nificant progress in the fabrication of the new MIR-PICs in the Notre Dame Nanofabrication Facility (NDNF). 
The following sections discuss these efforts in detail.

D.1. Study Preliminary Devices

We have fabricated and characterized MIR-PICs that exhibit a heterodyne signal from 14 GHz (3 mm cavity) 

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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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-
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.  

D.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 on the next page. 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. (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 calculations 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. 

D.3. Increasing Nonlinear Mixing

We also redesigned the waveguide of the MIR-PIC to increase the magnitude of the electrical field at the 

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 wavefunctions. The curves in red are most closely related to the designed 
optical transition. The applied field it 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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contact of the laser, which will ultimately increase the non-linear mixing on the diode. We did this because 
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 Prof. Hoffman’s labora-
tory. The characterization includes spectral measurements to determine the lasing wavelength and light-cur-
rent-voltage measurements, as 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 character-
ization is completed we will fabricate MIR-PICs using the same semiconductor material and characterize 
the devices in the microwave domain. Dr. Wanke’s laboratory at SNL is already configured to measure these 
devices. Prof. 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.  

E. Milestones

This is a new project that began in January 2017. Since the start of the project, we have made significant 
progress towards the goals set in the Year 4 work plan, which focused on the design, fabrication, and charac-
terization of MIR-PICs for this program.
• A new graduate student was recruited into the group to work full-time on this project. The student has a 

strong background in numerical modeling and simulation and is versed in both MATLAB and Python, the 
two software environments where our quantum and electromagnetic models are implemented.

• We have developed a 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 
our preliminary study, which were prevented from operating in continuous wave mode. Specifically, we 
have developed a quantum cascade gain region capable of providing double the gain of our previous de-

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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sign. 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 optical loss, field strength 
at the metal contact, and the confinement factor. We have reduced the optical loss by approximately 
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 QCL devices and are in the process of performing standard electrical and optical 
characterization.

In Year 5 we will characterize the MIR-PICs in the microwave domain and demonstrate sensing using the 
MIR-PICs. These goals are summarized in the following objectives:
• Demonstrate room-temperature operation of MIR-PICs with >10x improvement in the IF amplitude SNR 

over preliminary devices.
• Demonstrate continuous-wave operation of the MIR-PIC and characterize improvement in IF amplitude 

SNR.
• Demonstrate stand-off detection of a trace explosive or mimic in the gas or solid phases using a MIR-PIC 

with a detection limit that is comparable to existing technologies that use discrete components. We are 
targeting a detection limit of better than 1 µg/cm2 of C-4.

• Characterize stand-off detection on various substrates such as wood, cardboard, cloth, metals, painted/
coated metals, etc. 

F. Future Plans

In Year Five, we will achieve the following milestones:
• Characterize the MIR-PICs in the microwave domain.
• Demonstrate sensing using the MIR-PIC.
• Relate the sensor performance to MIR-PIC optical and electrical properties. 
Programmatic risks include: (1) difficulties with material growth, and (2) low-yield device yield due to fab-
rication issues. The semiconductor heterostructures used for the devices in this program will be grown via 
MBE. MBE growth reactors are sophisticated machines capable of growing individual atomic layers of ma-
terials. As such, the machines often require scheduled and unscheduled maintenance that can last weeks to 
months, delaying the delivery of materials. To mitigate delays due to material delivery, we have identified two 
MBE labs at SNL and one at Princeton University that are capable of growing the heterostructures needed for 
this work. We will work with the individual who has grown preliminary devices for us but, if needed, we will 
shift our resources to engage our alternative grower. In addition to growth, the MIR-PICs in this proposal will 
need to be fabricated using a variety of nanofabrication tools. Challenges with nanofabrication include in-
strument downtime and device yield issues. Drs. Hoffman and Wanke have over 30 years of combined nano-
fabrication experience, and will use this experience to mitigate problems related to fabrication. For example, 
we will base the fabrication of the MIR-PIC on the fabrication of mid-IR QCLs, which have been fabricated at 
both Notre Dame and SNL.
Beyond Year 5, we are interested in improving the sensitivity of these integrated circuits, thus establishing a 
new gold-standard for explosives detection in the mid-IR. This new work would include: (1) optimizing the 
RF and optical design of the MIR-PIC; (2) implementing an external, highly-tunable optical source for broad 
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spectral coverage; (3) integrating nanophotonic elements on the facet of the MIR-PIC to enable stand-off de-
tection for large distances (meter-scale) without any free-space optical components; and (4) packaging the 
MIR-PICs into real-world devices. The selected work plan and end date depend on the final Year 5 results as 
well as the needs of ALERT and DHS. These additional phases of research will improve the sensitivity and 
usability of the MIR-PIC. This work would also lower the detection limit of the device and reduce image ac-
quisition times. Our goal for these additional phases of research are to: (1) improve MIR-PIC performance, 
(2) demonstrate clear advantages of MIR-PIC sensors, and (3) implement the technology in real-world ap-
plications and scenarios. These goals address DHS’s need for highly-compact sensors capable of sensitive 
detection and imaging of explosives.

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 letters and packages in sorting facilities or baggage and personal items in screening stations at air-
ports. The array of MIR-PICs would comprise devices that target different spectral regions, enabling prelimi-
nary detection of many different solid phase trace explosives or contaminants. Outside of the DHS enterprise, 
we envision that this technology will be used for imaging the margins of tumors 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 Oncol-
ogy at the University of Chicago, and plan to apply for funding from the National Institute of Health once we 
have preliminary data.

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. 

ALERT 
Phase 2 Year 4 Annual Report

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

Project R2-B.4

267



D. Transition Pathway 

This project involves close collaboration with SNL, including student internships, as a direct path to transi-
tioning this technology (and graduated students) to DHS customers. Year 5 includes a student internship at 
SNL. A student has already been identified to work with Dr. Wanke on device characterization in the micro-
wave domain. 
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. Our contact is interested in the possibility of developing 
mid-IR ultra-compact sensors based on our MIR-PICs. We also have a collaborative relationship with Dr. Ya-
mac Dikmelik, Ph.D., at Thorlabs Inc., a leading company in mid-IR optoelectronics. Dr. Yamac is interested 
in the impact our photonic integration could have on their existing line of QCL products. We are submitting 
a journal article for publication, and our contact at Thorlabs is a coauthor on that manuscript [26]. The ulti-
mate 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.  

E. Customer Connections

Dr. Yamach Dikmelik, Ph.D., Thorlabs Inc.; Frequency of contact: Every other month; Level of involvement: We 
are submitting a manuscript with Dr. Yamac 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 expressed 
interest in our work and a possible project with funding. Funding is not available at the moment due to bud-
getary priority issues within Northrup Grumman.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Student Internship, Job, and/or Research Opportunities 
a. Hosted two undergraduate students through the University of Notre Dame Undergraduate Re-

search Fellowship (NURF) Program (June 2017).  
2. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-

dents or Faculty
a. All six graduate students in Prof. Hoffman’s group were involved in an outreach event with Clay 

Middle School that is related to the research in this project (see Fig. 6 on the next page). The out-
reach project was organized by a third-year graduate student, Owen Dominguez, and introduced 
students to light and spectroscopy through student participation in different modules during a 
day-long event. Approximately 100 7-9th grade students participated in the event. The event 
included hands-on demonstrations and activities and short discussion sessions. The students 
learned about fundamental concepts in optics, such as polarization, reflection and transmission, 
total internal reflection, lasing, and imaging.

For our visit to Clay Middle School, we developed a new module where the students learned about mid-IR 
light and its applications. As part of the new module, the students had the opportunity to have their picture 
taken using a mid-IR camera. Figure 7 on the next page is a scaled reproduction of a 4x6” photograph that was 
given to each student as a souvenir. 
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B. Peer Reviewed Journal Articles

Pending-
1. Cui, Y., Harter, M.J., Dikmelik, Y., & Hoffman, A.J. “Importance of coherence in models of mid-infrared 

quantum cascade laser gain spectra.” Journal of Optics (accepted). 

Figure 6: (left) Group of students from Clay Middle School working on an “optical cloaking” demonstration with gradu-
ate student Junchi Liu. (right) Three students that participated in our outreach event. The students are holding pictures 
that were taken using a mid-IR camera.    

Figure 7: Sample mid-IR image that was taken using a FLIR camera. The images were printed for the students to keep 
as souvenirs.  
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C. Other Presentations

1. Seminars
a. Hoffman, A.J., “Mid-infrared nanophotonics: Learning to Live with Phonons,” Northwestern Uni-

versity Department of Physics and Astronomy, Oct. 20, 2016.
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R2-C.2: Multiplexed Mid-Infrared Imaging of 
Trace Explosives

I. PARTICIPANTS

Faculty/Staff 
Name Title Institution Email

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

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

Tahsin Ahmed PhD University of Notre Dame 5/2017

David Benirschke PhD University of Notre Dame 6/2019

Zechariah Pfaffenberger BS/REU Indiana Wesleyan University 6/2018

Esther Harkness BS/REU Brigham Young University 6/2020

II. PROJECT DESCRIPTION

A. Project Overview

The overall goal of this project is to develop technology to enhance the ALERT research programs by pro-
viding lower cost, wide-bandwidth, mid-infrared (MIR, λ=4-12 µm) laser sources, and developing MIR la-
ser-based imaging technology for the detection of trace explosives. Other ALERT projects are already ex-
ploring the MIR region of the spectrum and identifying features unique to explosives, and ALERT industrial 
partners are producing commercial MIR laser arrays. However, these efforts are restricted by technological 
questions 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 single module for sensitive imaging and detection? This project seeks to answer 
these questions through novel semiconductor fabrication techniques and laser-scanning/coded aperture im-
aging technology. This will enhance ongoing ALERT efforts by enabling higher resolution imaging technology 
to detect signatures characterized by other thrusts, providing a technology to enhance the commercial of-
ferings of our industrial partners, and providing new spectroscopic tools that could be useful to the security 
enterprise as well as other fields where MIR technology is employed, such as medical diagnostics, industrial 
process control, environmental monitoring, and pharmaceutical process analytical technology.
The MIR region of the electromagnetic spectrum contains unique absorption “fingerprints” corresponding to 
vibrational modes of molecules. ALERT projects led by Profs. Hernández (R3-C), Hoffman (R2-C.3), Rinaldi 
(R2-B.3), and ALERT industrial collaborator Pendar Technologies, are using MIR light to identify molecu-
lar fingerprints corresponding to trace amounts of explosives. For example, two MIR lasers tuned to rele-
vant on-and-off resonant wavelengths (e.g., 1348 cm-1 on and 1370 cm-1 off resonance for trinitrotoluene 
(TNT)) can be used to measure the differential absorption of light between those two frequencies attributed 
to the presence of an explosive. The ability to detect explosives with MIR light is limited by the availability 
of high-performance MIR laser sources and imaging platforms. MIR lasers, especially lasers that can identify 
many unique explosives simultaneously, are very expensive. Additionally, imaging platforms are difficult to 
produce since few MIR “cameras” exist (or are very expensive).
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This project develops technology that will make it cheaper to produce laser systems that can identify multi-
ple explosives at the same time, as well as a complementary imaging platform. Thus, this project serves as a 
translation layer between fundamental spectroscopic characterization and deployable detection platforms. 
This is done through two complementary efforts: (1) the development of an MIR spectroscopic imaging plat-
form that overcomes the technical limitations in MIR imaging and the lack of cost-sensitive MIR imaging 
devices; and (2) the integration of low-cost and highly-robust device geometries with new MIR imaging plat-
forms to form a single, integrated, wide-bandwidth, single-output-port, high-power-spectral-density source.
Sensitive MIR spectroscopic detection platforms have been limited due to a lack of strong signal-to-back-
ground detection. This is due to the common use of larger spectroscopy systems (i.e., Fourier transform infra-
red spectrometers (FTIR)), which have low power-spectral-density at a given wavelength, as well as a lack of 
MIR imaging systems that require large-area sampling. Thus, these systems attempt to detect a narrow trace 
explosive spectral bandwidth and small sample size amongst an excessively large spectrometer bandwidth 
and beam spot size. We address these challenges by employing laser spectroscopic and spatial frequency 
multiplexed imaging to obtain high power spectral density and high resolution imaging, respectively.
To obtain high power spectral density and high resolution imaging, a high spectral power density light 
source, such as a laser, must be employed. Quantum cascade lasers (QCLs) are ideal devices for MIR imaging; 
however, widely tunable QCLs require external cavity tuning and are, thus, susceptible to mode-hopping 
instabilities and mechanical failure, which severely limits performance. Pendar Technologies has overcome 
these issues by developing QCL arrays where each device in the array has a unique output wavelength. To 
maintain high signal-to-background contrast with small trace samples on substrates, high resolution imaging 
is required. In these imaging systems, however, each of the lasers in the array must follow the same beam 
path, which is not possible from laser waveguide arrays. This project also creates integrated wide-bandwidth, 
single-output-port, high-power-spectral-density sources by developing new micro-fabrication techniques to 
build a system that combines the light emission of several expensive MIR lasers together into an inexpensive 
silicon-based chip. The light can then be used for imaging, or possibly for the detection of explosives in small 
quantities.
Both of these technologies form an integrated MIR explosives imaging platform unlike any that is currently 
available. Additionally, this platform is modular and can be extended for the rapid development of further 
advanced screening and detection systems.

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The Biennial Review panels identified our proposed method as “practical, cost effective, and technically de-
fensible.” The project was described as addressing a specific and important knowledge gap in developing 
low-cost MIR sources for sensing and imaging while also developing a compatible imaging platform simul-
taneously. The weaknesses were identified as not having enough “discussion and progress on the metrics 
important to standoff detection, namely: sensitivity, selectivity, distance and cost when compared to other 
approaches” Additionally, they highlighted the need for specifically identifying and engaging Department of 
Homeland Security (DHS) end-users, and developing a transition plan that includes industry once the proof 
of concept has been demonstrated.
This important feedback was directly addressed in the Year 4 work plan. We will continue progress on the 
low-cost sources and imaging platforms, now with an especial emphasis on quantitative sensitivity and se-
lectivity measurements. We have characterized the detector noise of the new imaging platform and will be 
performing studies to establish the minimum sensitivity using multiple MIR techniques (differential absorp-
tion, polarization sensitive imaging, and transient thermal imaging). From these measurements, the relation-
ship between signal-to-noise ratio (SNR), minimum sensitivity, and speed will be established and directly 
compared to the security enterprise’s needs and competing technologies. As it is validated, we will evaluate 
the technology with explosives residues and common confusion materials (e.g., hand creams, motor oils, 
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etc.). Additionally, cost analysis will be performed. To engage DHS end-users and industry, we will engage 
with multiple groups that have expressed interest in working together, including Rapiscan Systems and Pen-
dar Technologies. Additionally, following the Biennial Review, Edward Donovan, Support Contractor with 
the DHS Science and Technology (S&T) Explosives Division (EXD), indicated an interest in providing system 
feedback and evaluation. We also recently collaborated with Tanner Research on a DHS Broad Agency An-
nouncement (BAA) proposal that combines our platform with Tanner’s complimentary Raman spectroscopic 
imaging technology. We are considering using our technique as a “fast scan” to identify potential explosives 
residues which can be interrogated by the more sensitive, but significantly slower and expensive, Raman 
spectroscopy.

C. State of the Art and Technical Approach

This project is investigating two complementary technical advancements: (1) on chip heterogeneous integra-
tion of widely disparate wavelength MIR lasers; and (2) MIR coded aperture imaging technology.

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

The most commonly used and commercially available semiconductor MIR light source is a QCL [1]. QCLs are 
made into widely tunable devices that can have large ranges over the entire absorption band of explosives 
residues using external cavity (EC) feedback. These devices, known as EC-QCLs, select wavelength by rotat-
ing the incident angle of light on a diffraction grating. Such a system has been of particular interest recently, 
to detect trace explosives residues on various targets [2–4]until recently, small and easy to operate laser 
sources were not readily available for applications outside the laboratory. The situation changes with the 
maturation of quantum cascade lasers (QCLs. These systems require moving parts and manual assembly; in-
tegration 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 for the 
technology produced by 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 combining, while not requir-
ing 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 ar-
rays 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 ex-
tending copper nodules. The chip with nodules is combined with 
similar chips to form a quasi-monolithic “quilt,” from which the 
name “Optical Quilt Packaging (OQP)” is derived (see Fig. 1).
The proposed OQP leverages advances in electronic quilt packag-
ing, a novel technique developed at the University of Notre Dame 
(UND) for high-speed electronic interconnections. Electronic quilt 
packaging integrates diverse electronic device technologies into 
a quasi-monolithic module by connecting separate die with sol-
id metallic contacts along the vertical faces for both mechanical 
and electrical connection (see Fig. 2 on the next page). 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 with submicron 
alignment [7].

Figure 1: Illustration of “Optical Quilt  
Packaging.”
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C.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 imag-
ing 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 (minimal 
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., photonic) Focal Plan 
Arrays (FPAs). Bolometer-based FPAs can be prohibitively slow 
for many differential measurement schemes of moving objects. 
Semiconductor detector arrays exhibit a wavelength dependence 
on the material; materials useful in the MIR tend to be prohibitively expensive for multipoint distributed 
sensing. We propose increasing the speed (frame rate) and sensitivity (minimal detectable concentration) of 
MIR differential reflection spectroscopic imaging by replacing the relatively slow or expensive infrared detec-
tor array with a more sensitive and less expensive single element photodetector while intensity modulation 
multiplexing our differential measurement signal to acquire images at multiple wavelength simultaneously. 
Spatial information is obtained by scanning the laser spot over the sample or by using a coded aperture 
scheme. The coded aperture is obtained by fabricating a linear spatial light modulator (SLM), where each 
point in the line is modulated at a distinct frequency. High modulation rates are required to resolve multiple 
distinct points along the line. Commercially available linear SLMs with the required pixel numbers cannot 
modulate at such high speeds. Therefore, we created a free-space optical chopper [8] (see Fig. 3, top dashed 
box, on the next page) that can modulate an array of point sources at MHz rates by scanning a line-focused 
laser beam over a small (10-20 µm period) mirror grating on a photolithography mask (see Fig. 3, right). Each 
horizontal line on the photolithography mask has a different spatial frequency. The reflected light is then 
de-scanned by the same mirror and is imaged onto the sample by the line scanning microscope. Examples of 
raw and processed data from [8] are presented in Figure 4 on the next page. This technology would allow for 
MIR spectroscopic imaging without needing MIR detector arrays. Trace explosives imaging and detection will 
allow for real-time standoff and targeted interrogation of objects of interest to give authorities accurate and 
specific information on the type and extent of possible threats. 

Figure 2: SEM micrograph of interlocking 
quilt packaging nodule structure.
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MIR spectroscopic imaging has been demonstrated to be a powerful tool for trace explosives detection by 
several groups (e.g., [2, 3, 4, 9]), including ALERT researcher Samuel Hernandez-Rivera (R3-C). Prof. Hernan-
dez-Rivera employs QCL systems that have been used to deliver high-spectral-energy-density radiation onto 
highly energetic materials (HEM) deposited on complex substrates. Through standard preprocessing (2nd 
derivative, standard normal variate, and multiplicative scatter correction) and principal component analysis 
(PCA) or linear regression analysis, pentaerythritol tetranitrate (PETN) and TNT can be detected on wood, 
cardboard, and aluminum substrates. We leverage previous advances by employing the successful techniques 
within our imaging systems. Additionally, we explore extending these techniques to include polarimetric 

Figure 3: Coded aperture MIR illumination scheme with CL: cylindrical lens; BS: beam splitter; SM: scan mirror; PD: pho-
todiode; PMT: photo-multiplier tube; and OL: objective lens. Inset: Illustration of the spatial light modulator.

Figure 4: Coded aperture data processing and image reconstruction. Original (a-top) and processed (b-bottom) data of 
a reflection image of a 1951 Air Force test target. The smallest features are 2.2 μm x 11.0 μm. The inset of (a): raw data 
corresponding to three lines in the image. The sample was illuminated with a 780 nm laser and detected by a single Si 
photodiode.
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imaging [10] or elipsometry [9].
We will also participate in the Thrust R2 trace explosives sensing test bed at Purdue University by developing 
our imaging platform so that it is compatible with the new conveyer-belt test system. A line-scanning imaging 
system will interrogate targets passing through a field. Performance (speed, resolution, sensitivity) will be 
evaluated, and results will be used to further optimize system design.

D. Major Contributions

D.1. Summary

Two students were involved in this project during Year 4: Tahsin Ahmed and David Benirschke. The project is 
supported both by ALERT funds, a graduate-student fellowship external to ALERT, and internal support from 
the Notre Dame Center for Nanoscience and Technology.

D.2. Year 4

D.2.a. On chip heterogeneous integration of widely disparate wavelength MIR lasers

In Year 4, we have published record low array-to-array mid-infrared coupling between chips, including in the 
IEEE Photonics Technology Letters [11]. This work built upon Year 3 results, presented below, and demon-
strated 4.1 dB coupling loss for Ge on Si wafers with arsenic trisulfide chalcogenide glass cladding as seen in 
Figure 5.

D.2.b. MIR spectroscopic imaging of trace explosives

D.2.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 on the next page. These 
results proved that low-cost MIR imaging arrays are capable of sensitive spectroscopic measurements of 
trace chemical residues, and we are leveraging these results to develop distributed MIR spectroscopic imag-
ing for explosives detection, that being low cost complete detection systems that can be used throughout an 
environment.

Figure 5: Coupling loss for an array of 3 waveguides of varying waveguide length coupled using OQP.
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D.2.b.ii. Multiphoton Microscopy detection of trace explosive particles

In collaboration with Dr. Melissa Sweat at the Transportation Security Laboratory (TSL), we have begun 
investigating the use of multiphoton microscopes to detect trace explosives residues. Specifically, we are 
looking to aid TSL studies on hand-to-hand and multiple fingerprint transfer of explosives 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 materials.

D.3. Year 3

D.3.a. On chip heterogeneous integration of widely disparate wavelength MIR lasers

D.3.a.i. Improved fabrication of OQP packaged modules

In the initial OQP fabrication, there was a high risk of surface damage during the chemical mechanical pol-
ishing (CMP) process. In a modified fabrication process, copper nodules were fabricated via sputter depo-
sition in order to eliminate the surface damage due to CMP. The aligned Ge-on-Si OQP sample (with sputter 
deposited copper nodules) is shown in Figure 7 (left) on the next page. In the OQP sample, where copper 
nodules were fabricated by sputtering, the inter-chip gap was reduced more from the previously fabricated 
OQP sample. The inter-chip distance was 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 was ~7 dB. In 
addition to protecting from surface damage, this new process is compatible with fabricating nodules on ex-
isting commercial laser arrays. 

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 an FTIR 
spectrometer (right). Results above show a subtle difference in relative transmission through the “N” and “D” due to 
differences in nitride deposition conditions.
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D.3.a.ii. Demonstration of optical coupling between MIR laser arrays using OQP

A QCL source (8.1 μm wavelength) was used to measure the optical coupling loss of the fabricated Ge-on-Si 
OQP sample. The optical transmission through the Ge waveguide was 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 was proposed. The OQP sample with sputter deposited copper 
nodules was fabricated with a bend in waveguide structure. Coupling loss was 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 same length and shape of the combined Ge-on-Si OQP chip. The optical measurement scheme is showed in 
Figure 8. The measurement setup with a QCL is shown in Figure 9 on the next page

Figure 7: Left: OQP sample with sputter deposited copper nodules. Right: Coupling loss variation with inter-chip gap 
for Ge-on-Si to Ge-on-Si OQP structure (for =8 μm).

Figure 8: Coupling loss measurement scheme of Ge-on-Si OQP sample with QCL MIR source. 
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In the optical measurement, the QCL beam was focused to the input facet of the first OQP waveguide. The 
light emitting from the second waveguide was measured with a liquid nitrogen cooled photoconductive mer-
cury-cadmium-telluride (MCT) detector. Then a similar measurement was done with a reference Ge-on-Si 
waveguide sample of same length and shape of the combined Ge-on-Si OQP waveguide. The linear fitted mea-
sured data is shown in Figure 10. The coupling loss was measured ~9 dB for the OQP sample fabricated with 
sputter deposited copper nodules. The loss was nearly the same for each laser in the array, demonstrating 
highly uniform alignment across the array. The slope of the fitted line was the propagation loss of the Ge-on-Si 
waveguide. The propagation loss was measured ~3dB/cm for both the samples.

Figure 9: Optical setup for OQP coupling loss measurement.

Figure 10: Optical measurement result with a QCL.
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D.3.b. MIR spectroscopic imaging of trace explosives

D.3.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 uses one of these inexpensive thermal detectors to de-
tect 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 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 deviation). It was assumed that the temperature of the scene changed negligibly 
over the course of the experiment. From the plot, we saw that all of the pixels had similar noise characteris-
tics, and started off with an SNR of ~100. Below 100 frames, the SNR smoothly increased, suggesting that this 
region was dominated primarily by white noise which can be averaged away through integration. Beyond 100 
frames, the SNR changed rapidly as one increased the number of integration frames. This is common of Allan 
variances, and showed that the SNR was being affected by the random-walk nature of the flicker noise in a 
system. The frame rate of the SEEK Thermal Compact was 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 that 100 frames, and the flicker noise was a non-issue. Using this data, and the following hyperspectral 
imaging studies, we were able to evaluate and predict imaging sensitivity and speed for various targets.

Figure 11: SEEK Thermal Compact detector.
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D.3.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 below in a tool developed to rapidly investigate 
the PC space, seen in Figure 13 (on the next page). The x and y axes are the first and second PC scores, re-
spectively. 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 was shown to be capable of detecting changes in images, the next step 
was 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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D.3.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 at laser off and on a very weak absorption feature of petrolium 
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 
corresponded to absorption that is ~30x weaker than would be used for explosives imaging. Using this data 
and the previous SNR experiments, we predicted explosives detectivity levels to determine whether this sys-
tem was feasible. We also investigated 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 
cardboard 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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D.4. Year 2

D.4.a. On chip heterogeneous integration of widely disparate wavelength MIR lasers

D.4.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)

D.4.a.ii. OQP characterization

To experimentally determine the optical coupling efficiency of an aligned Ge-on-Si OQP chip, we used an 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. An image of the measurement set-up is shown 
in Figure 3. A 3-axis manual translation stage was used to move the OQP sample so that the FTIR beam could 
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 was modeled (see Fig. 
16 on the next page), and the device was tested 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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D.4.b. MIR spectroscopic imaging of trace explosives

During Year 1, 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 
performing MIR spectroscopic imaging using FTIR. Spectral analysis of the complete explosive (energetic 
material, binder, and plasticizer) yielded the required laser spectra, tuning ranges, power spectral density, 
and imaging speeds for a required sensitivity and specificity.
Trace samples (gloved thumbprints) of C-4 (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 R2 thrust leader Prof. Steve Beaudoin (projects R2-A.1 and A.3) at Purdue Univer-
sity. While the HEM components of C-4 and Semtex (PETN and RDX) are commonly characterized in the MIR 
[4] on similar substrates [13], and C-4 is well characterized in laboratory settings [9], we sought to establish 
performance parameters of composite explosives on realistic substrates.

Figure 16: Normalized transmission for varying waveguide width.
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The experiment was set up so that the sample was illuminated at 45o by the FTIR and collected onto the MCT 
detector. Alignment was done by maximizing the output of the analog-to-digital converter (ADC) from the 
MCT. The sample used was C-4 on a substrate of aluminum covered in automobile paint. The incoming beam 
from the FTIR was focused by a 1.5’’ lens to an elliptical spot with a major axis length of ~450 um and minor 
axis length of ~350 um. The FTIR spectrum was then obtained for the sample and normalized to bare alumi-
num. Results were consistent with identical experiments previously published (see Fig. 17), and was the first 
step towards developing an imaging platform.

D.5. Year 1

D.5.a. On chip heterogeneous integration of widely disparate wavelength MIR lasers

D.5.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 electro-
plated copper (see Fig. 18a-b on the next page). The copper overburden was removed via chemical mechan-
ical 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 com-
monly 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 extended past the optical 
flats, enabling a nearly perfect coupling of the waveguides between sensor components. This was the central 
innovation of this proposal, 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: C-4 on bare aluminum car door from this project (left), and a screenshot of custom MIR explosives  
chemometric analysis and imaging tool developed by this project (right).
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Proof-of-concept devices on Si have been fabricated to determine minimum experimental tolerencesing. Fig-
ure 19a shows a top-down view of two combined OQP modules. Lateral alignment between waveguides on 
separate 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.

D.5.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]. 
The results of these calculations were presented in [17] and summarized further herein.

Figure 18: Process flow for OQP: (a) define trenches; (b) electroplate copper; (c) CMP copper; (d) lithographically define 
and etch optical components; (e) expose nodules via DRIE; (f) place perforation for cleave with DRIE; (g) cleave to sep-
arate 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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D.5.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 included reflections at all 
interfaces, modal mismatch between waveguides, and beam di-
vergence. The results of the calculations 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 in-
creases from 0 to 2 μm. Please note that even with a gap of up to 
4 μm, which we expect to be easily achieved, the worst loss will 
be 6 dB, a value that is at least as good as conventional off-chip 
coupling schemes that are sensitive to mechanical instabilities 
and require external free-space optics [20].
Coupling efficiency can be further increased by filling any gaps 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. 
Calculations showed filling a 10 μm gap between a QCL and Ge-on-Si waveguide with As2S3 glass resulted in 
a 600% improvement in coupling efficiency. As2S3 spin-on glass was compatible with the OQP process and 
provided a conformal coating on waveguides. Combining these two technologies yielded highly-efficiency, 
direct coupling between two different waveguides on separate die.

D.5.a.iv.  Dependence of the waveguide coupling efficiency on the lateral/vertical alignment

Conventional QP offered the precise lateral alignment necessary 
for OQP. Calculations showed that the lateral alignment tolerance 
between a QCL and silicon-on-insulator (SOI) waveguide may 
have been  as high as ~3-4 μm and should have been similar for 
other types of waveguides. This was easily within the range of QP, 
and unpublished results at UND demonstrated alignment on the 
order of 0.5 μm. Although the alignment tolerance of OQP was al-
ready acceptable for the project, waveguide mode shaping could 
have rendered 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 normal-
ized 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 ge-
ometry has a tolerance of 3.5 µm for 1 dB of loss. Both are with-
in 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 showed that vertical 
alignment tolerance must be < 2 µm for 1 dB insertion loss, and was within the tolerance of precision polish-
ing of the chip substrates or epi-down (i.e., “upside down”) packaging.

Figure 20: Coupling efficiency versus gap dis-
tance from a λ=8 µm InP QCL to a Ge-on-Si 
waveguide.

Figure 21: Coupling efficiency versus hori-
zontal misalignment for a λ=8 µm InP QCL to 
a Ge-on-Si waveguide.
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E. Milestones

To achieve the project’s final objective, we need to demonstrate explosives residues imaging on the order 
of micrograms per square cm with an acquisition time of less than 10 seconds. To achieve this performance 
metric, we will target the following Year 5 milestones: (1) establish a baseline minimum sensitivity level 
using the new MIR bolometer arrays and simple differential absorption spectroscopy; (2) evaluate improve-
ments to baseline sensitivity levels using hyperspectral, polarization-sensitive, and thermal imaging; and (3) 
evaluate explosives detection performance with confusion residues. Finally, external evaluation of the plat-
form with ALERT collaborators and DHS end-users will be performed to further refine the system as well as 
to assist and accelerate transition.
The following milestones need to be achieved for the project to reach its objectives.

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

1. In Year 5 and beyond: The technology has been licensed from Notre Dame by Indiana Integrated 
Circuits, LLC, who works with Air Force Office of Scientific Research (AFOSR) and the Army Research 
Lab (ARL) to develop infrared scene projection systems. We will continue supporting this technolo-
gy transition with their customers for MIR spectroscopic source.

E.2. MIR spectroscopic imaging of trace explosives

1. In Year 5: Development of field testing of devices while determining minimum detectivity limits, de-
veloping new thermal time constant based detection techniques, and reducing system size/weight/
power for field use.

2. Beyond Year 5: Development of translational prototypes in collaboration with ND Wireless, ARL, 
Tanner Research, Pendar Technology, and Morpho Detection.

F. Future Plans

During Year 5, we will develop prototypes of working MIR trace explosive imaging systems that are wireless 
and field portable. This will be done in collaboration with the ND Wireless Institute’s “Radio Hound” project 
(PIs Chisum and Hochwald) and ARL (Charles Dietlein, Sensors and Electron Devices). We have begun in-
tegrating out imaging systems into their existing sensor systems (see Fig. 22 on the next page). We are also 
working with the new Notre Dame IDEA Center to patent, fund prototype development, and do preliminary 
market research work to find interested companies for transition.
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In Year 5, we will also explore improved sensitivity and specificity detection by incorporating thermal time 
constant and polarization sensitive imaging to our imaging platform. We are also working with Dr. Sweat at 
TSL to use multiphoton imaging to detect explosive residue microparticles on surfaces, which supports their 
basic research into explosives transfer.
We confront the risks and obstacles to the project in various way. First, by using off-the-shelf components, 
the technical risk is greatly reduced. There is a risk that these low-cost components will not reach required 
sensitivity and specificity for field detection. To address this, we test prototypes early to establish feasibility 
so that we can determine if additional technology measures are needed (i.e., polarization sensitivity). We 
are also exploring new ways of detecting explosives using MIR light in order to further increase sensitivity 
and specificity. If explosives residues cannot be detected with high accuracy in the field, these systems can 
be used in collaboration with existing high-accuracy but slow Raman detection systems. Our systems will be 
used for pre-scanning and identifying regions where the bag, car door, tickets, or other materials have been 
handled so Raman detection can directly scan the most important regions of interest.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

1. Detection of trace explosives 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-deployable (size, weight, and power restrictions). The system will be characterized both in a 
fast “pre-scan” configuration (low false-negative rate) to be combined with Raman spectroscopy as 
well as in slower “deep-scan” configuration (low false-negative and low-false positive). Depending 
on on-going experiments and discussion with customer facing companies (Smiths Detection), the 
system will be optimized for customer need.

2. Development of electronically tunable, wide bandwidth, narrow spectral line sources for MIR  
imaging and sensing; single output port span 100 wavenumbers in the MIR with sub 1 wavenumber 

Figure 22: Six of the RadioHound control boxes compatible with the ALERT low-cost MIR explosive residue imaging 
system. Each is battery and solar powered and enables distributed, low-cost, MIR imaging.
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resolution. Coupling loss should be less than 10 dB (~>10% efficiency) for each laser in the array.

B. Potential for Transition

End-user applications include the incorporation of both the laser module and imaging systems into a variety 
of screening locations. Portable (deployed with security personnel) and fixed (e.g., integrated with document 
scanners, cargo/luggage processing) devices are being developed to both quickly identify potential threats 
and to aid in the detailed diagnosis of potential threats. 

C. Data and/or IP Acquisition Strategy

No outside data is required, and we have access to the required IP.

D. Transition Pathway 

Our 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 part-
ners that are in the defense and homeland security enterprises: Indiana Integrated Circuits, Pendar Technol-
ogies, 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 anticipate integration of OQP with the Pendar Technologies’ laser arrays for MIR characterization of ex-
plosives. Because of our existing partnerships, OQP MIR modules can be provided within a relatively short 
time frame (< 3 years) upon successful demonstration and characterization. Scanning imaging systems re-
quire more development and have additional technical risks, and thus require additional time before being 
available to end-users (>5 years).

E. Customer Connections

• Indiana Integrated Circuits, LLC – Jason Kulic, jason.kulick@indianaic.com; monthly meetings.
• Pendar Technologies (formerly Eos Photonics) – Mark Witinski, witinski@eosphotonics.com; semi-annu-

al conference calls.
• Rapiscan Systems – Dan Strellis, dstrellis@rapiscansystems.com; new collaboration, preliminary discus-

sions.
• Army Research Laboratory Sensors and Electron Devices – Charles Dietlein; indirect contact through 

Prof. Jonathan Chisum. 
• Notre Dame Wireless Institute – Jonathan Chisum; preliminary collaboration developing distributed de-

vices.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty 
a. In June 2017, this research group collaborated with the Wyandanch, NY school district to host 

two high school students and two teachers as they participated in a program that introduces stu-
dents from under-represented groups to future educational and career opportunities in STEM. 
Students and teachers worked together on projects to learn about optical sensing of chemicals 
as well as how college admissions and financial aid works. Students and teachers lived in dorms, 
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ate in dining halls, and participated in campus activities available to Notre Dame students to help 
give a perspective on aspects of college academic and social life.

B. Peer Reviewed Journal Articles 

1. Benirschke, D. and Howard, S. 2017. “Characterization of a Low-Cost, Commercially Available, 
Vanadium Oxide Microbolometer Array for Spectroscopic Imaging.” Opt. Eng. 56, no. 4: 40502. 
DOI:10.1117/1.OE.56.4.040502. 

2. Ahmed, T., Lu, T., Butler, T. P., Kulick, J. M., Bernstein, G. H., Hoffman, A. J., Hall, D. C., and Howard, S. 
S. 2017. “Mid-Infrared Waveguide Array Inter-Chip Coupling Using Optical Quilt Packaging.” IEEE 
Photonics Technol. Lett. 29, no. 9, pp. 755–758. DOI:10.1109/LPT.2017.2684091. 

C. Other Conference Proceedings

1. Howard, S. “Multiplexed Mid-Infrared Imaging of Trace Explosives.” ALERT Annual Review, North-
eastern University, Boston, MA, January 2017.

2. Howard, S. “Low-cost Mid-Infrared Spectroscopic Imaging: A Platform for Distributable Mid - Infra-
red Trace Explosives Imaging.” Purdue Energetic Materials Summit, Purdue University, West Lafay-
ette, IN, May 2017.

D. Student Theses or Dissertations Produced from This Project

1. Ahmed, Tahsin. “Optical Quilt Packaging: A New Chip-to-chip Optical Coupling and Alignment Tech-
nique.”  PhD dissertation, University Notre Dame Department of Electrical Engineering, May 2017.

E. New and Existing Courses Developed and Student Enrollment

New or 
Existing

Course/Module/ 
Degree/Cert.

Title Description Student  
Enrollment

Existing Course Fundamentals of  
Photonics

Graduate course in photonics, 
including the fundamentals of  
absorption spectroscopy,  
reflection based imaging, and 
polarimetric imaging

6
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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

Masoud Rostami
Ann Morgenthaler

R3-A.3 Multi-Transmitter/Multi-Receiver Blade 
Beam Torus Reflector for Efficient Advanced 
Imaging Technology (AIT)

Carey Rappaport
Jose Martinez-Lorenzo

Masoud Rostami
Dan Busuioc
Spiros Mantzavinos

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

Jose Martinez-Lorenzo Hipolito Gomez Sousa
Juan Heredia Juesas

R3-B.2 Advanced Imaging & Detection of Security 
Threats Using Compressive Sensing

Jose Martinez-Lorenzo Hipolito Gomez Sousa
Juan Heredia Juesas

R3-C Standoff Detection of Explosives: Infrared 
(IR) Spectroscopy Chemical Sensing

Samuel P. Hernández-
Rivera

Leonardo C. Pacheco-
Londoño
Nataly J. Galán-Freyle 
Joaquin A. Aparicio-
Bolaño
Ricardo Infante- 
Castillo

R3-D.1 Anomaly Detection in Advanced  
Imaging Technology Systems Based on 
Graph Theory

Venkatesh Saligrama
David Castañón
Lorenzo Orecchia

Jelena Diakonikolas
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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@northeastern.
edu

Masoud Rostami Post-Doc NEU mrostami@ece.neu.edu

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  

Mahdiar  Sadeghi MS NEU 9/2017  

Guanying Sun PhD NEU 5/2019  

Matthew Tivnan BS NEU 5/2017  

Kurt Jaisle BS NEU 5/2019  

James Dowd BS NEU 5/2020  

Andrew Blunt BS NEU 5/2021  

Elizabeth Wig BS NEU 5/2020

Michelle Lim NSF Young Scholar Lexington HS 5/2017  

Alex Teodorescu NSF Young Scholar The Newman School 5/2017  

II. PROJECT DESCRIPTION

A. Project Overview

The first subproject addressed in Project R3-A.2 supports the hardware in Project R3-A.3 by optimizing, 
analyzing, and developing inversion code for the best antenna array configuration to feed the elliptical torus 
reflector. The element positions in the array must be physically realizable in element size, prevent blockage 
by adjacent elements, illuminate all of the possible target surface, and be sufficiently dense to avoid holes in 
the reconstruction. Others have suggested random or pseudo-random element patterns, which coupled with 
pattern variation with frequency, might provide complete coverage for all possible target points, each with 
sufficient frequency bandwidth. Instead, our approach specifies a denser, but well-established illumination 
pattern. We require more elements, but we can guarantee that no points will be missed in the reconstruc-
tion. In addition, with the proposed Fourier-based inversion processing, our approach will be extremely fast, 
avoiding supercomputer processing that other approaches require.
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The second subproject addressed in Project R3-A.2 is a novel non-iterative model based on ray analysis to 
characterize non-metallic, weak dielectric objects (like the development of threat objects) on the surface of a 
highly conducting background (like the human body) using a focused continuous millimeter-wave sensor. For 
a simple constant thickness dielectric slab on a ground plane, there are five primary scattering phenomena 
that must be considered.
The third subproject is the development and use of a ray-based reconstruction algorithm for multi-monostat-
ic millimeter-wave radar systems which utilizes time-of-flight data from groups of adjacent transceivers to 
generate a point cloud representing the target being scanned. Since this reconstruction algorithm uses only 
the time-of-flight data for specular reflection points, it is less computationally demanding than conventional 
methods.
The fourth subproject is a new 2.5D quasi-axisymmetric Finite Difference Frequency Domain (FDFD) algo-
rithm specifically developed for electromagnetic sources having arbitrary locations and polarizations. This 
advance greatly extends the previously developed strict 2D axisymmetric modeling (for bodies of revolution), 
which requires on-axis or azimuthally-symmetric source distributions. We can now quickly model computa-
tionally problems with off-axis focusing, asymmetric point sources, and arbitralily polarized sources, Field 
expansions in sinusoidal modes are required, so multiple discretized Helmholtz operators A(m) must be 
constructed and inverted for each mode index m. Although convergence of the background and total fields 
can be relatively slow, particularly in the vicinity of the ring sources used in the expansion, convergence of 
scattered fields is reasonably fast. 

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The strengths identified by the Biennial Review panels included general modeling capability and algorith-
mic implementation of existing and new AIT scanning systems. Since our models can accurately predict the 
response from all types of concealed objects of any shape and size, and our algorithms have the flexibility to 
tune in on previously unidentified scattering features elucidated by these models, our software is particularly 
valuable for getting the most out of existing AIT systems, and for designing improved systems going forward.
The only identified weakness of this project was the sparse array optimization method. We have developed a 
specular reflection transmitter/receiver combination optimization method to ensure that all possible reflec-
tions from the target are captured.

C. State of the Art and Technical Approach and Major Contributions in Year 4

C.1.	 Accelerated	Reconstruction	of	Reflector-Based	mm-Wave	Radar	Imaging

The waves reflected by the Northeastern University Advanced Imaging Technology elliptical toroidal reflec-
tor are well approximated as cylindrical waves, converging on a focal line passing through the secondary 
ellipse focus. In the horizontal plane, the waves can be considered as 2D plane waves. As a torus, the reflector 
generates these 2D plane waves that propagate in the direction along the line from any primary focal point to 
the center of revolution. One advantage of this incident field geometry is that the fields incident on the target 
object are already specified entirely in terms of angle, rather than source position, making Fourier-based 
inversion particularly suitable.
We have assume initially that there are 5 transmitters positioned at 0, +/- 26.4, and +/- 52.8 degrees at radius 
51 cm, and 64 receivers capturing information every 1.8 degrees. Ray paths for this geometry (in alternating 
colors for visual clarity) are indicated in Figure 1 (on the next page) for the 0 degrees transmitter excitation, 
reflection of the collimated rays from specular points on the circular target object at radius 15 cm, traced 
back to reflector points, then reflected to true receiver positions at radius 55 cm. The final segment on each 
ray path is from the receiver back along the angle corresponding to receiver/rotation center angle. A detail of 
the ray paths at the target object is shown in the lower figure. The parallel rays from the centered transmit-
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ter each reflect from the intersected torso target contour point at the specular angle corresponding to a ray 
parallel to one of the 64 receiver/reflector center rays. Thus, each of these transmitted rays is received by a 
separate receiver, and each intersected target point is illuminated and observed. This leaves few holes in the 
reconstruction.

With this antenna array element configuration, we balance the complete and even sampling of specular re-
flection points on the target object (approximate human torso) with a uniform and maximal coverage of the 
target surface. The implementation of the specific array geometry is described in Project R3-A.3.

C.2.	 Material	Characterization	for	Focused	Continuous	Wave	Radar	Scanning	Systems

A novel, non-iterative, analytic method has been developed to characterize the thickness and refractive index 
of a dielectric slab using a continuous-wave (CW) radar system with a Fresnel reflector aperture [1]. The sys-
tem focuses the signal on a set of focal points in 3D space and measures the return signal. 
The radar system can be modeled in two dimensions by an array of point sources with adjusted phase along a 
horizontal line above the ground plane on which the dielectric sits. It is assumed that the array has the same 
phase adjustment on transmission and reception, and that the dielectric is ideal and has unknown thickness 
and permittivity.  

Figure 1: Ray paths for elliptical torus reflector (top view of horizontal central plane) showing rays originating at feed 
arc at roughly one-half the reflector radius, reflecting from the circular reflector contour, then intersecting the target 
circular arc with radius about 1/6th of the reflector radius at the same points as the collimated rays from the central 
transmitter (detail in lower figure). Snell’s Law of reflection is maintained for these two sets of rays. The essential obser-
vation is that the intersection points are evenly spread across the target, ensuring no target points go uninterrogated.
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When a focused wave is sent from the transmitter array toward the dielectric slab, it will scatter from two 
interfaces: the ground plane interface at the dielectric bottom surface and the dielectric/air interface at the 
dielectric top surface. Neglecting additional scattered fields inside the dielectric, five dominant scattering 
phenomena emerge from this model with three material constant interfaces: at the dielectric top surface, at 
the ground plane, and at the dielectric image surface; and their associated reflections. 
Figure 2 shows a slab of dielectric of thickness d on top of a metal ground plane and a horizontal transmitter/
receiver array located at a distance H above the ground; the transmitter array focuses to different depths 
into the air and the dielectric. Considering the image of the dielectric and antenna array relative to the metal 
ground plane, there will be three scattering interfaces.

The novel aspect of this work is that by limiting the scattering at interfaces to single points along the range 
axis generated by using a focused one-dimensional array, we can straightforwardly predict what the received 
signal should look like from a given dielectric thickness and refractive index. Considering only the first re-
flection from the dielectric top surface or its image, Figure 3 shows the five scattering phenomena to be 
considered.  

In the first case, we assume that scattering occurs at the top surface of the dielectric. The rays scatter back 
to the receiving array (Case 1A) and forward into the dielectric (Case 1B). In Case 1A, the path travels only 
through the air, with the same path length on transmission and reception. This received signal is scaled by the 
scattering cross-section, approximated by the reflection coefficient of the dielectric, about -0.25.
In Case 1B, using image theory to analyze the ray paths, the images of the dielectric slab and receiving array 

Figure 2: Schematic of the problem.

Figure 3: Scattering phenomena mechanisms.
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replace the ground plane. The transmitted rays now begin at the source, scatter at the dielectric/air interface, 
pass through the double wide dielectric slab, refract from inside at the image interface (with intensity multi-
plied by the transmission coefficient), and finally point to the receiver array image.
In the second case, the scatterer is located at the image surface of the dielectric; rays refract through the 
true dielectric surface to scatter at this point. Again, contributions to the signal come from both backscatter 
(Case 2A) and forward scattering (Case 2B) at the image interface. In Case 2A, the backscattered rays refract 
back through the surface and return to the true receiver array; in Case 2B the forward scattered rays travel 
through air to the image receiver array. Note that the scattering at the image of the dielectric/air interface 
has a coefficient based on the material contrast that is equal and opposite to the scattering coefficient of Case 
1A above.
With a scatterer at the ground plane (Case 3), the signal reflects from the ground plane back to the receiver 
array with no image involved.  The ray paths into and out of the dielectric are refracted, and the transmission 
coefficient must be applied for each refraction.
The coherent addition of all these signals (with appropriate choice of wavenumber k), for Cases 1A, 1B, 2A, 
2B, and 3 – gives the final signal received by the array.
For Cases 1A, 2A, and 3, the backscattered paths are the same as the incident paths, so one would expect 
strong responses for these scattering phenomena. For Cases 1B and 2B, the forward scattered paths are 
different from the incident paths, so these cases will be relatively incoherent and unfocused for the sensing 
system.
Mathematically, there are several path lengths to compute for each contribution to the signal. The first (r1 in 
Fig. 4) is the distance from a particular transmitter through the air to the surface of the dielectric at (0, d).

where xi is the horizontal distance from a particular transmitter to the central axis, h= H-d is the distance from 
the transmitter array to the dielectric slab, and d is the thickness of the slab.

In Figure 4, r2 and r3 are the reflected paths of rays when the array is configured as if to focus at points inside 
of the dielectric. The rays refract to hit the ground plane and image surface at distances d and 2d below the 
top dielectric surface.
The electric path length traveled inside the dielectric (the blue path in Fig. 5 on the next page) is given by nR’’, 

Figure 4: Ray path calculations.

(1)
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where R’’ is the physical distance traveled inside the dielectric and n is the refractive index of the dielectric. 
This electrical distance is equivalent to the physical distance nR’’ for a ray continuing through air instead, 
shown by the red arrow extending below z=d.

The extended ray ends at a point (xe, ze). For rays starting from different points (xi), there are different (xe, ze) 
points, but all of these points lie on an ellipse given by [2]:

The path length can be found by taking the distance from (xi, h) to (xe, ze):

Moreover, the line between the two points (xi, h) and (xe, ze) is normal to the ellipse, implying:

Substituting xi from equation (4) and xe from equation (2) into the path equation and simplifying, gives:

The values of r2 and xi in (4) and (5) can be plotted parametrically against each other in terms of ze. This 
complicated relationship between r and xi can be approximated very closely by a simpler equation for path 
in terms of x:
           
      

where S and z0 are constants: –z0 is the depth below the air/dielectric interface corresponding to the array 
focal point in air which produces the true focus in dielectric at the depth d, and S is the phase offset that 
compensates for the extra path length to the more distant focal point. This approximation can be made by 
choosing two points along the parametric curve of xi and r2 (for example, ze= –dn and ze= –pdn, where p is the 

Figure 5: Wave-front calculations.

(2)

(3)

(4)

(5)

(6)
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fitting parameter between 0 and 1), inserting them into (6), and solving for z0 and S. These values for S and z0 
can be substituted into equation (6) to find the approximate path length formula as a function only of antenna 
position xi:

and

To find r3, the path length to the image dielectric surface, the ellipse method can again be used, substituting 
2d for d, as the dielectric and its image form a slab with twice the thickness. 
For example, for array distance h = 80 cm, array width 2xi = 100 cm, dielectric slab thickness d = 3.7 cm, and 
index of refraction n =1.73, the fitting parameter can be chosen to be p = 0.92. The parametric equation in 
terms of ze and the approximation in terms of S = 4.34 and z0 = -2.05 match almost exactly in the desired range 
of xi. The error of the approximation (Fig. 6) in this range is less than 0.003 cm.
Therefore, using (6), the path lengths r2 and r3 can be found simply and accurately in terms of the antenna 
array position. It is fortuitous that the form of (6) is similar to the form for rays focused in air from a linear 
array. The signal from each component can be calculated given these path lengths. For the various values of r 
(r1, r2, or r3) the corresponding focused sum S1, S2, S3 is given by:

where k represents the wavenumber and Φ represents the phase for the ith antenna element.

The total signal from each scattering component can be found by multiplying the values of Sn on transmission 
and reception for each scattering case with the appropriate transmission and scattering coefficients: 

where Γ is the scattering coefficient of the dielectric, and T1 = 1 + Γ1 and T2 = 1 + (–Γ) are the transmis-
sion coefficients. Scattering from air into dielectric multiplies by a coefficient of Γ; scattering from inside the  

(8)

(9)

(7)

Figure 6: Error of path length approximation, for h = 80 cm, maximum xi = 50 cm, d = 3.7 cm, and n =1.73.

(10)
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dielectric to air multiplies by –Γ; refraction into the dielectric multiplies by a coefficient of T1, while refraction 
out of the dielectric multiplies by T2.
The most speculative scattering assumption being made with this ray analysis is that the scattering from 
an interface occurs as if all incident rays were focused at a point on the interface, even when the focus point 
might be nearby but not exactly on the interface.  The scattering from a point scatterer is straightforward to 
model with rays, and with a focused illumination with all rays converging on a single point on an interface, 
this is an effective approximation.  Once the focal point leaves the surface though, the illuminated region of 
the surface is no longer a small point, and the scattering from the surface is no longer that of a point scatterer;   
however, if the focal point is not too far from the surface, the rays will still converge, approaching each other 
with small separation, and their respective phases will be almost the same. The scattering from a single point 
on the interface will still reasonably represent the scattering from the partially focused spot. The intensity 
variation of the scattering with distance from the interface will be close to true values past the half-power 
point, although the side lobe locations and levels will be inaccurately predicted. For the purposes of identify-
ing locations and pulse widths of the reconstructed signals, this approximation is acceptable.
In order to solve the problem computationally, a two-dimensional finite difference frequency domain (FDFD) 
method is used to generate field solutions in free space, dielectric half space, and dielectric layer on metal 
background. Computed fields are accurate to the second order in the spatial sampling interval [3]. Assuming 
an array of 153 point sources with appropriate phase and horizontal polarization as the excitation source, we 
simulate an aperture with 100 cm width located at 80 cm above the ground plane. The focused response is 
considered as a summation of the calculated scattered field at point sources multiplied by the transmit phase 
for each array element.
For a laptop computer with 16 GB memory, this simulation takes 12 hours for 25 focal points above and 
below the ground on the z-axis. Figure 7 (on the next page) shows the total wave magnitude distributions 
near the focal region for Case 3, with array phase specified to focus at the bottom of the dielectric slab with 
relative permittivity of 3.0. Clearly, the maximum response in air occurs when the waves are focused at 1.6 
cm (z0 = 21 cm) above the nominal position of the ground plane (Fig. 7(a)), while the real focusing through 
the dielectric at a depth of –d is on the nominal ground plane (shown in Fig. 7(b) for a dielectric half space 
to remove scattering from the ground plane). Note the increased backscatter relative to the uniform air case 
shown in Figure 7(a) above the dielectric interface at z = 0.037. Figure 7(c) shows the total field intensity for 
the full geometry with 3.7 cm thick slab and ground plane. The backscatter in this case is significantly greater 
than for the dielectric alone. This is due to the strong reflection from the metal ground plane.
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The graphs plotted in Figure 8 (on the next page) resulting from these mathematical models were compared 
to 2D FDFD simulation results and to data from a real eqo scanner, manufactured by Smiths Detection. The 
eqo system employs a large two-dimensional Fresnel reflector array of electronically activated scattering 
panels, which produces a tightly focused rapidly raster scanned spot [1]. 

Figure 7: Total field magnitude simulations at 24.16 GHz for focusing in air at z = 0.021m when the geometry is: (a) 
uniform air, (b) air and dielectric (n = 1.73) half space z < 0.037m, and (c) air, dielectric 0.037 m thick slab over metal 
ground plane.
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The 24.16 GHz CW focused spot scatters on or near the target surface, and then returns to the same array 
and the receiver co-located with the transmitter. The experimental system measured three cases: bare metal 
ground plane, and the ground plane with two affixed dielectric slabs (3.7 and 5.7 cm thick) with a relative 
permittivity of approximately 3, at a distance of approximately 80 cm from the array. Figure 8(a) compares 
the modeled and simulated (blue and green) and measured (red) responses with the maximum magnitude 
of the model normalized to fit the measured value. Figures 8(b) and (c) plot the measured, FDFD simulation 
for ε’ = 3.0, and ray model responses for slabs with dielectric constants of both 3.0 (dark blue) and 2.9 (light 
blue), showing the sensitivity of the model to slight changes in dielectric constant.

Figure 8: Comparison of the response versus range along the axis of symmetry of the ray model with n = 1.73 and 1.64, 
the 2D FDFD simulation with n = 1.73, and the experimental measurements of Smith’s eqo system at 24.16 GHz for 
(a) bare metal plate, (b) metal plate with affixed 3.7 cm thick dielectric slab, and (c) affixed 5.7 cm thick dielectric slab.
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As can be seen, the pulse shapes and positions of each graph are very similar, with practically identical widths 
among the models of 4.7, 5, and 4 cm for the three different cases, showing the dependence of dielectric slab 
thickness. The side lobe levels have the worst agreement, probably due to the simplified two dimensional na-
ture of the models; however, the main features of the responses—pulse position and width—are accurately 
predicted by both the computationally intense FDFD model and the extremely fast ray model.  

C.3.	 Time	of	Flight	Fast	Inversion

The most commonly used systems are multi-monostatic, using moving arrays of transceivers to screen pas-
sengers [4]. Each transceiver doubles as both a transmitting and receiving device, which reduces the com-
plexity and cost of the scanner. A typical system uses vertical linear arrays of transceivers that move in a 
circular path around the person being scanned [5]. In current systems, the time of flight of the scattered 
wave is collected for analysis. One disadvantage of such systems is that they use computationally demanding 
synthetic aperture radar (SAR) reconstruction algorithms [6]. As a result, scanners that must quickly screen 
large volumes of people require expensive high-performance computers.
An alternative for millimeter-wave multi-monostatic radar nearfield imaging is to assume that the received 
signal for each transceiver is due to reflection from only those target points whose normals coincide with the 
incident and reflected rays (the specular target points). Ray tracing is most effective for short wavelengths 
and slowly varying target objects. In such a system, the time elapsed between a pulse of mm-waves being 
transmitted and the pulse being received is recorded. It is assumed that the pulse radiates spherically. Mul-
tiplying the time of flight by the speed of light gives the total distance travelled by the pulse as it leaves the 
transceiver, reflects from the target, and returns to the transceiver. Dividing this distance by two gives the 
distance from the transceiver to the specular point on the target that reflected the pulse. The ray distances 
recorded by each transceiver can then be analyzed to reconstruct the surface being scanned. Since the ray-
based algorithm presented in this report avoids solving large systems of equations, it is much less computa-
tionally intensive than typical SAR techniques.
A ray-based reconstruction algorithm was developed to recreate the scanned surface using the time-of-flight 
data. First, a two-dimensional (2D) algorithm was developed. This algorithm takes data from a single linear 
array of transceivers and uses it to reconstruct a target contour that lies in the same plane as the transceiver 
array. This setup can be seen in Figure 9 (on the next page). Since the incident and scattered rays from and to 
each transceiver in the array must be normal to the differential contour element containing the specular scat-
tering point, that contour element must lie tangent to a circle centered at the transceiver with radius equal to 
half the time-of-flight times the speed of light. These circles for each of a sample of transceivers are shown in 
green and magenta in Figure 9. In the cases where multiple responses are recorded, the green circles repre-
sent the first received pulse, and the magenta circles represent the second received pulse. The second pulse 
information is necessary to reconstruct concavities.
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The 2D reconstruction algorithm works by analyzing groups of three consecutive transceiver responses, 
which are treated as three circles centered at their respective transceivers. The algorithm finds a tangent cir-
cle that intersects once with each of the three transceiver responses. Then, the middle circle intersection with 
this tangent circle is added to a list of points to include in the reconstructed contour. This process, repeated 
for every triplet of consecutive transceiver responses, is illustrated in Figure 10. The end result is a list of 
points that, after filtering to reduce dihedral artifacts, define the reconstructed contour.

The three-dimensional (3D) algorithm was developed by extending the 2D algorithm to three dimensions. 
This was done by treating transceiver responses as spheres instead of circles. When this is done, the task of 
finding a circle tangent to three input circles changes to finding a torus tangent to three input spheres with 
collinear centers. When the intersection of the torus and center sphere is found, a circle lying in a plane par-
allel to the ground is produced instead of a point. This process can be visualized by revolving the diagram 
in Figure 10 about the transceiver mast. In order to reduce the set of possible locations of the reconstructed 

Figure 9: Transceivers on a vertical mast, time-of-flight responses converted to distance and displayed as circles, and 
repesentative human profile target contour (units in meters).

Figure 10: Two-dimensional reconstructions algorithm. The pink dot is added to a list of points to include in the recon-
structed contour.
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point from a circle to a point, the above process is repeated with three transceiver responses that neighbor 
each other horizontally. These responses are obtained by a single transceiver as it is translated. This yields a 
circle that is on the center sphere, but lies in a plane perpendicular to the ground. Finding the intersections 
of this circle with the circle obtained from the vertically neighboring transceiver responses yields two points 
on the center sphere. One of these points will lie outside of the scanner and is discarded. The point inside the 
scanner is added to a list of points that, after filtering to reduce dihedral artifacts, will define the reconstruct-
ed surface.
A human body target was scanned using two simulated vertical arrays containing 196 transceivers each: one 
sweeping a 1 meter, 120° arc in front of the target, and one sweeping a 120° arc behind the target. The ar-
ray measurements were obtained geometrically from a ray-based forward problem simulation. Side-by-side 
views of the original target and the reconstruction are provided in Figure 11 and Figure 12. Black points were 
reconstructed using data from the array that sweeps in front of the target, and blue points were reconstruct-
ed using data from the array that sweeps behind the target. Although some dihedral artifacts remain after 
filtering (a physically unavoidable disadvantage of monostatic radar), the results seem promising. Since each 
surface point position is computed explicitly, this system gives an almost instantaneous overall surface re-
construction and offers insight regarding which parts of the body are effectively imaged by today’s scanners.

Figure 11: Front view. Original target (left), and reconstruction (right). 

Figure 12: Side view. Original target (left), and reconstruction (right).
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C.4. 2.5D Quasi-Axisymmetric	Finite	Difference	Frequency	Domain	(FDFD)	Modeling

2D Axisymmetric Finite Difference Frequency Domain (2DAFDFD) codes are very useful for problems with 
cylindrical (φ-independent) geometries; when appropriate, they generate substantial computational savings 
in speed and storage compared to more general 3DFDFD methods. Unfortunately, the “strict” 2DAFDFD al-
gorithm requires all sources to be axisymmetric—as well as the underlying geometry—limiting problems to 
those with on-axis z-polarized sources (for example, φ-independent electric or magnetic Hertzian dipoles); 
z- or φ-directed uniformly and continuously-distributed sources at specific radii ρ[7]; or inwardly- or out-
wardly-propagating spherical or cylindrical waves. These permitted sources are not especially useful; even 
worse, plane wave sources (including normally-incident plane waves) and x- or y-directed dipoles are disal-
lowed in 2DAFDFD codes because their polarizations cannot be described axisymmetrically. 
A new 2.5D quasi-axisymmetric FDFD (QAFDFD) code relaxes these restrictions on sources, allowing them 
to have arbitrary distributions (any φ	dependence) and any polarization. Scattering resulting from arbitrary 
plane waves and offset dipole source distributions can therefore be readily modeled with this new code, al-
though the underlying spatial geometry must still axisymmetric. 
The QAFDFD code requires all fields to exhibit sinusoidal variation in φ	 such that   
where F and     are generic field quantities and m is an integer mode index for problems that span the en-
tire angular coordinate [8]. The φ	 derivatives in Maxwell’s equations are also replaced: . 
This ansatz frees us from the need to discretize Faraday’s and Ampere’s laws in the φ	coordinate, but all 
sources must be similarly decomposed: . The QAFDFD algorithm therefore 
requires separate sparse discretized Helmholtz operator matrices A(ρ,	 z;	m) generated on the usual 2D 
Yee grid [9] for each mode m linking the field distribution X(ρ,	z;	m) with the source b(ρ,	z;	m) such that 
A(ρ,	z;	m)⦁ X(ρ,	z;	m)= b(ρ,	z;	m). The total fields are given by

 
. The 2DAFDFD 

algorithm is a simplified form of the QAFDFD algorithm for m = 0. For many source distributions, a relative-
ly modest number of m	values will be required for convergence, particularly if only scattered fields are of 
interest. The fields for each mode X(ρ,	z;	m) must be solved independently; the A(ρ,	z;	m) matrices may not 
be combined a priori although multiple sources with the same m	dependence may be organized as columns 
within b (ρ,	z;	m). 
FDFD codes generally use a Perfectly Matched Layer (PML) [10, 11] to terminate the computation-
al region. The boundaries at z = zmin, zmax and ρ = ρmax use the PML directly. For the ρ = 0 boundary, 
Ei(0, φ, z) = Ei(0, φ	+	π,	z) for even m field components since all fields have exp(imφ) dependence, while   
Ei(0, φ, z) = −Ei(0, φ	+	π,	 z) for odd  m	components. The cylindrical form of Maxwell’s Equations implies 
that    

because the ρ- and φ-directed fields must remain single valued as ρ → 0. Conversely, for odd values of m

The 2DAFDFD matrix A(ρ,	z) = A(ρ,	z;	m	= 0)  has size NρNz ×  NρNz where Nρ and Nz are the number of grid 
points in the ρ	and z directions with PML regions included. By contrast, the QAFDFD code solves the three 
coupled “curl-curl” equations so the FDFD matrix A(ρ,	z;	m) has size 3NρNz ×  3NρNz and is therefore nine 
times larger than the 2DAFDFD A(ρ,	z) matrix. Rather than the five nonzero diagonals in A(ρ,	z), there are 15 
in A(ρ,	z;	m) and the bandwidth of A(ρ,	z;	m) is 6Nρ + 5, rather than 2Nρ + 1. 
Although the factor of nine is not an insignificant computational burden when comparing the 2DAFDFD code 
to its QAFDFD counterpart, a 3DFDFD computation of similar size taxes computational resources much more 
seriously.
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The simplest source distributions which have the appropriate exp(imφ)	variation are continuous rings of 
current elements located at a given radius ρ	= R and height z = zD with vertical, right circular, and left circular 
polarized forms proportional to                                          , and                           , respectively, with the first two shown 
schematically in Figure 13. These three sources are mutually orthogonal, and can be used to build any current 
source with sufficient terms in m. For example, an x-directed on-axis Hertzian dipole source is simulated by 
adding the RCP source with m	= 1 and the LCP source with m	= −1.

The QAFDFD algorithm is tested by comparing an axisymmetric-on-axis-source scattering problem with the 
same source and scatterer geometry rotated 90°. 2DAFDFD is used first to determine the total field from 
a z-directed dipole on the z-axis located 10 cm above a 5 cm radius metal sphere at the origin. QAFDFD is 
then used to find the fields for the non-z-axisymmetric problem of an x-directed dipole located 10 cm to the 
right of the same sphere. Figure 14 (on the next page) shows x-z and x-y slices of the total electric field of the 
x-directed dipole and one of the identical radial slices of the symmetric z-directed dipole. The two slices in 
Figures 14(a) and 14(b) are essentially the same as Figure 14(c) rotated by 90° so that the z-axis points in 
the x direction. The QAFDFD solution is the result of superposing 49 modes  (|m|≤24) of continuous RCP and 
LCP current elements located on a ring of radius 10 cm at z� = 0 yielding fields with ~1% rms error except at 
the singular dipole ring locations in the x-y plane. The scattered field (total field minus incident field) is even 
more accurate, without the increased error at the dipole ring. 

Figure 13: Ring of continuous source distributions with (a) vertical and (b) right circular polarizations.
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For the mm-wave AIT portal configuration, a test target geometry was considered to validate the model. Fig-
ure 15 shows the simple axisymmetric problem space with a 5 cm radius, 4 cm high TNT target resting on a 
conductive background ground plane surface, corresponding to human skin. Three 1 GHz CW point sources 
are positioned at the top of the image at z = 0, 30 cm above the ground plane. While the material is a body of 
revolution, the off-center radar sources are not, which indicates the advantage of the QAFDFD model.

Figure 14: Total fields from a Hertzian dipole (black arrow) on a 10 cm diameter PEC sphere at 10 GHz: (a) |Ex| for an 
x-directed dipole slice at y = 0; (b) |Ex| for an x-directed dipole slice at z = 0; and (c) reference solution |Ez| for a z-directed 
dipole solved using 2DAFDFD. The QAFDFD simulation has a grid spacing of 1.25 mm in ρ and (24 points per wave-
length) leading to 251400 × 251400 sparse A(m) matrices requiring a few seconds to invert for each m.

Figure 15:  Test geometry for QAFDFD validation, showing a radial cut of a 5 cm radius, 4 cm high cylinder of TNT rest-
ing on a conducting ground plane in air. The illuminating transmitters are 30 cm above along the φ = 0 half-plane, at 
radius 1, 21, and 41 cm.

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-A.2

314



The x- and z-components of the scattered fields—corresponding to the difference between the waves gener-
ated with the cylindrical target present and absent—are shown in Figure 16 and Figure 17 (on the next page) 
for the independently excited x-directed short dipole transmitters at x = 0.01, 0.21, and 0.41 m. Note the 
increasing asymmetry with increasing transmitter distance from the target cylinder, and the strong specular 
reflection response (high intensity at z = 0 transmitter height, near x = -20 and -40 cm) when the transmitter 
is at x = 21 and 41 cm. While these results are not unexpected, the relative intensity, shape of the scattered 
field pattern, coupling from x-directed polarization to x-z polarization, and target edge diffraction effects are 
only available with a full wave model such as FDFD. The Quasi-Axisymmetric FDFD provides this needed field 
distribution detail without overwhelming the computational capacity of conventional computer systems.

Figure 16: Plan view of scattered x- (rows 1 and 3) and z-component (rows 2 and 4) electric fields at the top of the TNT 
target (rows 1 and 2), and on the plane just below the transmitters (rows 3 and 4), for three relative transmitter posi-
tions: practically above the target (column 1), 21 cm to the right (column 2), and 41 cm to the right (column 3).
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The 2.5D QAFDFD is suitable for bodies of revolution with arbitrary illumination and asymmetric scattering.  
QAFDFD provides high-accuracy propagation and scattering modeling for many typical geometries of inter-
est at a fraction of the computational cost of full 3D methods. 

D. Milestones

• We were not fully satisfied with the optimal space array design, so we have redoubled our efforts to im-
prove the element layout before building it. Our results are a significant improvement over what we had 
at the beginning of the year, but we will continue to optimize the array layout in Year 5.

• Our models and algorithms can always be improved. In Year 5, we will accelerate the Quasi-Axi-Symmet-
ric FDFD with the latest mathematical optimization approaches—in particular ADMM—implemented 
on special-purpose parallel hardware and recoded to take advantage of problem-specific and comput-
er-platform-specific considerations.

• We will design and write a fast FFT-based inverse scattering code which takes advantage of the reflec-
tor-based focused and collimated transmit and receive beam patterns. 

• Our automatic dielectric material characterization algorithms for slabs of concealed body-worn high ex-
plosives will be completed and validated.

• Finally, we will finalize the artifact-reduced, ultra-fast 3D body surface reconstruction using time of flight 
ray inversion.

E. Future Plans

The final outputs of this project as of June 30, 2018 will be:
• A sparse array element spacing map which provides the best 2D imaging (with stacking to produce 3D 

AIT images). This array will be optimized for minimal cost and processing, and to avoid overlapping ele-
ments without sacrificing image quality.

• A fast FFT-based inverse scattering code which takes advantage of the special focused and collimated 
illumination and detection beams. Fast processing is necessary for eventual real-time operation.

• Automatic dielectric material characterization for slabs of concealed body-worn high explosives that 
have low dielectric constant and low conductivity.

• Noise reduced, ultra-fast 3D body surface reconstruction using time of flight ray inversion.
• An accelerated Quasi-Axi-Symmetric Finite Difference Frequency Domain full-wave computational elec-

tromagnetics modeling code, which can quickly and accurately model any scattering from bodies of  

Figure 17: Depth view of scattered x- (row 1) and z-component (row 2) electric fields cutting through the side of the 
TNT target, for three relative transmitter positions: practically above the target (column 1), 21 cm to the right (column 
2), and 41 cm to the right (column 3). 
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revolution illuminated by arbitrary sources.
With additional time past Year 5, this project would:
• Model out-of-plane scattering for more accurate 3D imaging.
• Implement reconstruction on GPU-based parallel processors.
• Accelerate FDFD scatter modeling using ADMM multiprocessor coding.
• Develop a general theory of signal response from arbitrarily shaped dielectric material volume (rather 

than uniform thickness and planar slabs).
The next phase of this project would involve:
• Modeling and reconstruction in conjunction with Project R3-A.3 “On-the-Move” hallway nearfield radar 

detection systems for scanning at speed implementation. This modeling would include performance 
analysis of the antenna; 3D scattering of the body and objects attached to it; and the most challenging as-
pect, 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

The value added to the Homeland Security Enterprise (HSE) by this research project is:
• To determine the best possible performance and imaging quality of portal AIT systems as a function of 

hardware (and thus hardware cost).  
• With better scanner design there will be fewer false alarms, higher throughput, better discrimination of 

potential threats, and a more efficient device layout at security checkpoints. 
• The ability—using various developed modeling approaches—to predict system performance and the de-

tectability of many targets in realistic environments. This in turn, guides the design of new systems and 
associated algorithms. Our library of models include forward and inverse models—relatively slow but 
extremely accurate—and ultra-fast models.

• Characterization of weak dielectrics that will rule-out non-explosives and avoid 80% of checkpoint pat-
downs. 

B. Potential for Transition and Transition Pathway 

We have been working collaboratively with Smiths Detection PLC on the dielectric “material-on-skin” charac-
terization algorithm. Our effective partnership includes semimonthly international telephone meetings with 
chief scientists at Smiths, and free exchange of measured data and modeled responses. The algorithms devel-
oped 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 probability 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 and other 
commercialization partners, as a part of implementing the Task Order.
Direct ray-based inversion, which provides instantaneous images of gross subject shape and orientation, has 
been extended to three dimensional imaging. The inversion model can be easily implemented on existing sys-
tems, including the wideband mm-wave L-3 Communications ProVision system. Using the already measured 
time of flight (TOF) of wideband pulses from transmitter to scattering object point, and then back to a collo-
cated monostatic receiver, a sphere of radius TOF/2c (with c being the speed of light), centered at the trans-
ceiver, can be drawn. With multiple monostatic transceivers, the spheres associated with each transceiver at 
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the specular points can be concatenated to reconstruct the object’s surface. The fast inversion algorithm may 
be transferred to L-3 Communications and other commercialization partners, as a part of implementing the 
Task Order.

C. Data	and/or	IP	Acquisition	Strategy

A provisional patent has been granted for the algorithms associated with the Smiths Detection eqo scanning 
system material characterization effort.

D. Customer	Connections

• Kris Rowe, Christopher Gregory, and Claudius Volz at Smiths Detection, Inc. (Edgewood, MD USA and Wi-
esbaden Germany); biweekly meetings, subcontract agreement as part of Task Order 7: Dielectric Char-
acterization for AIT.

• Jeff Gordon at L-3 Communications, Inc. (Woburn, MA); anticipated quarterly meetings.
• Daniel Strellis, and Jay Patel at Rapiscan (Sunnyvale, CA); quarterly meetings, previous contractual obli-

gation through John Adams Innovation Institute.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education	and	Workforce	Development	Activities

1. Student Internship, Job, and/or Research Opportunities
a. Two high school students, participating Young Scholars Program,  performed research on radar 

signal processing calibration.
b. Four Research Experience for Undergraduates (REU) students from Northeastern University 

performed research in algorithm development, data manipulation for image processing, and 
forward modeling of array-based mm-wave antennas.

B. Peer Reviewed Journal Articles 

1. Gonzalez-Valdes, B., Alvarez, Y., Mantzavinos, S., Rappaport, C.M., Las-Heras, F., & Martinez-Lorenzo, 
J.A. “Improving Security Screening: A Comparison of Multistatic Radar Configurations for Human 
Body Imaging.” IEEE	Antennas	and	Propagation	Magazine, Vol. 58, No. 4, August 2016, pp. 35-47. 
DOI:10.1109/MAP.2016.2569447

C. Peer Reviewed Conference Proceedings

1. Rappaport, C. “Improved Millimeter-Wave Radar Concealed-Threat Person Scanning.” Concealed Ex-
plosives	Detection	Workshop, Cambridge, UK, September 2016.

2. Sadeghi, M., Wig. E., Morgenthaler, A., & Rappaport, C. “Modeling the Response of Dielectric Slabs on 
Ground Planes Using CW Focused Millimeter Waves.” European Conference on Antennas and Propa-
gation (EuCAP), Paris France, March 2017.

D. Other Presentations 

1. Seminars
a. Sadhegi, M, Wig, E., and Rappaport, C., “Ray-Based Model for Material Characterization using 

mm-wave Scanner.” Advanced	Development	for	Security	Applications	Workshop, Nov. 16, 2016.
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b. Rappaport, C. “Improved Millimeter-Wave Radar Concealed-Threat Person Scanning,” Advanced 
Development	for	Security	Applications	Workshop, November 16, 2016.

1. Short Courses
a. Rappaport, C. “Phased Arrays for Nearfield Imaging Applications in Complex Media.” Short 

Course for IEEE	Phased	Array	Conference, October 21, 2016.

E. Technology Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. Carey M. Rappaport, Ann Morgenthaler, & Jose Angel Martinez-Lorenzo. “Characterization of 

dielectric slabs attached to the body using focused millimeter waves.” Provisional Application 
No.62/316,002, March 17, 2017. 
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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@northeastern.edu

Masoud Rostami Post-Doc NEU mrostami@ece.neu.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  

Ye Zhou PhD Nanjing Univ. Aero. & 
Astro. 5/2019  

Nick Pelepchan BS NEU 5/2018  

Nigil Lee BS NEU 5/2017  

Jake Messner BS NEU 5/2019  

Spencer Pozder BS/REU NEU 5/2019  

Justin Xia BS/REU NEU 5/2020  

John Harrington BS NEU 5/2021  

Jacob Londa BS/REU NEU 5/2021  

Nikhil Phatak BS/REU NEU 5/2021  

Michelle Lim NSF Young Scholar Lexington High School 5/2017  

Alex Teodorescu NSF Young Scholar The Newman School 5/2017  

II. PROJECT DESCRIPTION

A. Project Overview

The specific aim of this project is to develop an advanced millimeter wave (mm-wave) radar whole body im-
aging system using a custom-designed elliptical toroid reflector, which allows multiple overlapping beams for 
focused wide-angle illumination to speed data acquisition and accurately image strongly inclined body sur-
faces. For the primary subproject, we have extended the Blade Beam Reflector concept developed previously 
in Project R3-A.1 [1-3], from a single illuminating antenna into a multi-beam Toroidal Reflector, 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 
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vertical direction. The entire antenna is translated vertically, and the images in each vertical slice are stacked 
to form a 3D reconstructed body surface. Translation occurs only in one dimension for faster operation than 
2D raster scan systems [4, 5]. Having multiple transmitters provides horizontal resolution and imaging of a 
full 120 degrees of body.  Furthermore, the reflector can simultaneously be used for receiving the scattered 
field with high gain, overlapping, high vertical resolution beams for each transmitting or receiving array el-
ement. 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]. 
A second subproject using hardware and expertise originally contributed by Rapiscan, Inc., with funding 
from the John Adams Innovation Institute, is to conduct a proof of concept experiment with an On-the-Move 
hallway person scanner. The system is configured with two rows of sensors in a parallel-plate structure (a 
2D simulation of the eventual 3D walls), one on each side of the path a subject would walk on. These sensors 
cooperate with each other: the mm-wave signals are transmitted on one wall and received on both, and then 
transmitted on the other and received on both. This patent-pending configuration provides for imaging of 
not only the subject’s left and right sides, but also his front, as he approaches, and back, as he recedes. Our 
experiment is providing a proof-of-concept of the full 360 degree imaging of a person moving in a straight 
line, without turning or facing either side. Innovations in this project have resulted from partnering with 
Smiths Detection, Inc. Using a raster-scanned flying focused spot, enabled with the eqo system, will eliminate 
the largest barrier for the on-the move system, that of the need for thousands of transmitting and receiving 
radar modules for 3D sensing. Since the single frequency eqo system instantaneously generates a focused 
spot by electro-optically configuring reflective elements in a 1 by 2 m array, a full sensing aperture is attained 
with only a single transmitter and single receiver. By reconfiguring the eqo system to cooperate across both 
sides of the walking subject, a full 360 degree body reconstruction is possible without requiring the subject 
to change direction or gait.

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The Biennial Review panels appreciated the innovation and research results of Project R3-A.3, and agrees 
with the claims that it is advancing the state of the art in AIT. The report recognizes that the elliptical to-
roidal reflector antenna concept provides more signal and gathers more information cost-effectively than 
conventional systems, and that although bugs have to be worked out, the concept should advance the person- 
scanning paradigm.

C. State of the Art, Technical Approach, and Major Contributions in Year 4

C.1.	 Advanced	Portal	Detection	with	Elliptical	Torus	Reflector	System

The main effort for Project R3-A.3 in Year 4 was to design a fixed filled array of inexpensive custom-config-
ured elements to feed the elliptical torus reflector. This fixed array would replace the swinging arm that has 
been generating test data in the previous year. While the swinging arm provides arbitrarily dense sampling 
of the scattered mm-wave field, it is mechanically too slow for practical use with living, moving humans 
who breathe and fidget. The challenge has been to build radio frequency (RF) electronics boards that can be 
packed closely enough together, to avoid antenna blockage and sub-optimal positioning. 
Figure 1 (on the next page) is a drawing of the elliptical torus reflector and its associated focal points. Figure 
2 (on the next page) shows a photograph of the reflector installed in the laboratory with transmitter and re-
ceiver circuit boards in position.
The intended hardware subcomponents are shown in Figure 3 (on the page following the next) for a single 
transmitter (1_Tx) RF circuit board, and a four-receiver (4_Rx) circuit board.  The transmitter circuit has been 
extensively redesigned to fit well with the already-existing receiver board in a compact manner.
With this configuration, the Rx board elements are spaced every 17 mm, corresponding to a 1.8 degree angle 
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over the 55 cm radius focal arc at 51 cm from the reflector. Furthermore, the distance from the edge of the 
board to the center of the first element is 28 mm, which corresponds to a 2.9 degree angle over the focal arc. 
The transmitter tab section, which contains the 60 GHz chip and integrated antenna is 18 mm wide.
The proposed architecture consisting of 7 Tx and 48 Rx elements is shown in Figure 4 (on the next page). 
This figure illustrates the arrangement of the Tx (blue) and Rx (red) elements over the focal arc. Note that 
for beam radiating in the negative range direction, toward the reflector, there is no blockage from adjacent 
receiver boards.

Figure 1: Elliptical torus reflector, its rotation axis, circular primary focal arc on the z = -0.2 plane, and secondary ellipse 
focal point on the yellow x = 0 plane. Both transmitting and receiving antenna feeds on the primary focal arc face the 
reflector, and they generate blade beams. Each blade beam is focused as a narrow line that passes perpendicularly 
through the secondary focal point on the plane inclined for each feed position. 

Figure 2: Elliptical torus reflector, receiver and transmitter boards on circular primary focal arc facing the reflector, and 
a metal box test object at secondary ellipse focal point.
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Figure 3: Four receiver array circuit board and proposed T-shaped compact transmitter design.

Figure 4: Element arrangement over the focal arc, showing positions of antenna elements and extent of their  
supporting circuit boards. The transmit and receive elements illuminate and observe downward, toward the reflector 
(not shown).
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The idea behind the placement of transmitters and receivers is unconventional, but effective. Using theory 
suggested in Project R3-A.2, we extended the design to include 7 transmitters, uniformly positioned at 0, 
+/- 16.7, +/- 33.3 and +/- 50.0 degrees at radius 55 cm, and 48 receivers capturing information spaced at 
multiples of 1.8 degrees. Ray paths for this geometry (showing every one receiver path and in alternating 
colors for visual clarity) are indicated in Figure 5a for the 0 degrees transmitter excitation and Figure 6a (on 
the next page) for the 50.0 degrees transmitter. The paths for the other transmitters are similar. Collimated 
rays from each transmitter are traced to specular points on the circular target object (radius 15 cm), reflect-
ed according to Snell’s Law, traced back to reflector points, and then reflected to true receiver positions on 
the 55 cm radius primary focal arc. The final segment on each ray path is from the receiver back along the 
angle corresponding to receiver/rotation-center angle. A detail of the ray paths at the target object is shown 
in Figures 5b and 6b (on the next page). The parallel rays from the centered transmitter each reflect from 
the intersected torso target contour point at the specular angle corresponding to a ray parallel to one of the 
64 receiver/reflector center rays. Thus, each of these transmitted rays is received by one of the 64 separate 
receivers, and each intersected target point is illuminated and observed. When 7 transmitters are used, 448 
distinct specular points on the circular target arc are separately observed. This leaves very few neglected 
points in the reconstructed image. The uniqueness of each specular point observation is due to the formula 
for the transmitter positions:

θTx = 0, +/- n(m-1/4) δθ;
where δθ = 1.8 degrees; n = 1,2,3 (enumerating the transmitters); and m = 9 (for transmitters every 9 receiv-
ers and covering +/- 50.0 degrees of illumination). With this antenna array element configuration, we bal-
ance the complete and even sampling of specular reflection points on the target object (approximate human 
torso) with a uniform and maximal coverage of the target surface.

Figure 5: a) Ray paths for elliptical torus reflector—top view of horizontal central plane—showing rays originating at 
the central (0 degrees) feed point on the focal arc with radius roughly 1/2 the reflector radius, reflecting from the cir-
cular reflector contour, and then intersecting the target circular arc with radius about 1/6 of the reflector radius at the 
same points as the collimated rays from the central transmitter; and b) detail of specular points on target. Snell’s Law of 
Reflection is maintained for these two sets of rays. The essential observation is that the intersection points are evenly 
spread across the target, ensuring no target points go un-interrogated.
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The array specified as illustrated in Figure 4 can be used with the torus reflector to generate 2D slices. When 
the reflector and feed array are vertically translated, the 2D images can be stacked to create a 3D image.  
Furthermore, each image slice can be improved with small horizontal motion “dithering” by shifting slightly 
(2.7 degrees) to the right and left. Slightly translating to three horizontal positions is mechanically simpler 
and considerably faster to implement than the large motions currently employed, and the positons are more 
precisely controlled.
The modeled reconstruction of an ideal torso contour (in green) for a single position of the antenna array of 
Figure 4 is shown in Figure 7a (on the next page). These optimal reconstruction results have been obtained 

Figure 6: Ray paths for elliptical torus reflector showing rays originating at feed arc at the focal radius that is roughly 
1/2 the reflector radius, reflecting from the circular reflector contour, and then intersecting the target circular arc with 
radius about 1/6 of the reflector radius at the same points as the collimated rays from a transmitter at 50.0 degrees; and 
b) detail of specular points on target. Snell’s Law of reflection is maintained for these two sets of rays. Once again, for 
this offset transmitter, the intersection points are evenly spread across the target. 
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after many man-hours of work, using a variety of mathematical tools. The imaging is good, with no apprecia-
ble gaps along the reconstructed contour and almost all imaging artifacts below -10 dB. This is an important 
achievement— accurate imaging using only 7 transmitters and 48 receivers, compared to 11 transmitters 
and 151 receivers in previously reported antenna configurations. Combining the data from three positions 
per vertical slice yields the higher quality image with more uniform contour reconstruction shown in Figure 
7b.

To test the reconstruction of non-ideal contours, a protruding bump on the nominal torso contour was inves-
tigated. Figure 8 shows the imaging for single, centered observation and three-position dithering. The 7 cm 
wide, 3 cm tall circular protrusion is well-imaged in both centered and offset positions.

Figure 7: a) Reconstructed image using centered array (single position per vertical point); and b) three-position dither 
(+/- 2.7 degrees shift from centered).

Figure 8: Modeled reconstruction image of torso contour with protruding arc object centered (top) and to the right 
(bottom), for single (left) and three-position dithered imaging (right).
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The circuit boards that were designed in the previous year of Project R3-A.3 have been thoroughly tested and 
used this past year. Each transmitter feeding the reflector must be precisely aligned to the optimum focal po-
sition. This involves careful adjustment in six degrees of freedom, three axes of positional variation, and three 
angular orientations. Since the wavelength is only 5 mm, the adjustment had to be precise to within 0.3 mm, 
which is quite a challenge in an unconstrained 3D space. The results of the alignment for the vertical plane 
facing the reflector is shown as field intensity in dB in Figure 9. Note the narrow vertical illumination pattern, 
with very little variation in cross range. 

An example of the resolving capability of the toroidal antenna is shown in Figure 10 (on the next page). A 5 
mm diameter (one wavelength) vertical threaded rod (Fig. 10a) is scanned using only 1/3 of the receiving 
arc (Fig. 10b). The measured data is inverted to give the reconstruction in Figure 10c. Examining a magnified 
detail of the image (Fig. 10d), it is apparent that the cross range resolution is perfect at 5 mm, while the range 
resolution is about 20 mm, close to the limit established by the 7 GHz bandwidth (BW) c/2 BW.  
The particular imaging response of a weak penetrable dielectric is shown in Figure 11 (on the next page). In 
this case, a vertical metal surface has a 2.5 X 2.5 cm block of paraffin/titanium dioxide (TiO2) mounted on it 
(Fig. 11a). A single transmitter at 47.3 degrees illuminates the target, and a receiver array from 45 degrees 
to -56 degrees is used to measure the scattered field (Fig. 11b). The metal surface is reconstructed well, and 
the front surface of the dielectric appears clearly, though at 10 dB lower intensity. Also visible is the delayed 
and depressed response from the metal at the back surface of the dielectric block, which is due to slower 
wave propagation velocity both ways through the dielectric. It is important to observe that there are diagonal 
reconstruction artifacts associated with the offset transmitter position, but that the reconstruction is faithful 
to the actual position of the target object. In addition, this image indicates that the reflector has circularly 
symmetric performance, with excellent imaging even when illuminating by a 47.3 degrees offset transmitter.

Figure 9: Field intensity for the illumination pattern in the secondary focal plane, facing reflector.
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Figure 10: Reconstruction from experimental measurement with centered transmitter of a 5 mm diameter vertical 
threaded rod: a) physical layout; b) receiver arc used; c) enlargement of target image relative to secondary focal arc; 
and d) reconstruction details.

Figure 11: Reconstruction from experimental measurement of a 2.5 X 2.5 cm block of weak dielectric (wax, TNT sim-
ulant): a) physical layout; b) single transmitter (red dot) on primary focal arc at 47.3 degrees receiver arc used; and 
c) reconstruction details showing protrusion of front face of dielectric block and retarded secondary response from 
metal on its back surface.
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Figure 12 considers the reconstruction of a circular torso contour using a full receiver array and a single off-
set transmitter at 47.3 degrees. The image generated fits the severe curvature of the circular target arc, from 
about 60 degrees (the left edge of the reflector) to -10 degrees (a little past the specular angle of the circular 
arc normal which reflects to the -60 degrees edge of the receiving arc). The agreement between modeled and 
measured images is striking.
Figure 13 (on the next page) adds the images from the transmitter at 47.3 degrees and a symmetrically po-
sitioned second transmitter at -47.3 degrees, along with the full sweeping receiver arc lying on the primary 
focal arc. With just two transmitters, almost all of the circular contour is imaged to within the physical limits 
of accuracy. The remaining gaps and imaging artifacts will be further reduced when the other 5 transmitters 
are included in the final excitation configuration.
 It is clear that the reflector concept has been validated for multiple transmitters and a discrete array of re-
ceivers, and that it provides high resolution images of metallic and non-metallic target objects. 
Unfortunately, progress was significantly delayed by the discontinuation of availability of commercial off-
the-shelf (COTS) electronics hardware. The Hittite subsidiary of Analog Devices, Inc. no longer offers the 
60 GHz transmitter and receiver chips. Instead, they have replaced them with new chips that do not include 
integrated antennas, but are slightly reconfigured to avoid random phase variations.  It should be mentioned 
that ALERT industry partner, Analog Devices, Inc., donated 100 of the new 60 GHz transmitter and receiver 
chips to Project R3-A.3.

While we welcome the improvement in phase stability (which demanded considerable effort last year), we 
now have been occupied with designing our own antenna, and changing the layouts of both the transmitter 
and the receiver circuit boards to accommodate the new hardware. 

Figure 12: Reconstruction images for a circular metal target arc scanned with single offset transmitter at 47.3 degrees: 
a) physical layout; b) receiver arc used; c) modeled reconstruction details relative to green contour ground truth; and 
d) experimentally measured reconstruction.
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A comparison of the 60 GHz electronics hardware is shown in Table 1.

Feature Old Transmitter Old Receiver New Transmitter New Receiver
Part number HMC6000LP711E HMC6001LP711E HMC6300 HMC6301

Size 7 x 11 mm 7 x 11 mm 4 x 6 mm 4 x 6 mm

Antenna Integrated Integrated Off-chip Off-chip

Freq. range 57-64 GHz 57-64 GHz 56.5 – 64 GHz 56.5 – 64 GHz

Interface Serial-programming 
custom

Serial-programming 
custom

Serial-programming 
custom

Serial-programming 
custom

Cost $30-150 (qty dep) $30-150 (qty dep) $20-110 (qty dep) $20-110 (qty dep)

The advantage of the new components (HMC6300 and HMC6301) are multi-fold:

• Smaller size/footprint (69% reduction in 2D footprint);
• External antenna allowing custom antennas to be designed by the end users to suit specific needs;
• Reduced cost in prototype (approximately 27% decrease from previous component) and in production 

(33% decrease from previous component); and
• Increased reliability as per manufacturer information and datasheets.
The new version designed of our radar modules, which is still covered under our pending patent, incorpo-
rates a main-board and daughter-board concept.
The transmitter board set is being designed first. The main transmitter board contains basic support compo-
nents and circuitry to power up and transmit information to the daughter board and can be made in simple 
low-cost circuit board materials. The transmitter daughter board only contains the 60 GHz components and 
the antenna required for 60 GHz communications.
With respect to the proposed layout shown in Figure 3, the strategy is similar to splitting up the board ac-
cording to its functions as shown in Figure 14 (on the next page). The strategy has been validated via the 
use of a manufacturer prototype mother board/daughter board concept as shown in Figure 15 (on the next 
page). In practice, our custom designed special purpose mother board will be significantly smaller than the 
evaluation board shown here.
This implementation reduces the prototyping cost by up to 80% while maintaining the reliability and reduc-
ing the risk. Risk reduction is achieved through the dissociation of the high and low frequency areas which 

Figure 13: Reconstruction image for a) a circular metal target arc scanned with two offset transmitters at 47.3 and -47.3 
degrees (red dots), and receiver arc used; and b) reconstruction from experimentally measured data.

Table 1: High-level specifications of the transmit/receive components.

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-A.3

331



can now be tested and validated independently.  Reliability of the entire system is increased since any defec-
tive components can now be replaced independently of each other – malfunctioning of the high frequency 
or low frequency board components results in a replacement of only that part rather than the entire circuit 
board. 

The separated antenna we designed is a balanced microstrip patch. A patch antenna was the best candi-
date due to compatibility with the circuit board fabrication guidelines, as well as ease of fabrication of the 
structure. The required frequency band to match the manufacturer chipset is from 56.5-64GHz which is  
approximately 11% bandwidth. With typical patch designs having 2-5% bandwidth and a gain of approxi-
mately 8 dB, it was important to increase the bandwidth. This can be achieved via:

Figure 14: High frequency (daughter) and low frequency (mother) transmitter board sections.

Figure 15: Mother board/daughter board concept showing low frequency board (left) and high frequency daughter 
board (right) connected by a low frequency cable. Separating the much smaller high frequency component daughter 
board provide packaging advantages, such as reduced antenna beam blockage.
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1. Low permittivity substrate(s)—compatible with the daughter board concept since lower permittiv-
ity substrates are typically more expensive;

2. Increased height of the substrate; 
3. Non-contact feeding methods (difficult to fabricate);
4. Multi-resonator stack configuration (creates large thickness prototype); and
5. Frequency selective surfaces like an Electronic Band Gap to improve patch performances (gain, radi-

ation pattern, and bandwidth will be improved).
With these factors under consideration, a single layer differential patch design which is compatible with 
the HMC6300 chipset was proposed. The advantages of the differential patch are reduced noise, reduced 
feed line radiation (which is important to isolate the antenna), and thinner feed lines compatible with the 
HMC6300 output.
The antenna configuration is shown in Figure 16. The antenna is 120 X 62 mils (3.0 X 1.6 mm), while the feed 
line to the center of the antenna is 80 mils (2.0 mm).

With this design and optimized parameters for the specifications listed in Figure 16, the modeled antenna 
performance results are shown in Figures 17 and 18 (on the next page). Figure 17 presents the impedance 
match. The goal of less than -10 dB of return signal is satisfied for 56.5-67.5 GHz.

Figure 16: Patch antenna configuration compatible with new HMC6300 chipset.
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Figure 18 shows the E-plane and H-plane modeled radiation patterns for the patch antenna for seven fre-
quencies between 57 and 64 GHz. It is observed that the beam is fairly symmetric and wide, with the 3 dB 
H-plane (horizontal) beamwidth of 60 degrees. The vertical E-plane beamwidth is a bit tighter, being 40 de-
grees. This is favorable, since this E-plane illuminates the height of the reflector, which extends +/- 20 deg. as 
viewed from the feed. Note that there is minimal variation of the patterns with frequency, which means that 
the antenna will not affect the transmission or reception of signals differently for different signal within the 
wide frequency band.

Figure 18: Modeled radiation pattern results for differential patch antenna for various operating frequencies: E-plane 
(left), and H-plane (right).

Figure 17: Antenna impedance match for custom designed balanced microstrip patch antenna. 
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C.2.	 On-the-Move	Mm-Wave	Scanner	Concept

To meet the requirements of the next generation of millimeter-wave Advanced Imaging Technology (AIT) 
person-scanning systems, the sensors must be configured to minimally impede the flow of subjects passing 
through the detectors. In the next phase of AIT research, we propose a hallway detection system, with two 
walls of sensors, one on each side of the path a subject would walk on, which cooperate with each other. The 
mm-wave signals are transmitted on one wall and received on both, and then transmitted on the other and 
received on both. This patent-pending configuration provides for imaging of not only the subject’s left and 
right sides, but also his front, as he approaches, and back, as he recedes. 
The Smiths Detection eqo system is uniquely suited for this application and it can be straightforwardly adapt-
ed to this new configuration. Unlike wideband radar sensing systems which require large, densely-filled, 
phased arrays of radar elements, the eqo reflect array provides a large aperture which can electronically and 
instantaneously raster scan across the subject. As the eqo reflect array is a large, cost-effective antenna aper-
ture, it can provide high resolution body images quickly enough for subjects moving past at typical walking 
speeds. The eqo is currently intended to be employed for subjects who move by and rotate to present all sides 
to the single sided sensor panel.
The novel configuration for the eqo-based hallway detector is to have a pair of facing cooperating panels with 
each focusing to the same point in space between them. This bistatic arrangement requires revised software 
and cabling, but since the current two-reflect array eqo system is already configured for bistatic sensing for 
image points at midpoint heights (i.e. at heights midway between the two arrays), there is no need for major 
hardware or timing changes. The positioning of the two hallway eqo sensors and the protocol for observing 
approaching, passing through, and receding subjects will have to be developed. The algorithms for direct 
(subject–free) signal removal, bistatic reconstruction, motion compensation, and stitching together body re-
construction from different body poses will have to be investigated as well.

D. Milestones

• In Year 4, we: 1) Built a highly accurate positioning structure that allows fine antenna element position-
ing for all elements in the array: 2) Redesigned and specified compact mm-wave printed circuit boards 
that fit the required tight packaging requirements; 3) Established a calibration protocol to minimize 
phase noise; 4) Custom redesigned new circuit board configurations to accommodate new transmitter 
and receiver chip sets (as the integrated radar/antenna modules are no longer being manufactured); and 
5) Designed and tested a separate microstrip patch antenna.

• We have succeeded in experimentally validating the fixed multistatic imaging concept. This is a prelimi-
nary result, with full validation being the major deliverable for Year 5, along with 3D imaging of surrogate 
human body torso and target surrogates. 

• The parallel plate guide has been fabricated and fitted with the same mm-wave radar modules (grouped 
into four receivers per printed circuit board), and the signal generation and acquisition hardware and 
software have been installed. Initial tests indicate the radar waves flow predominantly between the 
plates, from transmitter to receiver, and that the channel propagation characteristics are as modeled. 
While we have explored several means of calibrating to remove random phase offsets, it is clear now that 
with newly available RF electronics hardware this calibration has become unnecessary. This elimination 
of impediment should accelerate progress and lead to the eventual fully functional 2D hallway imaging 
system by the end of Year 5.

• Working in the retooling delay, we anticipate that the current low-cost RF hardware will be successfully 
tested and optimized by December 30, 2017, and that the full sparse array will be fabricated and fully 
tested by repositioning by February 28, 2017. The sparse array support structure will be built and fitted 
with RF boards by December 30, 2017. Measurements and reconstruction (with the help of Project R3-
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A.2) will be completed by June 2018.  Full, automatic 3D imaging, with material characterization, will be 
pursued during the summer and fall of 2018.

E. Future Plans

• Measurements and reconstruction will be completed by the end of Year 5 (June 30, 2018). This will rep-
resent 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.

• Full, automatic 3D imaging, with material characterization, will be pursued during the summer and fall 
of 2018. Operational control software and self-contained reconstruction code will have to be developed 
to minimize 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. This would be the goal, should Year 6 funding become available.

• 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. 
A reasonable time estimate for this effort is five years.

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 Pathway to Transition

• The new technology appears to be of interest to the Transportation Security Administration (TSA), which 
has offered to test a prototype at the Transportation Security Laboratory (TSL), perhaps after Year 5.  
Should tests prove successful and the scanner is shown to be superior, we will offer to partner with ex-
isting 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 have established a collaborative relationship with Rapiscan Systems using funding from the John Ad-
ams Innovation Institute to work with the radar system developed in Project R3-A.3 to test the feasibility 
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of the On-the-Move sensing system. 
• We are working toward developing a joint project with Smiths Detection, Inc. on adapting their eqo sys-

tem into an On-the-Move sensing system. Using a cooperating two-sided raster scanning nearfield radar 
imaging configuration has the great advantage of keeping the number of RF transmitter and receiver 
hardware to a minimum while eliminating the need for the scanned subject to rotate in front of the de-
tecting array. This in turn will keep hardware costs low and allow people to pass through the detector 
without breaking stride.

C. Data and/or IP Acquisition Strategy

The multistatic Blade Beam reflector concept and the radar realization of the 60 GHz radio chips are protect-
ed by a pending patent.

D. Customer	Connections

• Claudius Volz, Christoph Weiskopf, Christopher Gregory, and Kris Roe at Smiths Detection, Inc. (Edge-
wood, MD USA and Wiesbaden Germany); biweekly telephone meetings.

• Shiva Kumar, Ed Morton, and Dan Strellis at Rapiscan Laboratories Inc. (Burlington, MA); quarterly dis-
cussions.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education	and	Workforce	Development	Activities

1. Student Internship, Job, and/or Research Opportunities
a. Two high school students, participating in the Young Scholars Program, worked on calibration 

strategies, attempting to establish a self-calibration procedure without compromising image 
quality.

b. Four Research Experience for Undergraduates (REU) students and three supported undergrad-
uate interns from Northeastern University performed research in building, calibrating, and test-
ing antenna systems, running imaging experiments, data collection and manipulation, and RF 
electronics debugging and installation.

B. Peer Reviewed Journal Articles 

1. Gonzalez-Valdes, B., Alvarez, Y., Mantzavinos, S., Rappaport, C.M., Las-Heras, F., & Martinez-Lorenzo, 
J.A. “Improving Security Screening: A Comparison of Multistatic Radar Configurations for Human 
Body Imaging.” IEEE Antennas and Propagation Magazine, Vol. 58, No. 4, August 2016, pp. 35-47.  
DOI:10.1109/MAP.2016.2569447

C. Peer Reviewed Conference Proceedings

1. Rappaport, C. “Improved Millimeter-Wave Radar Concealed-Threat Person Scanning.” Concealed Ex-
plosives	Detection	Workshop, Cambridge, UK, September 2016.

D. Other Presentations 

1. Seminars
a. Rappaport, C. “Improved Millimeter-Wave Radar Concealed-Threat Person Scanning.” Advanced 
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Development	for	Security	Applications	Workshop, November 16, 2016.
2. Short Courses

a. Rappaport, C. “Phased Arrays for Nearfield Imaging Applications in Complex Media.” Short 
Course for IEEE Phased Array Conference, Waltham, MA, October 21, 2016.

3. Briefings
a. Rappaport, C. “R3: Bulk Sensors and Sensor Systems.” Analog Devices Inc. Talk, September 13, 

2016, Presenter.

E. Technology Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. Carey M. Rappaport, Anne Morgenthaler, Jose Angel Martinez-Lorenzo. “Characterization of di-

electric slabs attached to the body using focused millimeter waves.” Provisional Application No. 
62/316,002, March 17, 2017. 
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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

Hipolito Gomez Sousa Post-Doc NEU h.gomezsousa@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

Luis Tirado PhD NEU 3/2018

Ali Molaei PhD NEU 5/2018

Richard Obermeier PhD NEU 12/2018

Chang Liu PhD NEU 12/2018

Anthony Bisulco BS NEU 5/2019

Luigi Annese BS NEU 5/2019

Alex Zhu High School Wayland High School 5/2019

Diego Cachay High School Boston Latin School 5/2019

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, 4, 5], neutron analysis [6, 7], or nuclear quadrupole resonance (NQR) [8, 9]. At pres-
ent, radar is the only modality that can both penetrate and sense beneath clothing at a distance of 2 to 50 
meters without causing physical harm. 
The objective of this project is the hardware development and evaluation of an inexpensive, high-resolution 
radar that can distinguish security threats hidden on individuals at mid-ranges (2-10 meters) using an “On-
the-Move” configuration, and at standoff-ranges (10-40 meters) using a “van-based” configuration (see Fig. 
1 on the next page). 
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B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The reviewers identified several strengths for this project. Among them are the following: 1) hardware de-
sign; 2) firmware design and validation; 3) software development; and 4) calibration. The validation of the 
computational models with real measurements strengthens the outcomes of this project.
The reviewers identified several weaknesses including: 1) It is not clear when the transition to 3D will be; 
and 2) The use of a metallic human body model target gives unwarranted advantages to the system.
In Year 4, we addressed the first weakness by finishing the assembly of the second generation (Gen-2) sys-
tem, which will enable us to collect data in 3D. Moreover, we worked on the calibration algorithm in 3D, and 
the preliminary data was collected for processing. In Year 5, we will also address the second weakness by 
collecting experimental data with a coated metallic sheet or even with humans if the institutional review 
board (IRB) is in place in time.

C. State of the Art and Technical Approach

As recently pointed out by the International Air Transport Association (IATA), being able to detect securi-
ty 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 

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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(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 create planar [13,14], or cylindrical [15–17] acquisition domains. Most of them are based on 
monostatic radar and Fourier inversion [11–15]. Monostatic imaging system limitations are mainly related 
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 
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 3D mechanical 
scanning imaging system (Generation 1, Gen-1 [24]) to a 3D fully electronic scanning imaging system (Gen-
eration 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.

During the last year, the following activities were developed and completed for this project: 1) hardware 
design and integration of a multistatic imaging system (Tasks 2.1, 2.4, 3.1, 3.4); 2) development of control 
firmware and software for the multistatic imaging system (Task 2.5 and 3.5); 3) calibration algorithm for 
coherent image formation in multistatic imaging system (Task 2.3 and 3.3); 4) experimental imaging results 
using the multistatic mm-wave radar system (Task 2.6); and 5) study of a new “On-the-Move” system config-
uration (Task 2.1 and 3.1). 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 hardware  

Table 1: Roadmap towards a fully electronic radar imaging system; from Gen-1 [24] to Gen-3 [25, 26].
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system have been developed. Additionally, many of the technologies and techniques developed for this proj-
ect are commonly used in near-field applications by other ALERT projects, including Projects R3-A.2 and 
R3-A.3.

D. Major Contributions

A summary of the Year 4 major contributions can be found in Table 2.

E. Milestones

E.1. Hardware design and integration of a multiple-bistatic imaging system (Tasks 2.1 and 2.4)

E.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 Inc., 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 hard-
ware systems make use of the following elements: 1) Five HXI #8302 Transmitter (Tx) Modules (Gen-2); 
2) five HXI #8301 Receiver (Rx) Modules; 3) one HXI #8303 Local Oscillator Module (LOM); and 4) ten HXI 
#HSWM41203 single-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. This 

Table 2: Summary of this year’s major contributions.
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year, we have designed a new architecture, which is based on the addition of two UMCC SW-S010-6S SP6T 
coaxial switches and two HXI #HLNA220-588 Low Noise Amplifiers (LNA). This addition enables transmit-
ters to be sequenced individually, and up to two additional receivers and an additional transmitter can be 
added to the system. Nevertheless, the architecture is fully expandable; and by using an additional 8 SP6T 
coaxial switches, and 8 LNA and 48 SP4T switches, the system could potentially operate with up to 96 (24*4) 
transmitting ports and 96 (24*4) receiving ports, thus leading to 9,216 coherent ports in the Gen-3 system.  
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 re-
ceiving module; and 4) SP6T coaxial switches were added to the local oscillator module (LOM) intermediate 
frequency and multiplier outputs. The addition of the SP6T coaxial switches enables the use of all four ports 
per transmitter, avoiding the need for waveguide terminations used to sequence the transmitter operation. 
This configuration leads to a 400 coherent channel system, which results from multiplying the 20 transmit-
ting 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 radar imaging system, 
where only two receiving modules and one transmitting module are shown for the sake of simplicity. 

The designed Gen-2 system supports two modes of operation: 1) Mode-E - fully electronic static imaging of 
targets located in small reconstruction regions of about 0.2m x 0.2m x 0.2 m; and 2) Mode-EM - hybrid, elec-
tronic 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 will leverage the Gen-2 architecture to be able to perform 
2D imaging of large reconstruction domains. This can be done by exploiting one or several of the following 

Figure 2: Basic architecture of the Gen-2 radar imaging system.
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strategies: 1) using a Coded Compressive Reflector Antenna [25, 26], in order to enhance the dispersion of 
the singular values of the sensing matrix; 2) using a higher number of low-cost transmitters and receivers, 
in order to increase the number of non-zero singular values of the sensing matrix; and 3) using image com-
pression techniques, like wavelets, curvelets, or cosine-based basis, in order to “sparsify” the representation 
of the object under test.   
Figure 3a (on the next page) illustrates our Gen-2 mm-wave radar system.  This imaging system is composed 
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 receiv-
ers and their associated switches are arranged to create a horizontal linear array at a fixed position. This 
configuration enables the fully electronic scanning mode (Mode-E). A transmitter and a receiver, and their as-
sociated 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 actuators, allowing 
the transmitter and receiver to move up to 63 cm vertically and 84 cm horizontally. Moving the center trans-
mitter and receiver pair during experiments can synthetically simulate many radar modules in a 2D plane. 
Figure 3 shows that our Gen-2 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 im-
aging. It is also important to note that Mode-EM has been customized this year in order to enable the mea-
surements of the fields in a 2D aperture located in front of the radar. This is 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. 

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-B.1

344



E.2.	 Development	of	the	control	firmware	and	software	for	the	multi-bistatic	imaging	system	(Tasks 2.5   
 and 3.5) 

E.2.a.	 Finishing	the	LabVIEW-,	C-,	and	FPGA-based	firmware	and	software	to	operate	the	commutation		 	
 amongst different transmitted and switched receivers of the Gen-2 system 

The control system associated with multi-channel multistatic systems is extremely complex, and it requires 
careful design, implementation, and validation. This year, we have expanded the capabilities of the Gen-2 
imaging system by integrating coaxial SP6T switches and amplifiers, which enables switching of up to six 
transmitters and the use of up to seven receivers. The control firmware and software of the Gen-2 imaging 
system has been updated to allow data collection utilizing the SP6T switches to sequence the multiple trans-
mitters shown in Figure 3a. The Gen-2 imaging system is an FPGA-based switching system based on an Altera 
Cyclone V DE1-SoC board (see Fig. 4a on the next page). It is capable of driving multiple SP4T switches in 
parallel; currently five of the switches work in transmission mode and the remaining five switches work in 
reception mode. In addition, the FPGA controls the two UMCC SW-S010-6S coaxial switches which sequence 
the transmitters’ operation order. An image of the FPGA board that is being used in the Gen-2 imaging system 
is shown in Figure 4a. 

Figure 3: (a): Gen-2 mm-wave radar system. 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.
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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 Tran-
sistor Logic (LVTTL) (3.3V) signals, eight HSWM1203-286 SP4T switches are controlled via three LVTTL 
signals, and two SW-S010-6S absorptive coaxial PIN-switches are controlled via six LVTTL signals. When the 
ten SP4T waveguide switches and two SP6T coaxial switches are connected to the FPGA, 48 out of the 72 
available FPGA outputs are used to control the microwave switching system.
This year, the development was finalized for the modular FPGA VHDL code that controls the 10 SP4T wave-
guide switches and the 2 SP6T coaxial switches. The code has been changed to send the switching signals 
necessary to activate the active SP6T switch port that is connected to a particular transmitter according to 
the desired switching order. In addition, the FPGA switching logic has been changed to occur on the falling 
edge of the LOM clock cycle to avoid switch transition delays. 
This updated FPGA code has been tested on-board with a logic analyzer for all configurations, and was suc-
cessfully used to control the SP4T waveguide switches to acquire measured data using HXI’s Model 8300 
Radar Front End (RFE). The coaxial SP6T switches have been tested using a Keysight U2022XA USB Wide-
band Power Sensor, in order to select the fixed attenuators necessary to drive the transmitter modules at the 
correct power levels. A block diagram of the amplifiers and SP6T switches integrated in the RFE is shown in 
Figure 5 (on the next page).

Figure 4: (a) Altera Cyclone V DE1-SoC FGPA-development board connected to clock input, SP4T, and SP6T switch con-
trol output cables; (b) VHDL logic analyzer output of FPGA-based SP4T/SP6T switching system with 5 Tx modules and 
5 Rx modules.
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The FPGA code that controls the SP4T and SP6T 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 modules; it acts as a finite state machine. Indeed, the master module controls the timing of events, thus 
indicating 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 five transmitting modules and 
five receiving modules.
Figure 4b (on the previous page) shows a logic analyzer output of the switching system, in which each trans-
mitting switch has an enabled line to determine if it is actively illuminating the target at a precise point in 
time. It also shows the addition of the control signals that drive the SP6T switches connected to the LOM’s 
9GHz intermediate frequency signal outputs and 13-14GHz multiplier signal outputs.
The switching cycle is described for one transmitting module and five receiving modules in Table 3 (on the 
next page). It clearly shows that each port on the active transmitting module is sequenced individually to 
transmit the Frequency-Modulated Continuous-Wave (FMCW) chirp signal, while all of the ports on the re-
ceiver modules are also sequenced individually to receive the scattered field. 

Figure 5: Block diagram showing the expansion of the Gen-2 mm-wave radar system. Two UMCC SW-S010-6S coaxial 
absorptive PIN-switches and two HXI HLNA220-588 Low Noise Amplifiers are used to sequence up to six transmitters 
and drive up to seven receivers. Diagram is shown with the current configuration of five transmitters and five receivers.
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In a situation when more than one Tx module is connected, it is desired that only one transmitter is actively 
radiating. Previously, WR-12 terminations were installed on Port 4 of each SP4T transmitting switch, and the 
FPGA code commanded the inactive transmitters to switch to the terminated Port 4 when the active trans-
mitter is radiating. This year, the integration of the two SP6T coaxial switches enables all four ports of each 
SP4T switch to be used, eliminating the need for terminations, as the FPGA controls the coaxial switches to 
sequence the Tx modules in the desired order.
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 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. As mentioned previously, for multiple 
transmitting modules, only one transmitting port connected to the multiple transmitters is active at a time 
via FPGA control of the coaxial SP6T switches. To detect the start of the FPGA switching cycle, a single LVTTL 
state-line is used. This state line is high when the first transmitter in the sequence becomes active, and it is 
acquired along with the measurement data in order to detect the clock cycles in which the respective trans-
mitters are active.
The LabVIEW VI’s front-end Graphical User Interface (GUI) has been changed to add a field to designate the 
position of the SP4T aperture ports for each Tx and Rx switch, as slight tilting due to mounting positions can 
change the effective distance between the target, or the calibration gantry, and the top and bottom ports of a 
SP4T switch. The updated VI is shown in Figure 6 (on the next page). 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 experiment name, data acquisition parameters, and in the case of the moving Rx and Tx 

Table 3: 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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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 im-
aging via SAR or Compressive 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. 

E.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 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. 

E.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 

Figure 6: LabVIEW VI front panel to control and define parameters in the FPGA-based switching system.
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targets are taken with the updated LabVIEW code, utilizing four static transmitters (12 transmitting ports) 
and four static receivers (12 receiving ports). 

E.3. Calibration algorithm for coherent image formation in multiple-bistatic imaging system (Task 1.3 and   
 Task 2.3)

In order to coherently combine the information from multiple transmitters and receivers, several radar cali-
bration algorithms must be implemented. The aim of the calibration procedure is to correct for the different 
sources of variability existing in the radar system, which may ultimately lead to poor imaging. The most im-
portant sources of variability in the multistatic radar system are: 1) the lack of accuracy of the position of the 
transmitting and receiving ports, as well as the calibration target; 2) The unknown transfer function of the 
transmitting, receiving, and switching modules; 3) The thermal-drift effect on the amplitude and phase of the 
transfer function of each transmitting and receiving module; and 4) The variability introduced in the radar 
by switches operating in transmitting and receiving modes.  
Last year, we worked on two different calibration algorithms that address the first of the aforementioned 
variability sources. The first algorithm was a “sphere-based” calibration [27-30], and the second algorithm 
was based on a “pole-based” calibration. Those algorithms performed relatively well in 2D; however, their 
extension to 3D requires the characterization of the radar in terms of the three aforementioned topics: 1) the 
unknown transfer function of the transmitting, receiving, and switching modules; 2) the thermal-drift effect 
on the amplitude and phase of the transfer function of each transmitting and receiving module; and 3) the 
variability introduced in the radar by switches operating in transmitting and receiving modes. This year, we 
have worked on a 3D calibration algorithm, which measures the electric field in a 2D aperture in front of the 
radar system (see Fig. 7) in order to create the sensing matrix in the target region. Next section describes this 
algorithm.

E.3.a. 3D calibration using the reciprocity principle

The 3D calibration algorithm is based on measuring the patterns of transmitting and receiving ports on a 2D 
plane. These patterns can be used to replace the actual sources—the currents on the transmitting and re-
ceiving ports—for a set of equivalent sources derived from the surface equivalence principle. These fictitious 
sources are said to be equivalent within a certain region because they produce the same fields as the actual 
sources within that region. In other words, the equivalence principle states that each point on a primary wave 
front can be considered as a new source for a secondary spherical wave and that a secondary wave front can 
be constructed as the envelope of these secondary spherical waves. The measured fields can be propagated 
into the imaging region in order to build the sensing matrix needed to perform the imaging. This procedure 
is mathematically described next.
For the hardware setup shown in Figure 3a, the fields of the transmitting and receiving ports of the radar 
are measured with the aid of one transmitting and one receiving port that are moved on 2D aperture. The 
aperture is parallel to the radar aperture, it is located about 30 wavelengths away from it, and it is sampled 
at half a wavelength discretization step in the two cross range directions. Then the measured fields are used 
to produce a set of equivalent currents that are given by the following equation:

where Eap is the electric field in the 2D measurement plane and  is the normal to such a plane. The equiva-
lent magnetic currents for each transmitting or receiving port are later used as secondary sources in order to 
compute the electric field in the imaging region Eim. This functional is given by the following equation:
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Where G(r, r’) is the Green’s function in free space:

Once the fields in the imaging region are known, the coefficients of the sensing matrix A used to perform the 
imaging can be computed as follows:

where   is the field produced by i-th transmitter in the imaging point  when operating with 
the l-th frequency fl, and  is the field produced by j-th receiver in the imaging point  when op-
erating with the l-th frequency fl.  The sensing matrix A assembled by using the aforementioned coefficients 
compensates for the uncertainty of the position of the transmitting and receiving ports, as well as for the 
uncertainty in the transfer function. As a result of this 3D calibration algorithm, a 3D fully-electronic imaging 
can be performed. 

E.3.b.	 Design	and	fabrication	of	a	new	2D	scanner	to	measure	the	fields	on	a	2D	aperture	for	the	Gen-2	system

This year, we also finished the design, mechanical fabrication, and experimental validation of the 2D scanner, 
capable of measuring the electric fields in a 2D aperture in front of the radar system (see Fig. 7 on the next 
page). 
The hardware for the 2D scanner consists of an 80/20 structure (i.e. a T-slotted aluminum framing system) 
with two linear actuators attached to it, one horizontally and the other vertically. As a result, both the trans-
mitter and receiver mounted on the 2D scanner for accurate calibration can be precisely moved in two di-
mensions. Figure 7 shows the original design of the 2D scanner in 3D. The components of the structure are 
clearly detailed and labeled in the model, including the linear actuators, the counterweight system, the alu-
minum plate, and the range of motion in each dimension. Directly attached to the horizontal actuator is an 
aluminum plate that can hold a transmitting module, a receiving module, or both. Attached to the back side 
of the frame are some railings and an enclosure for the counterweight of the system. The actuators allow a 
movement of 36” in both dimensions, yet the overall dimensions of the structure are 55” by 79”; this is in 
order to allow flexibility in the desired movement of the receiver and transmitter, especially in the vertical di-
rection. A friction-based encoder is also used in order to accurately know the exact position of the transmitter 
and receiver in the scanner. In the bottom-right corner of Figure 7a, the measured fields in the 2D aperture 
produced by a transmitting port are shown. As expected, the fields look like that of an open waveguide. This 
image clearly demonstrates that the scanner is capable of measuring the fields with enough spatial resolu-
tion, thus enabling the 3D calibration. 
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Figure 8 (on the next page) shows a zoomed version of the experimental configuration. Specifically, the pic-
ture shows that in order to match the 45 degree right-hand polarization of the static receiving ports, the 
moving transmitting and receiving ports have been equipped with a 45 degree left-hand twist waveguides 
and tapered waveguides. Note that the 45 degrees tilt in the receiving array is important in order to make the 
equivalent “convolved” aperture of the radar system to properly sample the “k-space.” Figure 7 also shows 
the corresponding aperture locations.

Figure 7: Original 3D model of the 2D characterization scanner, including: (a) overall dimensions, (b) elements of the 
scanner, and (c) scanner with moving Rx/Tx modules next to the Gen2 gantry holding the static Rx/Tx modules.
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E.4. Experimental imaging results using the multistatic millimeter wave radar system (Task-2.6)

This year, we have continued to test the imaging capabilities of the Gen-2 system in several experimental set-
ups.  Representations of all the experiments are the 3D fully-electronic images at the 1-2 m range using the 
modular Gen-2 mm-wave radar system.

E.4.a. Fully-electronic 3D imaging at the 1-2 m range using the modular Gen-2 mm-wave radar system

The experimental setup was aimed at detecting security threats concealed on the surface of a strong scatter-
er. As shown in Figure 9 (on the next page), a dielectric wax rod was used as a TNT simulant; and a metallic 
plate was used as a human chest simulant. The aforementioned sensing matrix, derived from the 3D calibra-
tion process described above, was inverted using the Alternating Direction Method of Multipliers (ADMM) 
algorithm developed in Project R3-B.2. 
The top image in Figure 9a shows the experimental configuration used to image a metallic plate in the target 
region, while the bottom image in Figure 9a shows the reconstructed image in the range (y-direction)/cross-
range (x-direction) plane. The top image in Figure 9b shows the experimental configuration used to image 
the dielectric rod located in front of the metallic plate and the corresponding image is shown on the bottom. 
It is clear that the image having the TNT simulant shows the characteristic delay and protrusion effect, which 
can be used not only to detect, but also to characterize the dielectric constant of the simulant. 

Figure 8: Calibration gantry 15cm in range from static Tx apertures. The moving Rx and Tx apertures are shown, along 
with the static Rx and Tx aperture locations.
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E.4.b. Fusion of the mm-wave and stereo-camera Kinect images

This year, we continued to work on the integrated Kinect sensor with the mm-wave imaging system (see 
Fig. 10 on the next page). The reason for fusing the mm-wave and stereo-camera images is twofold: 1) In an 
experimental setting, the video camera can produce the ground truth of the experimental configuration; and 
2) In a realistic scenario, the image from the stereo-camera can be used to know the exact range in which the 
target is located, thus substantially reducing the computational time needed to perform the imaging. This 
year, we have accelerated the frame rate of the Kinect sensor, so that 25 frames per second are produced.  

Figure 9: The image of the metallic plate as the target (a), and the image of the metallic plate with TNT simulant (b).
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E.5.	 Study	of	a	new	“On-the-move”	system	hardware	and	configuration	(Task-2.1	and	Task	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 
[31-38]. 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, a preliminary mechanical design of a Gen-3 system using a Compressive Reflector 
Antenna (CRA) was studied this year. The details about these contributions are described in the following 
subsections. 

E.5.a. Fabrication of Metamaterial Absorber (MMA) 

Multi-resonant metamaterials are of special interest in high capacity imaging applications. Specifically, the 
frequency dispersive response of the metamaterials may be used to perform spectral coding that ultimately 

Figure 10: Video image and 3D Kinect-based stereo camera image capable of showing the person under test at 25 
frames per second.
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will improve the sensing capacity of the imaging system (see the report for Project R3-B.2 for a detailed ex-
planation on sensing capacity).
In the following section, the design, fabrication, and experimental validation of a double resonant stacked 
ELC metamaterial (ELC-MM) is described. This ELC-MM can be placed in front of the CRA in order to enable 
spectral coding in high capacity mm-wave imaging applications. By stacking two planar ELC-MMs with two 
different resonant responses, a double resonant transmit-array is built. The proposed design is fabricated 
through a photo-lithography process followed by wet etching. Performance of the array is evaluated in terms 
of its frequency dispersive transmission properties.
Figure 11 shows a schematic of the proposed double resonant ELC-MM. The unit cell contains two supportive 
substrates having two ELC resonators. These substrates are separated by a 120 μm air gap (see Fig.11b) in 
order to reduce the coupling between the two ELC resonators. The supporting substrates—made of polytet-
rafluoroethylene substrate (CLTE) provided by Rogers Corporation—have a relative dielectric permittivity of 
2.98, a dielectric loss tangent equal to 0.0023, and a thickness of 10 mil. The substrate is thin and flexible, en-
abling its use also in conformal applications; although the latter case falls beyond the scope of this work. The 
finite-element, full-wave commercial software HFSS is used to characterize the transmission properties of 
the stacked bilayer metamaterial. The unit cell is simulated by defining periodic boundary conditions along 
both tangential axes (x and y), and it is excited by a normal incident plane wave. The built-in optimization 
capabilities of HFSS have been used in order to optimize the transmission coefficient of the ELC-MM. The 
optimized parameters shown in Figure 11c and expressed in [μm] are the following: 1) a1 = 524, l1 = 270, w1 
= 48, g1 = 32, for the top ELC; 2) a2 = 500, l2 = 257, w2 = 45, g2 = 30, for the bottom ELC; and 3) p = 810, for 
both top and bottom ELCs. 

The fabricated ELC-MMs used a photolithography process followed by wet etching in order to pattern the 
copper ELC layer (see Fig. 12a on the next page). Note that the thickness of the copper layer is comparable 
to the minimum feature size of the pattern, which ultimately requires the use of precise developing time, as 
well as pre- and post-baking temperatures, in order to prevent over-etched undercuts. The performance of 
the fabricated multi-resonant metamaterial is evaluated using a free-space measurement setup (see Fig. 12b 
on the next page). A vector network analyzer (N5242A PNA-X) and mm-wave extenders (WR12-VNAX) are 

Figure 11: (a) Perspective view, (b) side view of the double resonant ELC-MM unit cell, and (c) design parameters for a 
single resonant ELC-MM.
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used to measure the S21 of the bilayer metamaterial in the 65-90GHz frequency range. Since the ELC-MM is 
in the near-field of the horn antennas, a pair of Teflon plano-convex lenses are placed in front of the horns 
for collimating the electromagnetic beam. Moreover, a time-gating technique has also been used in order to 
mitigate the impact of out-of-range clutter. Figure 13 (on the next page) shows the S21 response, magnitude 
and discriminated phase, for both fabricated and simulated bilayer metamaterial, when it is illuminated with 
a normal plane wave. Both simulated and measured S21 traces show the desired double resonance. Notwith-
standing, a slight frequency shift is also observed, which may be associated with over-etched undercuts de-
rived from a sub-optimal fabrication process. This could be corrected by compensating the frequency shift in 
the design prior to the fabrication. Note that this designed multi-resonant metamaterial can be used in front 
of the compressive reflector in order to enhance the sensing capacity of the Gen-3 system. 

Figure 12: (a) Fabricated ELC-MM transmit-array under 200x magnification, and (b) experimental setup for measuring 
the frequency response of the stacked transmit-array.
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E.5.b.	 Mechanical	design	of	a	system	using	a	Compressive	Reflector	Antenna	(CRA)		

This year, we have also studied different mechanical configurations that will enable the Gen-3 system to 
use a compressive reflector antenna (CRA). As shown in Figure 14a (on the next page), the new assembly is 
composed of four units, each one dedicated to a single transmitter or receiver. Each unit mainly contains an 
80/20 structure and 3D-printed parts. Each CRA is mounted on a specially designed holder, and the holder 
is attached to a vertical beam (see Fig. 14b). 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. 14c) 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 Multiple Input 
Multiple Output (MIMO) 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 13: (a) Magnitude and (b) discriminated phase response of S21 for the multi-resonant ELC-MM transmit-array.

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-B.1

358



F. Future Plans

• Hardware design and integration of a multiple-bistatic imaging system - For the next year, the follow-on 
tasks and expected outcomes are the following:

 ○ Tasks 2.1 and 2.4 (Year 5) – Finish the hardware design and integration of the Gen-2 system by ex-
tending the number of outputs in the Local Oscillator to be able to work with more transmitters and 
receiving modules. The expected outcome is a fully coherent mm-wave system working with 400 
channels.

• Calibration algorithm for coherent image formation in multiple-bistatic imaging system - For the next 
year, the follow-on tasks and expected outcomes are the following:

 ○ Tasks 2.3 and 3.3 (Year 5) – Extending the 2D images to 3D images using the 3D calibration algorithm. 
The expected outcome is a 3D calibration algorithm for coherent image formation of the transmitting 
and receiving arrays.

• Experimental imaging results using the multistatic mm-wave radar system - For the next few years, the 
follow-on tasks and expected outcomes are the following:

 ○ Task 2.6 and 3.6 (Year 5 and beyond) – Generating coherent 3D images for the Gen-2 and Gen-3 sys-
tem. The expected outcome is a 3D coherent mm-wave system.

• Study of a new “On-the-Move” system configuration - For the next year, the follow-on tasks and expected 
outcomes are the following:

 ○ Tasks 2.1 and 3.1 (Year 5) – Investigate the same “On-the-Move” hardware configuration and imaging 
methodology for the Gen-2 and Gen-3 systems. The expected outcome is, again, a 3D coherent mm-
wave system.

Figure 14: 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.
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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.
• The APEX program for Screening at Speed led by John Fortune.

C. Data and/or IP Acquisition Strategy

The hardware design, integration, and validation performed under this project will continue to generate IP. 
In the past, several provisional patents have been submitted to Northeastern University’s (NU) IP office, and 
our connection with different transition partners will facilitate its transition into industry. Moreover, the 
hardware will also be used to create benchmark datasets that may be used by industry stakeholders in order 
to assess the performance of their reconstruction/imaging algorithms. A new patent was awarded this year 
based on the work partially done in this project: U.S. Patent 9,575,045, “Signal Processing Methods and Sys-
tems 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 de-
signed, fabricated, integrated, and validated the radar system. We expect that after assembling the first Gen-3 
prototype, HXI will license our IP and transition the technology to the mm-wave imaging market.  Additional-
ly, 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
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Frequency of Contact & Level of Involvement in Project: 
• The PI has weekly meetings with HXI for the project.  
• The companies Smiths Detection Systems 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 has been invited to give a talk entitled “Single-pixel mm-Wave Imaging 

Using 8-bits Metamaterial-based Compressive Reflector Antenna” at the  special session “Emerg-
ing Techniques in Imaging at Microwave, Millimeter-wave and Terahertz Frequency Regimes,” of 
the Antennas and Propagation Symposium (San Diego, July 9-14, 2017). Prof. Martinez will be 
presenting results generated by Projects R3-B.1 and R3-B.2. 

2. Student Internship, Job, and/or Research Opportunities
a. Graduate students, Ali Molaei, Galia Ghazi, Luis Tirado, and Chang Liu, play an important role in 

our research project. They will continue to assist in development of new hardware design and 
integration for the mm-wave radar system. 

b. Undergraduate students, Anthony Bisulco and Luigi Annese, will continue to work on Projects 
R3-B.1 and R3-B.2. They will continue to be pillars of this project. 

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 is participating in the Young Scholars Program at Northeastern University, in which two 
high school students will spend 6 weeks in Prof. Martinez’s lab learning about sensing and im-
aging.

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. Heredia-Juesas, J., Molaei, A., Tirado, L., Blackwell, W., & Martinez-Lorenzo, J. A. “Norm-1 Regular-
ized Consensus-based ADMM for Imaging with a Compressive Antenna.” IEEE Antennas and Wireless 
Propagation Letters, PP(99), 21 June 2017. DOI: 10.1109/LAWP.2017.2718242 

2. Obermeier, R. & Martinez-Lorenzo, J.A. “Sensing Matrix Design via Mutual Coherence Minimization 
for Electromagnetic Compressive Imaging Applications.” IEEE Transactions on Computational Imag-
ing, 3(2), 17 February 2017. DOI: 10.1109/TCI.2017.2671398

3. Molaei, A., Heredia-Juesas, J., & Martinez Lorenzo, J.A. “Chapter 3: Compressive Reflector Antenna 
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5. Obermeier, R. & Martinez-Lorenzo, J.A. “Model-based Optimization of Compressive Antennas for 

High-Sensing-Capacity Applications.” IEEE Antennas and Wireless Propagation Letters, 16, November 
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“Improving Security Screening: A Comparison of Multistatic Radar Configurations for Human Body 
Imaging.” IEEE Antennas and Propagation Magazine, 58(4), pp. 35–47, August 2016. DOI: 10.1109/
MAP.2016.2569447.

Pending-
1. Tirado, L.E., Ghazi, G., Alvarez, Y., Las-Heras, F.,  & Martinez-Lorenzo, J.A. “A GPU Implementation of 

the Inverse Fast Multipole Method for Multi-Bistatic Imaging Applications.” Journal of Applied Com-
putational Electromagnetics Society. In review. 

C. Peer Reviewed Conference Proceedings

1. Molaei, A., Ghazi, G., Heredia-Juesas, J., Gomez-Sousa, H., & Martinez-Lorenzo, J.A. “High Capacity 
Imaging Using an Array of Compressive Reflector Antennas.” CD Proc., EuCAP 2017 — X European 
Conference on Antennas and Propagation, Paris, France, March 2017.

2. Martinez-Lorenzo, J.A., Alvarez Lopez, Y. “Compressed Sensing Techniques for Ultrasonic Imaging 
of Cargo Containers.” CD Proc., ASME 2016 — International Mechanical Engineering Congress and 
Exposition, Phoenix, AZ, November 2016.

3. Bisulco, A., Tirado, L., Patel, S., Annese, L., Ghazi, G., & Martinez-Lorenzo, J.A. “Massive MIMO Millime-
ter Wave Radar Imaging System.”  AP-S 2016— IEEE AP-S International Symposium, Fajardo, Puerto 
Rico, July 2016.

4. Obermeier, R., & Martinez-Lorenzo, J.A. “Physicality Constrained Compressive Sensing Algorithm for 
Electromagnetic Imaging Applications.” AP-S 2016—IEEE AP-S International Symposium, Fajardo, 
Puerto Rico, July 2016.

D. Other Presentations 

1. Seminars
a. Martinez-Lorenzo, J.A. “Mm-wave Imaging.” NU Meeting with Analogic, Northeastern University, 

Boston, MA, 14 September 2016. 
b. Martinez-Lorenzo, J.A. “Secure Communications, Sensing, Imaging & Through New Materials.” 

NU Meeting with ADT, Northeastern University, Boston, MA, 14 September 2016. 
c. Martinez-Lorenzo, J.A. “Research at the SICA-Lab.” NU-ALERT Gordon Scholars Program, North-

eastern University, Boston, MA, 16 September 2016.
d. Martinez-Lorenzo, J.A. “Next Generation Multi-Coded Compressive Systems for High-Capacity 

Sensing and Imaging Applications.” Math Department at NU, 06 December 2016.
2. Poster Sessions

a. Bisulco, A., Molaei, A., Tirado, L., Ghazi, G., & Martinez-Lorenzo, J.A. “High Capacity Millimeter 
Wave Sensing for Quasi-Real-Time Imaging,” RISE: 2016, Northeastern University, Boston, MA, 7 
April 2017. 
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3. Interviews and/or News Articles 
a. Choe, Jonathan. (April 18, 2017). “Northeastern University Professor Pioneers New Security 

Technology.” NBC. http://www.nbcboston.com/news/local/Northeastern-University-Profes-
sor-Pioneers-New-Security-Technology-419776403.html 

b. Vasel, Kathryn. (June 3, 2016). “Is this the future of airport security?” CNN. http://money.cnn.
com/2016/06/03/pf/airport-security-checkpoints/ 
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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

Hipolito Gomez Sousa Post-Doc NEU h.gomezsousa@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

Luis Tirado PhD NEU 3/2018

Ali Molaei PhD NEU 5/2018

Richard Obermeier PhD NEU 12/2018

Chang Liu PhD NEU 12/2018

Anthony Bisulco BS NEU 5/2019

Luigi Annese BS NEU 5/2019

Alex Zhu High School Wayland High School 5/2019

Diego Cachay High School Boston Latin School 5/2019

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. 
The objective of this project is the hardware development and evaluation of an inexpensive, high-resolution 
radar that can distinguish security threats hidden on individuals at mid-ranges (2-10 meters) using an “on-
the-move” configuration, and at standoff-ranges (10-40 meters) using a “van-based” configuration (see Fig. 
1 on the next page).

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-B.2

367



B. Biennial Review Results and Related Actions to Address 

The reviewers identified several strengths for this project. Among them are the following: 1) rapid adap-
tation of the first generation (Gen-1) of the imaging system and algorithm development for the other gen-
eration systems; and 2) quantitative performance evaluation of the imaging system for both synthetic and 
experimental data. 
The reviewers identified the following weaknesses of this project: 1) the need to identify the sequence of 
tasks that will be followed to reach a successful conclusion; 2) the need to study non-uniform fast Fourier 
transform (FFT); and 3) the need to define the transition timelines/plans. 
In Year 4, we addressed the first weaknesses as follows: 1) We worked on the Alternating Direction Method 
of Multipliers (ADMM)-based compressive imaging for the data collected by the second generation (Gen-2) 
system. In Year 5, we will address the second and third weaknesses as follows; 2) We will study the extension 
of the FFT to 3D, including the non-uniform FFT; and 3) We will schedule a transition plan with our industry 
partner HXI and the ALERT Transition Team.

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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C. 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.D.
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.

The following activities were developed for this project: 1) ADMM-based Compressive Imaging using syn-
thetic and experimental data of the Gen-2 system and a potential Gen-3 system configuration (Task 2.4 and 
3.4); 2) new Compressive Imaging Algorithms using synthetic data (Task 2.6); and 3) design of a high-capac-
ity sensing system for Compressive Sensing (CS) imaging applications (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 

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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Threats,” because it develops the imaging algorithms for the R3-B.1 hardware system. 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.

D. Major Contributions

A summary of the Year 4 major contributions can be found in Table 2.

E. Milestones

E.1. ADMM-based Compressive Imaging (Tasks 2.4 and 3.4)

This year, we have continued our research on our ADMM-based CS algorithm that enables 3D imaging of se-
curity threats in a distributed fashion. Specifically, this year we have extended our ADMM method in order to 
allow a joint inversion using a combined Norm-1 and Norm-2 regularization in a fully parallelizable fashion, 
thus enabling quasi real-time imaging. Moreover, we have developed a new mathematical formulation that 
will enable to solve the problem after breaking the sensing matrix by rows, by columns, or both, in order 
execute the inversion in an even more distributed fashion. These efforts are described in the next section. 

E.1.a. ADMM-based Compressive Imaging using joint Norm-1 and Norm-2 regularization

The alternating direction method of multipliers (ADMM) has been presented in previous works with a Norm-
1 regularization. It can be extended to other regularizations. Here we present a newly developed capability 
that enables our ADMM algorithm to use joint Norm-1 and Norm-2 regularizations. Specifically, the new 
algorithm uses a linear combination of both regularizations in the consensus distributed fashion, as it can be 
seen next.
Given the linear problem 

where  is the vector of measurements,   is the sensing matrix,  represents   the 
noise collected by the receiver, and  is the unknown complex vector; the Norm-1 and Norm-2  

Table 2: Summary of this year’s major contributions.

(1)
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regularization consensus ADMM problem is defined as follows:

where Hi are row submatrices of the sensing matrix H, and gi are subvectors of the vector of measurements 
g. The variables ui are copies of the unknown vector u, which are used for solving the problem for each Hi 
and gi. The constraint forces that all partial solutions agree through is the variable v. The parameter α is a 
weight value which varies between 0 (corresponding to Norm-1 regularization only) and 1 (corresponding 
to Norm-2 regularization only).
The Lagrangian function for this methodology is defined as follows:

where si are the dual variables for each constraint.
This problem is solved by the iteration of the following solutions: 

Notice that, for α = 0, the consensus variable v is the soft-thresholding of the averaging of u and s, as expected 
for Norm-1 regularization; meanwhile for α = 1, the variable v is just the averaging of u and s, as expected 
for Norm-2 regularization. A different value of α will produce a weight combination of Norm-1 and Norm-2 
regularizations. The 2-D balls of the combination of Norm-1 and Norm-2 for different values of the parameter 
α are shown in Figure 2 (on the next page).

E.1.b. ADMM-based Compressive Imaging using rows and columns division of the sensing matrix  

Up until now, we have performed the consensus-based ADMM dividing the sensing matrix into rows, but it 
can be extended to the matrix division into rows and columns. It is important to note that for a given problem 
this scheme enables the user to solve even smaller problems in a more distributed fashion. Considering the 
same problem as in (1), let us divide the sensing matrix into M sub-rows and N sub-columns, as shown in 
Figure 3 (on the next page).
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 u. The Lagrangian function is the 
following:

(3)

(4)

(5)

(6)

(7)

(8)

(2)
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where  are the dual variables for each constraint.
The solution of this optimization problem is given by the following iterative solutions:

(11)

Figure 2: 2-D balls of the combination of Norm-1 and Norm-2 for different values of the parameter α.

Figure 3: Representation of the division of the sensing matrix by rows and by columns.

(9)

(10)

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-B.2

372



E.1.c. Preliminary results of the ADMM-based Compressive Imaging algorithm

In order to test the algorithms presented above, a random matrix  has been generated with 
Gaussian values. A known vector  is considered as a reference. The measurements vector  
is obtained by the multiplication g = H ∙ u. In the following examples, the final solution is compared to the 
reference one. Moreover, the primal rk and dual dk residual errors are also presented; these errors are given 
by the following expressions:

Example #1: In this example, u is set to be a sparse vector with 90% entries equal to 0. As expected, the recon-
struction with Norm-1 regularization tries to find the sparsest solution. As shown in Figure 4, the algorithm 
is capable of recovering the actual solution with a high fidelity in less than 150 iterations. 

Example #2: In this example, the ADMM is executed using Norm-2 regularization. This configuration of the 
algorithm searches for the solution with lower energy. In the next three cases, we consider a square sensing 
matrix . As it is shown in Figure 5, the algorithm is capable of recovering the original signal with 
high fidelity in only 150 iterations. 

(12)

(13)

Figure 4: Reconstruction of a sparse vector with ADMM using Norm-1 regularization.

Figure 5: Reconstruction of a sparse vector with ADMM Norm-2 regularization.
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Example #3: In this example, the vector u is non-sparse, and . As it is shown in Figure 6, the 
ADMM with Norm-1 regularization, which searches for the sparsest solution, provides a good reconstruction.

Example #4: In this example, the vector u is still non-sparse, and . As it can be seen in Figure 7, 
the ADMM with Norm-2 regularization, which finds the solution with minimum energy, provides a good re-
construction.  

Example #5: At first glance, after looking at the results in the last two examples, it is not clear which regu-
larization technique—Norm-1, Norm-2, or even a linear combination of them—may lead to the best recon-
struction. The following example investigates this concept by specifically applying the ADMM algorithm to 
different linear combinations of the Norm-1 and Norm-2 regularizers for different sparsivity levels. With 
an underdetermined sensing matrix , which implies recovering vectors of 100 elements with 
75 measurements, the compressive sensing criteria for real signals states that the maximum sparsivity level 
that the vector u could have when using Norm-1 regularizers is less than 75/2 ≈ 37.5. For higher sparsivity 
levels, more than 37.5 non-zeros, compressive sensing techniques using Norm-1 regularizers do not ensure 
the reconstruction of the original signal; so, for these cases, using a linear combination of the Norm-1 and 
Norm-2 regularization may lead to a better solution. 
An analysis for different sparsivity levels has been conducted, in order to find the best combination between 

Figure 6: Reconstruction of a non-sparse vector with ADMM Norm-1 regularization.

Figure 7: Reconstruction of a non-sparse vector with ADMM Norm-2 regularization.
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Norm-1 and Norm-2 that leads to a minimum quadratic error of the reconstructed signal. The parameters 
of α, λ and μ are optimized according to Equation (2). The results are presented in Figure 8 and Table 3. It is 
clear to see that, as expected, for low sparsity levels less than 40, the Norm-1 is predominant. However, when 
the number of non-zero elements increase, a linear combination of the two norm leads to the best result. 
In the extreme case, in which the number of non-zero elements is 100, the best result is achieved when the 
weight of the Norm-1 regularizer is one fourth of that of the Norm-2 regularizer.

Figure 8: Reconstruction for different sparsivity levels. Original (blue), reconstructed (red). The error indicates the 
Norm-2 of the difference between the original and the reconstructed vectors.

Table 3: Numerical values of the optimal parameters for the analysis of different levels of sparsivity.
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Example #6: The Norm-1 regularized ADMM algorithm has been tested for sparse signals when the sensing 
matrix is divided by rows, by columns, and by both rows and columns. Note that solving the problem in this 
distributed fashion will be very important for quasi-real time imaging applications. The sensing matrix is cre-
ated using random Gaussian entries, . 
The results when the sensing matrix is divided into 5 rows, 4 columns, and 5 rows and 2 columns are pre-
sented in Figure 9 (on the next page). When the sensing matrix is divided only into columns, the convergence 
is slower than when it is only divided into rows, as can be noticed when comparing the dual residual con-
vergence of Figure 9a and Figure 9b. Finally, when dividing the sensing matrix by rows and columns at the 
same time, the algorithm converges obtaining a solution very close to the original one, as shown in Figure 9c. 
These simple examples show that our Norm-1 regularized ADMM algorithm works for sensing matrices that 
are divided into rows and columns. 
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Figure 9: Reconstruction of a sparse vector with ADMM Norm-1 regularization when the sensing matrix is divided into 
(a) 5 rows, (b) 4 columns, and (c) 5 rows and 2 columns.
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E.2. New Compressive Sensing and Imaging algorithms (Task 2.6).

This year we have worked on new Compressive Sensing and Imaging algorithms that have the potential to 
perform imaging with a reduced number of measurements and hardware components. This work is summa-
rized next.

E.2.a. Physicality Constrained Compressive Sensing 

This year, we have also developed a new Physicality Constrained Compressive Sensing algorithm. In electro-
magnetic imaging applications, one attempts to reconstruct the constitutive parameters or reflectivity profile 
of an object of interest from a set of scattered electric field measurements. Reconstruction accuracy is largely 
dependent upon the fidelity of the measurements, that is, the total number of measurements and their de-
gree of independence. When classical imaging algorithms are employed, the reconstruction accuracy can 
be improved by increasing the number of measurements, for example by recording measurements at more 
locations or by exciting the object of interest using more frequencies. If performed naively, however, this ap-
proach can be expensive, both in terms of the hardware complexity of the imaging system and in terms of the 
information efficiency of each measurement. As more measurements are added to the system, the amount of 
additional information obtained by each new measurement can decrease dramatically.
Compressive Sensing (CS) is a novel signal processing paradigm, which states that sparse signals can be 
recovered from a small number of linear measurements by solving a convex and computationally tractable 

-norm (Norm-1) minimization problem. Accurate recovery is only guaranteed when the sensing matrix 
is “well-behaved’” according to a set of performance measures that relate the independence of the columns 
of the sensing matrix. Many electromagnetic imaging applications can be linearized using the Born approx-
imation, wherein the unknown vector  is the contrast variable. The contrast variable is related to the 
unknown complex permittivity ∈ of the scatterers and the known complex permittivity ∈b of the background 
medium according to the relationship x = diag(∈b)-1(∈ - ∈b). When the contrast variable is known to be sparse, 
standard CS techniques have been shown to be successful. However, these techniques are sub-optimal be-
cause they do not consider the fundamental constraints placed on the permittivity by the laws of physics.
Instead of using standard CS techniques, in [13], we proposed the use of the following Physicality Constrained 
Compressive Sensing (PCCS) optimization program:

Unlike the standard CS problems, the PCCS optimization program requires the solution vector to be physical-
ly realizable. Intuitively, one expects that the PCCS program will generate more accurate solutions than the 
standard CS program. To demonstrate this, consider the images displayed in Figure 10 (on the next page). 
These images consider a two-dimensional imaging problem in which the measurements are noiseless (η = 
0) and the background medium is freespace (∈b = 1, so that the physicality constraints reduce to Re(x) ≥ 0 
and Im(x) ≥ 0). In both figures, the blue line represents the set of solutions that match the measured data, the 
green box represents the solutions that satisfy the physicality constraints, and the red diamond represents 
the -ball of a certain radius. The left image shows that the standard CS solution occurs at x = (-1,0)T, x = 
(0,1)T which violates the physicality constraint. The right image, however, shows that the PCCS solution oc-
curs at , which is the true sparse solution to the problem. 
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To demonstrate the effectiveness of PCCS even further, we performed a numerical analysis of the reconstruc-
tion accuracies of the traditional CS and PCCS problems in [13]. Figure 11 displays the reconstruction accu-
racies for the standard CS and PCCS problems for a sensing matrix  . For small sparsity levels, 
both techniques performed equally well; however, for sparsity levels greater than 10, the PCCS program 
clearly outperformed the standard CS program.

E.2.b. Sensing Matrix Design via Mutual Coherence Minimization for Electromagnetic Compressive Imaging    
 Applications (Task 2.6)

It is well known that the success of Compressive Sensing (CS) technique largely depends upon properties 
of the sensing matrix A. The Restricted Isometry Property (RIP) is the most commonly used performance 
metric for assessing the CS recovery capabilities of a sensing matrix because it provides the most powerful 
bounds on the reconstruction performance. One drawback of the RIP is that it is extremely difficult to verify 
for deterministic matrices. To get around this issue, researchers resort to generating sensing matrices whose 

Figure 10: Comparison of the standard CS and PCCS optimization programs: (left) standard CS; (right) PCCS.

Figure 11: Comparison of the reconstruction accuracies of standard CS and PCCS. 
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elements are drawn from independent and identically distributed sub-Gaussian random variables. Random 
sensing matrices of this form have been shown to satisfy the RIP with overwhelming probability. Unfortu-
nately, random matrices cannot be utilized in many real-world applications, such as electromagnetic imaging 
applications.
In our recent paper [14], we introduced a sensing matrix design method based on the mutual coherence. Al-
though the mutual coherence provides weaker reconstruction guarantees than the RIP, it is a more practical 
metric for deterministic matrices. Formally, the coherence of a sensing matrix is defined as follows:

where ai is the i-th column of the sensing matrix. Unlike the RIP, which requires an exponentially increasing 
number of computations, the coherence can be computed using only N(N - 1)/2 vector inner products. 
In the coherence minimization design method, the sensing matrix  is assumed to be a function of 
design variables  according to the possibly nonlinear, but differentiable relationship A = f(p). The de-
sign algorithm then seeks the minimizer for the following optimization program:

where Qp defines the feasible set of values that p can take. This is a nonlinear, non-convex problem, which can 
be solved using the Augmented Lagrangian method after some refactoring.
A numerical analysis was performed [14] in order to assess the capabilities of the coherence design method. 
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 64 positions within a 5λ × 5λ  
grid located a distance of 5λ away from the imaging region. The objective of the design problem was to select 
the locations that the antenna would operate at Figure 12 (on the next page) displays the locations that the 
antenna operated at for the baseline design (blue) and the optimized design (red). While the sensing matrix 
for the baseline design, which distributed the antenna positions uniformly, had a coherence of 0.8300, the 
optimized design had a coherence of 0.2252. Intuitively, one would expect the optimized design to provide 
better CS reconstruction performance than the baseline design. This result is confirmed by Figure 13 (on 
the next page), which displays the reconstruction accuracies of the baseline design (blue), optimized design 
(red), and a random design (green) for reference when Orthogonal Matching Pursuit (OMP) is used as the 
reconstruction algorithm.
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E.3. Design of high-capacity sensing system for CS imaging applications (Task 3.5)

E.3.a. Design of a compressive reflector for enhancing the sensing capacity

This year, we have studied a new Compressive Reflector Antenna (CRA), based on digitized Metamaterial Ab-
sorbers (MMAs), as a mechanism to enhance the sensing capacity of mm-wave imaging systems. The sensing 
system, as shown in Figure 14 (on the next page), is composed of a specially tailored compressive reflector 
antenna fed by a 2D array of conical horns. The conical horns are configured in a cross shape along the focal 
plane of the reflector, and it is arranged as follows: NTx transmitting and NRx receiving elements are positioned 
equidistantly along the x-axis and y-axis, respectively. The feeding element parameters—including (but not 
limited to) the number of horns, spacing between them, and amplitude taper on the reflector’s edge—deeply 
impact the performance of the imaging system. Indeed, these parameters should be selected in a way that the 
effective aperture, obtained after convolving the transmitting and receiving arrays, is capable of imaging the 
whole region of interest.

Figure 12: Antenna positions of the baseline design (blue) and optimized design (red).

Figure 13: CS reconstruction accuracies for the baseline design (blue), optimized design (red), and random design 
(green) using OMP.
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The MMA-based CRA consists of a traditional parabolic reflector antenna, whose surface is covered with 
digitized MMAs (Figure 15 shows the front view of a 4-bit MMA aperture). Based on the ‘1’ or ‘0’ values as-
sociated with each digit of the binary number, the MMA may or may not absorb the incident electromagnetic 
power at different resonance frequencies, respectively. For example, in the 4-bit MMA design shown in Figure 
15, the first, second, third, and fourth digits correspond to resonances at 71 GHz, 73 GHz, 75 GHz and 77 GHz, 
respectively. Simulations show that the bandwidth for the single resonance MMAs is about 1.56 GHz, corre-
sponding to an approximate quality factor of 46. 

Figure 14: Illustration of the proposed imaging setup. The feeding array located on the focal plane induces currents 
on the surface of the CRA, which ultimately creates the spectral codes in the imaging region. The spectral codes (mag-
nitude of electric field) created by the CRA are shown as a function of frequency, while the CRA is illuminated by Tx2.

Figure 15: Front view of the proposed CRA. The surface of the reflector is divided into 16 domains and each domain is 
coated with a unique 4-bit MMA.
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A meander-line MMA has been designed (see Figure 16) to build the unit-cell of the digitized MMAs. The 
MMA unit-cell is simulated and designed using the commercial software HFSS. A general incident plane wave 
with an arbitrary elevation (θ) and azimuth (φ) angle is defined to excite the unit-cell (Figure 16b). The unit-
cell benefits from two unique features: 1) It is almost insensitive to the polarization of the incident plane 
wave, i.e. for a given elevation incident angle (θ in Figure 16), the reflection coefficient is not significantly 
altered for different azimuth incident angles (φ in Figure 16); and 2) It has a near-unity absorption rate for 
wave excitations with normal incident angles, i.e. for the elevation incident angle of θ = 0, the absorption rate 
value which is defined as , is near unity. 

A set of simulations was performed demonstrating the aforementioned features of the MMA. Specifically, 
Figures 17a and Figure 17b (on the next page) illustrate the absorption rate and |S11|2 plots for TE and TM ex-
citations, respectively. The plots are for a fixed value of elevation (θ = 300) and different azimuth incident an-
gles (φ= 00; 300; 600; and 900). These figures show that only a small frequency shift of the resonant frequency 
(less than 0.3%) is produced for different incident angles. Moreover, the peak at the resonant frequency is in 
all cases very close to unity (larger than 0.99). The absorption bandwidth, defined as the frequency range in 
which absorption is above one half of its maximum value, is 1.64 GHz.

Figure 16: (a) Top view, and (b) 3-D view of the polarization-independent meander-line MMA unit cell. The dimensions 
in μm are: ax = ay = 1300, l = 398, w = 43, g = 43.
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Based on this MMA unit-cell design, a scaling factor has been used to obtain designs resonating at different 
frequencies. In this regard, MMAs with resonances at 73 GHz, 75 GHz, and 77 GHz were achieved by using 
a scaling factor of S = 0.97, S = 0.95, and S = 0.93, respectively. For the new designs, the periodicities of the 
unit-cell (ax and ay) are kept the same and the scaling is applied only on the geometrical parameters of the 
meander-line pattern (l, w and g). Figure 18 depicts the absorption rate and |S11|2 for the four MMA designs, 
which are excited by a TEM-mode plane wave.

Figure 17: Absorption rate (solid lines) and |S11| (dashed lines) of the polarization-independent MMA at various incident 
angles for the (a) TE, and (b) TM incidence.

Figure 18: Absorption rate (solid lines) and |S11| (dashed lines) of the MMAs with different scaling factors for the TEM 
excitation: (black) S = 1.00, (blue) S = 0.97, (red) S = 0.95, and (green) S = 0.93.
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In order to design a 4-bit MMA, the unit-cell design is extended to a 2⨉2 unit cell configuration, as illustrated 
in Figure 19a (on the next page). Each digit of the 4-bit MMA is associated with one of the four basic MMA 
unit-cell designs. Based on the ‘1’ or ‘0’ values associated with each digit of the 4-bit binary number, the MMA 
may or may not absorb the incident electromagnetic power at four different resonance frequencies, respec-
tively. The scaling factor S for the first, second, third and fourth digits corresponds to resonances at 71GHz, 
73GHz, 75GHz and 77GHz, respectively. Figures 19b through 19f illustrate the absorption rate as well as the 
magnitude and phase of S11 plots, for some examples of the presented 4-bit MMA. A TEM-mode plane wave is 
used to illuminate the MMA. It is apparent from the plots that there is some frequency shift in the peak value 
of the absorption rate, with respect to the expected resonance frequency. This is due to the mutual coupling 
between the adjacent digits. However, the scaling factors for each digit could be customized so that absorp-
tion rate peak can be tuned to be at the desired frequency.  The volume loss density in the top layer for the 
‘1111’ MMA is shown in Figure 19; it is excited with the TEM-mode plane wave for φ = 00 (Figure 19b), φ = 
450 (Figure 19c), and φ = 900 (Figure 16d). As illustrated in Figure 20b (on the following page), the electric 
field has only components in x-axis; and, therefore, only meander-lines with their long side aligned in y-axis 
will absorb the incident power. In Figure 20c, the electric field has components in both the x-axis and y-axis; 
hence, meander-lines having their long side aligned in x-axis and y-axis will both absorb the incident power. 
Finally, as expected, at each frequency only the MMA digit associated to that frequency absorbs the incident 
power.
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Figure 19: Examples of absorption rate and S11 of the (a) 4-bit MMA unit cell with binary digits of (b) ‘0011’, (c) ‘0101’, (d) 
‘0111’, (e) ‘1001’, and (f) ‘1111’.

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-B.2

386



The performance of the 4-bit MMA-based CRA is evaluated in an active mm-wave imaging application. The 
physical and electrical parameters of the imaging system are described in Table 4 (on the next page). Our 
numerical solver (MECA), which is based on physical optics, was used for the simulations. The measurements 
were collected through a 7 GHz frequency span around a 73.5 GHz center frequency. The range distance be-
tween the focal plane of the CRA and the center of the imaging domain was 84 cm; and the aperture size D in 
both x-axis and y-axis was 30 cm. The range and cross-range resolution of the imaging system is calculated to 
be Rr = 21.4 mm and Rcr = 23 mm, respectively. Accordingly, the imaging domain was discretized according to 
the proposed range and cross-range resolution.

Figure 20: Volume loss density on top layer of the 4-bit MMA unit cell with binary digit of ‘1111’ for the (a) TEM exci-
tation with (b) φ = 00, (c) φ = 450, and (d) φ = 900.
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The sensing matrix H was calculated using our MECA solver. Figure 21a shows the improved singular value 
distribution of the CRA when compared to that of the Traditional Reflector Antenna (TRA), and Figure 21b 
shows how the sensing capacity of the CRA is enhanced when increasing the Signal to Noise Ratio (SNR). Fig-
ure 21b shows that there is an enhanced capacity when using the frequency-dependent MMAs to the imaging 
system. For example, if we assume an SNR level equal to 40 dB, the metamaterial-based reflector would have 
97 more effective numbers of singular values (measurement codes) above the noise floor than the traditional 
reflector antenna. Ultimately, this would improve the sensing capacity of the MMA-based reflector, which can 
be inferred as an enhancement in the imaging performance.

 

Table 4: Design parameters of the single CRA.

Figure 21: (a) Normalized singular value distribution and (b) sensing capacity comparison between the TRA and the 
4-bit CRA.

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R3: Bulk Sensors & Sensor Systems 

Project R3-B.2

388



By plotting the field patterns in the imaging region, one can study the codes as a function of frequency. Figure 
22 shows the radiation pattern of the MMA-based reflector on the xy-plane at a distance z = 85 cm from the 
focal plane. These radiation patterns correspond to the case where Rx2 is exciting the reflector, and they are 
plotted for 70.5 GHz (Figure 22a), 72.5 GHz (Figure 22b), 74.5 GHz (Figure 22c) and 76.5 GHz (Figure 22d). 
As expected, the radiation pattern for each one of the antennas is frequency dependent. This behavior is due 
to the dispersion of the 4-bit MMAs.

The resolution of the MMA-based reflector can be shown by plotting the Point Spread Function (PSF) of the 
system. This is shown in Figure 23 (on the next page) when the PSF is focused at ([0, 0, 85]cm and [5, 5, 85]
cm). Figure 23a and Figure 23b shows the PSF of the receiver and transmitter array, respectively, and Figure 
23c is showing product of the receiver and the transmitter array PSFs.

Figure 22: Electric field radiation pattern of the CRA system excited with Rx2 and plotted at the range of 85 cm at (a) 
70.5 GHz, (b) 72.5 GHz, (c) 74.5 GHz, and (d) 76.5 GHz.
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The performance of the imaging system is tested on a 3D region containing several 2D PEC targets (see Fig-
ure 24 on the next page). Specifically, the imaging region contains three vertically oriented rectangles, three 
horizontally oriented rectangles, one square, and one circle. The width and height of the rectangles are equal 
to 12 mm and 61 mm, respectively. The side of the square is 24 mm, and the circle has a diameter equal to 
24 mm. The center of the imaging domain is considered to be 84 cm far from the focal plane of the reflector, 
and the PEC scatterers are located in four different range positions, separated by 21 mm. The iso-contours in 
Figure 20 represent the level of the reflectivity, and the triangular facets show the position and shape of the 

Figure 23: Beam focusing at (left) [x, y, z] = [0, 0, 85]cm, and (right) [x, y, z] = [5, 5, 85]cm, by the (a) receiver array, (b) 
transmitter array, and (c) product of the receiver and the transmitter array BFs.
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targets. The reconstruction for imaging using the traditional reflector antenna and the MMA-based reflector 
antenna are shown in Figure 24a and Figure 24b, respectively. The imaging has been carried out using the 
aforementioned Norm-1 regularized ADMM algorithm, for both the traditional and the MMA-based reflector. 
It is evident that the performance of the MMA-based reflector is superior to that of the traditional reflector.

E.3.b. Compressive Imaging of extended human-size regions using an array of CRAs.

As the last example of the high-capacity sensing systems, a CRA-based array made of six compressive reflec-
tors is designed, in order to be able to image an extended human-size region. As depicted in Figure 25 (on 
the next page), the CRA is manufactured by introducing a set of discrete applique scatterers on the surface 
of a TRA. Each CRA is illuminated with two orthogonal transmitting and receiving arrays located on the focal 
plane. The electromagnetic cross-coupling between adjacent CRAs is used in order to enhance the sensing ca-
pacity 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 six CRAs positioned in a cross configuration, as shown in Figure 26a (on 
the page following the next). The design parameters for each one of the reflectors are shown in Table 5 (on 
the next page). Both the vertical receiving array and the horizontal transmitting array of each CRA consists of 
18 uniformly distributed conical horn antennas as shown in Figure 26b. The radar operates in the 70-77 GHz 
frequency band and only 10 frequencies are used to perform the imaging. Each CRA is designed to effectively 
be able to image over a projected circular area of 40 cm diameter in cross range (see red solid circles in Fig-
ure 26a) when the target is located 90 cm away from the focal plane. It is important to note that additional 
shaping techniques could be used in order to image over a wider projected cross range region. The CRA has 
an aperture size of 50 cm; and, as a result, none of the two adjacent CRAs will be able to image the region 
located between their two circular projections (see dashed green solid circle in Figure 26a). This drawback 
can be easily solved by coupling the information coming from the adjacent reflectors in a multi-static fashion, 
as illustrated by two green dashed arrows in Figure 26a. Given the aforementioned location of the target, this 
work only considered the electromagnetic cross-coupling between CRA-l and CRA-k: (l = 1; k = 2), (l = 1; k = 
3), (l = 1; k = 4), (l = 2; k = 5), and (l = 5; k = 6).

Figure 24: Reconstructed image using ADMM iterative method for (a) the TRA and (b) the 4-bit CRA.
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Table 5: Design parameters for a single CRA. 

Figure 25: 2D cross-section of a Traditional Reflector Antenna (x > 0) and Compressive Reflector Antenna (x < 0).
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The target used in the simulation is a tessellated model of a human body. In this work, the 3D human model 
was projected onto a 2D plane located 90 cm away from the focal plane, and its extension to 3D will be a 
future line of investigation. Figure 27a shows the improved singular value distribution of a single CRA when 
compared to that of a TRA and Figure 27b shows how the sensing capacity of the CRA is enhanced for dif-
ferent Signal to Noise Ratios (SNRs). Finally, Figure 28 (on the next page) demonstrates that the proposed 
imaging system is capable of accurately reconstructing the target under investigation.

Figure 26: (a) 3D view of the proposed millimeter-wave sensing system composed of six CRAs and (b) induced currents 
on a CRA excited by Tx1. The feeding transmitter (red) and receiver (blue) arrays are located on the focal plane of the 
reflector.

Figure 27: (a) the normalized singular value distribution and (b) the sensing capacity of a single CRA and TRA.
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F. Future Plans

• ADMM-based Compressive Imaging - For the next few years, the follow-on tasks and expected outcomes 
are the following:

 ○ Tasks 2.4 (Year 5) – Test and validate the algorithm in the Gen-2 system. Develop a Total Variation 
algorithm to exploit the sparsity of the image. The expected outcomes are a) validation of the algo-
rithm in 3D with synthetic and experimental data in the fully electronic (Mode-E) Gen-2 system; and 
b) validation of a novel Total Variation algorithm. 

 ○ Task 3.4 (Year 5 and beyond) – Test and validate the algorithm in the Gen-3 system. The expected 
outcomes are a) validation of the algorithm in 2D with synthetic and experimental data; and b) vali-
dation of the algorithm in 3D with synthetic and experimental data. 

• 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 5, 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.  

• 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 2.6 (Year 5 and beyond) – Test and validate the algorithm in the Gen-2 system. The expected 
outcomes are a) validation of the algorithm in 2D with synthetic and experimental data; and b) vali-
dation of the algorithm in 3D with synthetic and experimental data.

 ○ Task 3.6 (Year 5 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.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Figure 28: Reconstructed image using iterative compressive sensing algorithm (NESTA).
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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 
new patent was awarded this year 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 research team in the R3-B.2 project. Together, HXI and ALERT have 
designed, fabricated, integrated, and validated the radar system. We expect that after the assembling the first 
Gen-3 prototype, HXI will license our IP and transition the technology to the mm-wave imaging market.  Ad-
ditionally, new low-cost miniaturized modules are being developed by HXI for the next generation mm-wave 
system; some of these components will be tested by the Project R3-B.2 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.       
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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 gave a talk entitled “Single-pixel mm-Wave Imaging Using 8-bits Meta-

material-based Compressive Reflector Antenna” at the  Special Session “Emerging Techniques in 
Imaging at Microwave, Millimeter-wave and Terahertz Frequency Regimes,” of the Antennas and 
Propagation Symposium (San Diego, July 9-14, 2017). Prof. Martinez presented results generat-
ed by Projects R3-B.1 and R3-B.2.

2. Student Internship, Job, and/or Research Opportunities
a. Graduate students, Ali Molaei, Galia Ghazi, Luis Tirado, and Chang Liu play an important role in 

our research project. They will continue to assist in development of new hardware design and 
integration for the mm-wave radar system. 

b. Our undergraduate students, Anthony Bisulco and Luigi Annese, will continue to work on Proj-
ects R3-B.1 and R3-B.2. They will continue to be pillars of this project. 

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 

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. Heredia-Juesas, J., Molaei, A., Tirado, L., Blackwell, W., & Martinez-Lorenzo, J. A. “Norm-1 Regular-
ized Consensus-based ADMM for Imaging with a Compressive Antenna.” IEEE Antennas and Wireless 
Propagation Letters, PP(99), 21 June 2017. DOI: 10.1109/LAWP.2017.2718242 

2. Obermeier, R. & Martinez-Lorenzo, J.A. “Sensing Matrix Design via Mutual Coherence Minimization 
for Electromagnetic Compressive Imaging Applications.” IEEE Transactions on Computational Imag-
ing, 3(2), 17 February 2017. DOI: 10.1109/TCI.2017.2671398

3. Molaei, A., Heredia-Juesas, J., & Martinez Lorenzo, J.A. “Chapter 3: Compressive Reflector Antenna 
Phased Array.” Antenna Arrays and Beam-formation. Book edited by Modar Shbat, ISBN 978-953-51-
3146-5, Print ISBN 978-953-51-3145-8, 10 May 2017. DOI: 10.5772/67663

4. Alvarez, Y.A. & Martinez-Lorenzo, J.A. “Compressed Sensing Techniques Applied to Ultrasonic Imag-
ing of Cargo Containers,” Sensors, 17(1), 15 January 2017. DOI: 10.3390/s17010162

5. Obermeier, R. & Martinez-Lorenzo, J.A. “Model-based Optimization of Compressive Antennas for 
High-Sensing-Capacity Applications.” IEEE Antennas and Wireless Propagation Letters, 16, November 
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2016, DOI: 10.1109/LAWP.2016.2623789
6. Gonzalez-Valdes, B., Alvarez, Y., Mantzavinos, S., Rappaport, C., Las-Heras, F., & Martinez- Lorenzo, J.A. 

“Improving Security Screening: A Comparison of Multistatic Radar Configurations for Human Body 
Imaging.” IEEE Antennas and Propagation Magazine, 58(4), pp. 35–47, August 2016. DOI: 10.1109/
MAP.2016.2569447.

Pending-
1. Tirado, L.E., Ghazi, G., Alvarez, Y., Las-Heras, F.,  & Martinez-Lorenzo, J.A. “A GPU Implementation of 

the Inverse Fast Multipole Method for Multi-Bistatic Imaging Applications.” Journal of Applied Com-
putational Electromagnetics Society. In review. 

C. Peer Reviewed Conference Proceedings

1. A. Molaei, G. Ghazi, J. Heredia, H. Gomez-Sousa, and J. A. Martinez-Lorenzo. High Capacity Imaging 
Using an Array of Compressive Reflector Antennas. CD Proc., EuCAP 2017 — X European Conference 
on Antennas and Propagation, Paris, France, March, 2017.

2. Martinez-Lorenzo, J.A., Alvarez Lopez, Y. “Compressed Sensing Techniques for Ultrasonic Imaging 
of Cargo Containers.” CD Proc., ASME 2016 — International Mechanical Engineering Congress and 
Exposition, Phoenix, AZ, November 2016.

3. Bisulco, A., Tirado, L., Patel, S., Annese, L., Ghazi, G., & Martinez-Lorenzo, J.A. “Massive MIMO Millime-
ter Wave Radar Imaging System.”  AP-S 2016— IEEE AP-S International Symposium, Fajardo, Puerto 
Rico, July 2016.

4. Obermeier, R., & Martinez-Lorenzo, J.A. “Physicality Constrained Compressive Sensing Algorithm for 
Electromagnetic Imaging Applications.” AP-S 2016—IEEE AP-S International Symposium, Fajardo, 
Puerto Rico, July 2016.

D. Other Presentations 

1. Seminars
a. Martinez-Lorenzo, J.A. “Mm-wave Imaging.” NU Meeting with Analogic, Northeastern University, 

Boston, MA, 14 September 2016. 
b. Martinez-Lorenzo, J.A. “Secure Communications, Sensing, Imaging & Through New Materials.” 

NU Meeting with ADT, Northeastern University, Boston, MA, 14 September 2016. 
c. Martinez-Lorenzo, J.A. “Research at the SICA-Lab.” NU-ALERT Gordon Scholars Program, North-

eastern University, Boston, MA, 16 September 2016.
d. Martinez- Lorenzo, J.A. “Next Generation Multi-Coded Compressive Systems for High-Capacity 

Sensing and Imaging Applications.” Math Department at NU, 06 December 2016.
2. Poster Sessions

a. Bisulco, A., Molaei, A., Tirado, L., Ghazi, G., & Martinez-Lorenzo, J.A. “High Capacity Millimeter 
Wave Sensing for Quasi-Real-Time Imaging,” RISE: 2016, Northeastern University, Boston, MA, 7 
April 2017. 

3. Interviews and/or News Articles 
a. Choe, Jonathan. (April 18, 2017). “Northeastern University Professor Pioneers New Security 

Technology.” NBC. http://www.nbcboston.com/news/local/Northeastern-University-Profes-
sor-Pioneers-New-Security-Technology-419776403.html 

b. Vasel, Kathryn. (June 3, 2016). “Is this the future of airport security?” CNN. http://money.cnn.
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com/2016/06/03/pf/airport-security-checkpoints/ 
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II. PROJECT OVERVIEW

A. Project Overview

This project centers on applications of standoff (SO) infrared spectroscopy (IRS) coupled to laser sources 
operating in the mid-infrared range (MIR) to develop confirming chemical sensors for detecting explosives 
residues on clothing, travel bags, personal bags, laptop bags/cases, skin, and other substrates. Quantum cas-
cade lasers (QCLs) are used as excitation sources. QCLs have revolutionized IRS applications since these 
sources are much brighter than thermal sources (globars) and even brighter than synchrotron sources. The 
secondary or confirming chemical sensors can be used in an orthogonal sensing scheme after remote detec-
tion of anomalies/devices under clothing and within human bodies by millimeter wave sensing. Multivariate 
analysis routines are then coupled with the detection step, providing target identification and discrimination 
from substrates and other interferences, and even quantification of highly energetic materials (HEMs). 
The main obstacle to overcome is the discrimination of nitroexplosives from highly interfering, MIR-absorb-
ing substrates (matrices) on which explosives residues are found. The techniques evaluated provide either a 
positive/negative result or a confidence-level indication to the operator for the presence of explosives within 
1 minute (in most cases, a few seconds), while operating effectively in a field environment at multiple dis-
tances with varying levels of relative humidity, air particulates, temperature, light, and wind. 
The vibrations in nitroexplosive compounds are remarkably insensitive to differences in the local chemical 
environment and these could therefore be used as detection tags. The presence of nitro group bands evi-
denced by signatures at 760 cm-1, ~1350 cm-1 (symmetric -NO2 stretch) and ~1600 cm-1 (asymmetric -NO2 
stretch) can be used as markers within nitrocompounds. These signatures can be universally used to detect 
these compounds from a distance. The requirements for remote detection of these signatures include the 
following characteristics:
• Capability of detecting explosives at a distance under non-contact conditions. 
• Universality – the techniques should detect all types of explosives.
• Specificity – the techniques should be able to detect and identify explosives and formulations (including 

explosives mixtures) with relatively few false positives.
• Rapid – The technique should be capable of providing results in a short time (~ few sec).
• Sensitivity – the techniques should be capable of detecting samples with sufficient sensitivity.
A second objective is to generate a library of adaptable infrared absorbance/reflectance spectra for a variety 
of HEMs on various substrate surfaces. An addressable library of HEMs is being created, tested, and will be 
made available to the Homeland Security Enterprise (HSE). The spectra in the library will be able to be mod-
ified or morphed according to models that consider the spectroscopic measurement conditions, the physical 
features of the HEM residues, and the characteristics of the substrate surfaces. This library is 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 library will contain more than 30 HEMs and seven or more substrate types. Tar-
get chemicals will include high explosives, explosives formulations, explosives mixtures, non-nitrogen based 
explosives (such as cyclic organic peroxides) ammonium nitrate/fuel oil and other homemade explosives 
(HMEs), as well as precursors of some of these chemicals. Substrates could be metals or non-metals. The 
concentration of a given solid on a surface can be 1 μg/cm2 or lower. Single target chemicals can represent 
as little as 0.1% of the overall residues. Development of this library will include the preparation of samples 
comprising chemical residues on the surface of a substrate, spectroscopic characterization of samples like 
the ones prepared and the investigation and modeling of various measurement effects and residue/substrate 
effects. The measurements performed at the University of Puerto Rico at Mayagüez (UPRM) will make use 
of several available spectroscopic measurement instruments, including an FT-IR spectrometer, tunable QCL 
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sources, and photodetectors.
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.
Overcoming these challenges requires transitioning from a commercially available MIR laser spectrometer 
operating at close distances (∼ 15 cm) to a homebuilt system with the following characteristics:
• 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 s (or less).
Three optical setups are currently being evaluated and compared for developing methodologies for SO de-
tection of HEM:
• Direct detection mode, in which detection is accomplished using QCL spectrometers (2) without modify-

ing the output beam (~ 2 mm x 4 mm) of the available spectroscopic systems.
• Coupling the output beam of spectrometers to MIR beam expanders to achieve a nominal expanded sens-

ing area of 12 mm x 24 mm.
• Coupling the output beam of our QCL spectrometers to a specially designed, compact grazing angle probe 

(GAP) mount to enable reflection-absorption infrared spectroscopy (RAIS) measurements at 82° from 
the surface normal.

This work is different from other groups in that it addresses detection of explosives residues of mass range 
from milligram to picogram that are deposited on real world substrates: bare and painted metal parts, cloth-
ing, travel bags, personal bags, laptop bags/cases, automobile parts, skin, and other relevant substrates. MIR 
laser spectroscopy signatures obtained in this mass range allow for the identification and quantification of 
explosives.

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The Biennial Review panel identified the following weaknesses for the project:
• Does the approach described in the project fill the technology gap of translating MIR reflectance spectra 

of explosives on complex substrates into a detection methodology?
• Can the research team pursue investigation of more complex clothes/fabrics (including colored fabrics)?
• Can the approach be extended to the ultraviolet (UV) region?
• Can the approach be transitioned to field-type applications?
• There is no evidence of an understandable agreement between these parties describing a realistic vision/
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plan for how results will be transitioned.
Plans for addressing the weaknesses identified by the Biennial Review panel:
• Demonstration that MIR reflectance spectra of explosives deposited on complex substrates using multi-

variate analysis (chemometrics) techniques can transform into practical explosives detection techniques. 
Low signal to noise ratios (S/N) are obtained when using conventional thermal sources. MIR laser sourc-
es have led the way to much higher S/N, leading to the opportunity of achieving the project goal. This 
has been documented in “Castro-Suarez, J.R., Hidalgo-Santiago, M., Hernández-Rivera, S.P. ‘Detection of 
highly energetic materials on non-reflective substrates using quantum cascade laser spectroscopy,’ 2015, 
Applied Spectroscopy, 69(9): 1023-1035.” Other similar contributions have more recently been published 
(Castro-Suarez, J.R., Pacheco-Londoño, L.C., Aparicio-Bolaño, J., Hernández-Rivera, S.P. “Active Mode Re-
mote Infrared Spectroscopy Detection of TNT and PETN on Aluminum Substrates,” 2017, Journal of Spec-
troscopy, 2017: 2730371). Other works have also been submitted for publication.

• Our research efforts will expand to include more fabrics, including dyed ornaments.
• The way to extend the research to the UV region would be to use an UV-Raman Telescope; however, al-

though the eye does not focus the UV light, lasers required to build such a system are not eye-safe.
• The approach is very transferable to field applications. Year 5 will focus on this.
• Transition plans are discussed in the next sections. An invention has recently been disclosed for patent 

filling on the coupling of thin layer chromatography (TLC) with QCL spectroscopy for the separation, 
identification, and quantification of explosives present in dirt and soils. More recently, the coupling of 
QCL sources with a grazing angle mount have also been described for filing of another invention disclo-
sure. With this setup, reflection absorption infrared spectroscopy (RAIRS) measurements of thin explo-
sives deposits on metallic and non-metallic substrates have been carried out.

C. State of the Art and Technical Approach

Vibrational spectroscopy 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 of its major modalities: absorption/transmission, reflection, and emission spectros-
copies; 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, de-
velopment 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 (glo-
bars) have been traditionally available [3].
The difference in inherent strength of the photonic mechanisms that enable IRS and RS as dominant tech-
niques of molecular spectroscopy limits their capabilities and use in applications of 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, 
which enable SO ranges as long as 1 km, but is limited to bulk amounts of samples (as low as several mg) and 
gaseous molecules of small molecules due to the weakness of the scattering event. Both IRS and RS, in their 
various modalities, have been shown to be useful for characterization, detection, identification, and quantifi-
cation 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 counter-
measures to prevent explosives events. Fundamental and applied research in areas of interest to national 
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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 milli watts of continuous 
mode or pulsed power under ambient conditions, are commercially available, and have enabled the devel-
opment 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].
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.

D. Major Contributions

D.1.  QCL-GAP RAIRS measurements of explosives residues

In situ trace level detection and identification of pollutants, threat chemical residues, and biofilms (films 
containing microorganisms) on surfaces is important for rapid and effective screening in different fields such 
as homeland security, defense, environmental sampling, clean validation in pharmaceutical and biotechnol-
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ogy industries and others. In homeland security applications, fast trace detection of chemical and biological 
threat agents on contaminated surfaces is fundamental in the prevention, rapid performance, and execution 
of security protocols. Mid infrared (MIR) spectroscopy practiced at or near grazing angle of incidence is 
probably the most powerful technique for surface analysis of monolayers of chemicals and microorganisms 
deposited on surfaces. At high incident angles of a polarized MIR source, the phenomenon known as RAIRS 
takes place. However, to fully take advantage of the power within RAIS experiments, since the samples are 
so optically thin, to obtain spectra with good S/N, relatively long analysis times (from 5 to 120 min of inte-
gration) are typically required. This is because the absorbance of monolayers is low due to the low number 
density of molecules (microorganisms) present in the path of the MIR beam. Moreover, typical MIR sources 
have inherently low optical powers as is the case for thermal sources such as globars. The integration time 
can be reduced by multi reflection passes because the absorbance increases as is the case in multi pass cells 
used for phase gas analysis. However, there are significant light intensity losses with MIR mirrors, which do 
not have the high reflectivity that can be achieved in visible and ultraviolet coated mirrors. Moreover, scat-
tering by imperfections of the substrates that contain the samples, MIR beam divergence, and absorption 
by substrates, samples and mirrors cause even more light losses. The need to develop more powerful MIR 
sources that enable RAIS data when a target chemical or microorganisms is deposited on substrates at trace 
levels suggests the use of collimated, coherent, and polarized sources. The ideal solution to many of these 
problems is to use a MIR tunable laser. These sources were first developed in 1994 at Bell Labs with the 
invention of the most well-known of these devices: quantum cascade lasers (QCLs) [18]. A QCL is a unipolar 
semiconductor injection laser based on sub-interband transitions in a multiple quantum-well heterostruc-
ture. 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]. QCLs can produce from a few tens 
to hundreds of milliwatts of continuous or pulsed modes power under ambient conditions. A QCL is an ideal 
source for RAIS experiments due to its properties such as the high brightness (six orders of magnitude larger 
than those of conventional thermal sources (globar)), portability, high optical power output, the room tem-
perature operation, low energy consumption, long-term power stability, and ability to fine-tune the output 
frequency [39]. The central idea in this development is to design and build a two reflection passes optical 
probe mount operating as close as possible to the grazing angle and coupling it to a widely MIR laser source. 
This new prototype reduces the time analysis and improves S/N of RAIS spectra allowing for very low limits 
of detection of explosives and microorganisms. Further signal enhancement by applying powerful multivari-
ate chemometrics routines allows for discrimination from vibrational signals originating from MIR absorbing 
substrates (such as plastics, including Teflon and polyacrylate plates), interferences (such as dirt, and other 
components), other chemicals in mixtures (such as C-4 and Semtex-H), and other microorganisms in mixes 
of potential biothreats. 
MIR spectroscopy operating at the grazing angle of incidence is the most sensitive optical absorption tech-
nique available for measuring low chemical concentrations on surfaces such as metals [4,40]. In addition, 
QCL spectroscopy can be used outside the confinement of the sample compartment, making it available for 
fieldwork. Thermal source (globar) fiber optic coupled grazing angle probe reflection absorption 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 nano-
grams of the compounds. It is solvent free and requires no sample preparation. Samples with surface concen-
trations (CS) ranging from micrograms/cm2 to nanograms/cm2 of explosives (DNT, TNT, PETN, nitroglycerine 
(NG) and triacetone triperoxide (TATP)) were studied on stainless steel plates with excellent results yielding 
10-100x lower limits of detection (LODs) for explosives than for active pharmaceutical ingredients, for which 
the setup was originally developed. Recently, the first setup for coupling a QCL spectrometer to a home built 
grazing angle probe has been successfully tested for explosives detection on substrates. The complete setup 
is illustrated in Figure 1 (on the next page). 
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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 unopti-
mized setup illustrated in Figure 1 are highly encouraging: 460 pg/cm2 for ammonium nitrate, 73 pg/cm2 for 
RDX, and 35 pg/cm2 for PETN. 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 second gold-coated mirror and placed at 82° from the surface normal. Preliminary results are included in 
Figures 2 and 3 (on the next page).

Figure 1: Grazing angle probe mount for existing QCL spectrometer.
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Figure 2: Reflectance spectra of RDX as function of the surface concentration using QCL-GAP setup.

Figure 3: Plot of signal/noise (S/N) as function of reciprocal of surface concentration to determine the value of the 
detection limit (DL).
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D.2. 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 chemom-
etrics were employed to verify the effect of preprocessing options for the MIR RAIS spectra obtained. Fast 
Fourier transform (FFT) analysis was also evaluated as a pre-processing method to evaluate reflectance spec-
tra obtained for monolayers of RDX. Sensitivity and specificity values of 1.000 were obtained for quantitative 
models of the HEM by optimizing FFT parameters. This setup provides portability, low detection limits (DL) 
and facile coupling with QCL with multivariate analysis. The LOD for the RDX model was 7 ng/cm2.
In-situ and non-destructive spectroscopic methods available for measuring low explosives concentrations on 
surfaces are methods based on reflectance mode grazing-angle spectroscopy in the near infrared (NIR) and 
MIR. An advantage of NIR spectroscopy is that the light can be back reflected off the sample without sample 
preparation. In comparison to MIR spectroscopy, the NIR technique does not work in the fingerprint region. 
This means that signals from functional groups such as C=O and C-N, among others, that do not include 
hydrogen, are not identifiable. In addition, in the NIR, observed overtones and combination bands are very 
broad and overlapped which makes it difficult to distinguish between signals. Conventional MIR grazing-an-
gle spectroscopy has the disadvantage of sample positioning into the spectrometer, evidencing a lack of por-
tability for the methodology. However, MIR grazing-angle spectroscopy coupled to fiber optic cable solves 
this problem, making it possible to move the fiber optic cable into the reactor for in-situ analysis [41-44]. The 
MIR region, working at the grazing angle of incidence (~ 80-82° from the surface normal), is considered one 
of the highest sensitive optical absorption techniques. This is able to measure low concentrations of chemical 
compounds deposited on the surfaces such as metals, glasses, and plastics [44]. Low limits of detection (LOD) 
from 10 to 50 ng/cm2 of single analyte have been obtained [42].
This technique promotes the analysis of monolayers on surfaces.  To obtain spectra with good S/N, it is nec-
essary to apply a longer time of analysis (5-120 min of integration). This is due to the low absorbance of the 
monolayer. The integration time can be reduced by a multi-reflection pass because the absorbance is in-
creased as well as in cell multi passes for gas analysis. For this reason, it is necessary to have an infrared high 
power source. With multiple reflections, the light is lost by phenomena such as scattering due to substrate, 
sample, and mirror imperfections.  The divergence of beam and absorption by substrate, sample, and mirror 
are also factors that affect scattering.
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, 39, 41-51]. 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. 
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.
Figure 4 (on the next page) 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 concentrated of RDX acquired with the convention-
al diffuse-reflection system of QCL for bulk samples (90° with respect to the surface normal). Interference 
patterns were observed (see Figure 4) in the spectra of substrate clean and with the analytes loading. These 
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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 [47,48].

To explain how the presence of the analyte in the surface change the interference pattern and discriminate 
between both, analytes and clean surfaces, the interference signals of each sample were transformed and ex-
ploited. Fast Fourier Transform (FFT) was applied as preprocessing to the data as shown in Figure 5. Figure 
5a shows a sketch of the wave behavior when the surface is clean or where it has an analyte. 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 sur-
face causes a modification of the interference patterns depending on the analyte and the concentration de-
posited. Figure 5b 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 magnitude of 
the function expressed as the absolute value of z(n). These parameters will be used for the analysis to have 
a good model.   

Figure 4: Spectra comparison of Al substrate, RDX/Al (~16 ng/cm2), and the reference RDX standard.

Figure 5: FFT preprocessing assembly: (a) fringes from metallic substrate; and (b) fringes from analyte/substrate.
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Figures 6a-c show the spectra transformation for substrate SS clean (none), SS contaminant with RDX, and 
IRBS. Basically, the FFT shows each frequency or modes that generated the interferences in the spectra. A 
detailed analysis of Figures 6a-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 of the layer. The Re function has a 
mode with a higher intensity than the others modes. This mode should be the principal interference which 
is generated between the lens and the mirror in back reflection. Basically, each transformation 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 (see Figure 7d on the next page). The loadings for the analysis are shown 
in Figure 6d. Two components were necessary for a complete separation with Re FFT preprocessing. In com-
parison to other parameters of FFT and other preprocessing algorithms, the separation was not complete. 
The preprocessing 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 7a-d show 
the correlation between the scores of PC1 and PC2 for the SNV, |z(n)|, Im and Re. A visualization of the sepa-
ration 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 

Figure 6: FFT spectra for (a) |z(n) |, (b) Re(FFT), (c) Im(FFT), and (d) loadings for PC1 and PC2 for PCA using Re(FFT) as 
preprocessing.
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cross validation (LOOCV) were also calculated for different number of points for FFT. The PLS-DA models 
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 1 and 2, respectively:
                                                                         Sensitivity = (TP)/(TP + FN)                                                                          (1) 
                                                                         Specificity = (TN)/(TN + FP)                                                                       (2) 
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 in the FFT preprocess-
ing (see Table 1 on the next page). These models present very high sensitivity and specificity. The parameters 
of cross validation for all models are shown in Table 1 with two latent variables. In addition, a model for 
quantification for RDX was generated.

Figure 7: PCA with (a) SNV preprocessing, (b) absolute values for FFT, (c) an imaginary part for FFT, and (d) a real part 
for FFT.
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E. Milestones

Of the original proposed Year 4 milestones, the following were achieved:
• Study on effects of real-world samples, including non-uniform coverage and fingerprints on substrates.
• Synthetic skin was incorporated as one of the target substrates for explosives for detection.
The following additional milestones were also achieved:
• Three deposition methodologies were developed:

 ○ Spin coating deposition for smooth texture substrates, including metals, painted metals, plastic 
sheets, and others.

 ○ Thumb printing deposition for rough and porous surfaces, and for fabrics, cardboard, wood, and oth-
ers. This deposition method was also used for transferring explosives crystalline particles to any 
substrate type. 

 ○ Inkjet printing deposition for standards and samples for trace level MIR laser detection.

• Study of effects of polymorphism of RDX in sample distribution and in MIR laser signatures detected.
• Study of optical properties of RDX in the MIR for gold and stainless steel substrates.
The overall final goal of this project is to be able to detect explosives residues on substrates of moving targets, 
independent of the incident angle of the MIR beam. In order to achieve this goal, the following milestones 
proposed in Years 4 and 5 will be carried over for completion during Year 5:
• Simulated field detection experiments on static targets at distances of 1-50 m.
• Sensing at off-normal incidence geometries is in preparation for whole body scanning.

Table 1: Sensitivity and specificity for leave one out cross validation for two latent variables.
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Achievement of these goals depends on transitioning to the homebuilt QCL spectrometer described before. 
All the parts required were acquired during Year 4. Assembly of the first optical layout has been tested. The 
remaining work is to program the data acquisition routines in LabView (NI).

F. Future Plans

Several projects have been planned as a continuation of the efforts in the vibrational-spectroscopy-based 
chemical detection of explosives: 
1. Continue coupling of TLC with QCLs. Several substrates will be investigated for Surface Enhanced Infra-

red Absorption (SEIRA) spectroscopy for enhanced explosives detection. 
2. Continue development of a grazing angle probe coupled to MIR tunable laser sources (such as QCLs). At 

or near the grazing angle leads to RAIS, which is one of the most sensitive spectroscopic techniques for 
thin films and trace analysis.

3. Continue building the addressable library of HEM/HME independent of substrate type. 
4. Year 5 of this project also contemplates the transition to a higher power QCL source that will be used for 

remote sensing measurements at much longer distances. Work on the LabView based interface and data 
acquisition and analysis module will be completed during Summer 2017.

5. Anticipated end date of several objectives of the project is June 2018. However, recent developments 
within our research group related to two grazing angle probe setups (two invention disclosures in prepa-
ration for subsequent filing for patent applications) promise to result in even lower detection limits for 
threat chemicals and explosives resulting in more applications, transferable to remote detection of ex-
plosives.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The overall final goal of this project is to detect and discriminate explosives residues on substrates of moving 
targets, independent of the incident angle of the MIR beam. To achieve this goal, the following obstacles must 
be circumvented:

1. Having access to improved/fieldable QCL systems:
a. Higher power QCL systems: current ~ 5 mW; sought: 50 – 200 mW.
b. Wider spectral coverage: 1000 cm-1: 830–1800 cm-1 (12-6 µm).

2. Faster scanning system: current ~ a spectrum (3 averaged acquisitions) in 15 s; sought: 5 s (or less).
This project also intends to expand the knowledge in the field of preparation and characterization of samples 
and standards based on thin films and islands of HEMs/HMEs for both basic and applied research. Depositing 
traces of target analytes on substrates of high interest using spin coating technology develops the mentioned 
assemblies and thumbprints of HEMs/HMEs that simulate fingerprints of explosives on substrates. A Confo-
cal Raman-AFM-SNOM Imaging Spectroscopic System will be used for characterization studies. 
The following specific deliverable is relevant to the DHS Enterprise: The development and use of a QCL MIR 
portable standoff detection system coupled with multivariate analysis routines capable of detecting, identify-
ing, and discriminating for HEMs/HMEs. The main use of this system is as confirming sensors for explosives 
residues on cloth, luggage, and other substrates down to ng/cm2. This system should provide first responders 
with a highly-versatile tool for explosives detection at close range.
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B. Potential for Transition

The ultimate transition products/outcomes of the research endeavors include:
• Dissemination of research and development efforts via research reports, discussion of data with poten-

tial transition partners, presentations at national and international meetings, publications, and submis-
sion of invention disclosures (2 recent; 4 in total).

• Methodology based on MIR laser spectroscopy for detection of explosives in “direct pointing” mode on 
reflective and mate substrates.

• Methodology based on MIR laser spectroscopy coupled to thin layer chromatography for separation, de-
tection, and quantification of explosives with detection limits to 70 ng.

• Methodology based on coupling MIR laser spectroscopy to grazing angle probe for detection of traces of 
explosives (< 100 pg) on reflective and mate substrates.

• Libraries of MIR laser spectroscopy signatures for HE/HEM using all of the methodologies de-
veloped and any substrate type: reflective and mate. The libraries are based on “intelligent”  
routines that have the capability of incorporating signatures for new explosives threats “on the fly” using 
adaptive routines.

C. Data and/or IP Acquisition Strategy

Possible IP and disclosures are in the area of spectral libraries. Our research group has been very active in 
protecting IP with three invention disclosures and one patent awarded in recent years. 

D. Transition Pathway 

• Commercialization through Pendar Tech and other QCL manufacturers
• Planning of a joint venture with VERLUZ, LLC (Humacao, PR), a division of Pacific Advanced Technology, 

Corp. (Solvang, CA); Michele Hinricks (Founder and CEO)
• DHS: Jim Jensen & Adolfo Negrón at DHS in Edgewood Chemical Biological Center
• DTRA and other DOD divisions
Engagement with potential customers will begin as soon as testing of QCL-GAP capabilities and building of 
libraries have been completed.

E. Customer Connections

A partnership with Pendar Technologies (formerly Eos Photonics) was directed at the development of a 
hand-held explosives detection system based on QCL arrays. We anticipate that our facilities will serve as a 
beta-test site for some of the technologies and applications under development, and that we will eventually 
become commercialization partners with this and other companies. Another targeted partnership is with 
VERLUZ, LLC for development of a QCL-Imaging MIR Camera detection system.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Student Internship, Job, and/or Research Opportunities
a. Amanda M. Figueroa-Navedo, Summer 2017, Research Internship at Transportation Security 

Labs, Atlantic City International Airport, Atlantic City, NJ.
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b. Sebastián Pérez-Orozco, Summer 2017, BioREU Program, Johns Hopkins University, Baltimore, 
MD.

c. Carrie M. Maymón-Bacó, Summer 2017, Pre-Medical Training Program, Dr. García-Rinaldi Foun-
dation, Mayaguez, PR.

2. Interactions and Outreach to K-12, Community College, and/or Minority Serving Institution Stu-
dents or Faculty
a. Served as host for 2 high school students and 1 junior high school student participating in Sci-

ence Fair projects.
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.
3. Training to Professionals 

a. Puerto Rico Chemists Association Continued Education Program, Course in Chemistry of Explo-
sives, November 2016, Southeastern Section, Aguadilla, PR, 65 attendees.

b. Puerto Rico Chemists Association Continued Education Program, Course in Spectroscopic Stand-
off Detection of Chemical Threats, August 2016, Annual Convention, 72 attendees.

4. Other Outcomes that Relate to Educational Improvement or Workforce Development
a. Jorge Castellanos, hired as Research Scientist, Naval Surface Warfare Center – Indian Head Divi-

sion, Indian Head, MD.

B. Peer Reviewed Journal Articles 

1. Castro-Suarez, J.R., Pacheco-Londoño, L.C., Aparicio-Bolaño, J., & Hernández-Rivera, S.P. “Active Mode 
Remote Infrared Spectroscopy Detection of TNT and PETN on Aluminum Substrates.” Journal of 
Spectroscopy, 2017: 2730371. DOI:10.1155/2017/2730371.

2. Castellanos, J., Rios-Velazquez, C., Morales, F., Miranda-Berrocales, V., Liquet-Gonzalez, J., Cortez, I., 
Padilla, R., Vega-Olivencia, C.A., & Hernández-Rivera, S.P. “Cyclic voltammetry as a screening tool for 
the fungal degradation of 2,4,6-trinitrotoluene in aqueous media.” Int. J. Environ. Anal. Chem., 2016, 
96(10): 978–989. http://dx.doi.org/10.1080/03067319.2016.1220003

3. Ruiz-Caballero, J.L., Aparicio-Bolaño, J.A., Figueroa-Navedo, A.M., Pacheco-Londoño, L.C., & Hernán-
dez-Rivera, S.P. “Optical Properties of β-RDX Thin Films Deposited on Gold and Stainless Steel Sub-
strates Calculated from Reflection–Absorption Infrared Spectra.” Applied Spectroscopy, 24 May 2017. 
DOI: 10.1177/0003702817710248 

Pending -
1. Pacheco-Londoño, L.C., Aparicio-Bolaño, J.A., Galán-Freyle, N.J., Román-Ospino, A.D., & Hernan-

dez-Rivera, S.P. “Classical Least Squares Discriminant Analysis of High Explosives Detected on Cotton 
Fabrics by Quantum Cascade Laser Spectroscopy.” Applied Spectroscopy, 2017, under revision for 
publication.

2. Galán-Freyle, N.J., Figueroa-Navedo, A.M., Pacheco-Londoño, L.C., Ruiz-Caballero, J.L., & Hernan-
dez-Rivera, S.P. “Removal of Quantum Cascade Grazing Angle Probe Interference Fringes in Applica-
tions of Cleaning Validation and Detection of Explosives using Fast Fourier Transform Preprocessing 
Algorithm.” Journal of Chemometrics, to be submitted soon.
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C. Student Theses or Dissertations Produced from This Project

1. José L. Ruiz-Caballero. “Preparation and Study of Thin RDX Films Standards on Various Substrates 
Deposited by Spin Coating Technology.” Ph.D. in Chemistry, University of Puerto Rico, Mayaguez 
Campus, June 2017.  

2. Amanda M. Figueroa-Navedo. “Cleaning Validation Applications Using Mid-Infrared Quantum Cas-
cade Laser Spectroscopy.” MS in Chemistry, University of Puerto Rico, Mayaguez Campus, June 2017.  

D. New and Existing Courses Developed and Student Enrollment

New or 
Existing

Course/Module/
Degree/Cert. Title Description Student  

Enrollment
Existing Certificate  

Program
Forensic Chemistry For students of Chemistry and Chemical 

Engineering
37

Existing Course CHEM 5175:  
Explosives Detection 
& Analysis

4 Cr-Hr course with 3 hr/week lecture 
and 4 hr/week lab. Spring Semester of 
2016-17;  Jan. to June 23, 2017.

11

E. Technology Transfer/Patents

1. Inventions Disclosed
a. “Coupling of thin layer chromatography (TLC) to quantum cascade laser spectroscopy (QCLS) 

for qualitative and quantitative field analyses of explosives and other pollutants.” Inventors: 
Samuel P. Hernández-Rivera and John R. Castro-Suarez. Serial No.: 62/346,145. Filing Date: June 
06, 2016. Docket No.: UPR-16253

b. “Grazing Angle Probe Mount for Quantum Cascade Lasers.” Inventors: Samuel P. Hernández-Ri-
vera and Leonardo C. Pacheco-Londoño. In preparation for filing by University of Puerto Rico, 
Mayaguez. 

2. Patent Applications Filed (Including Provisional Patents)
a. “Synthesis of Ag, Cu, Pt, and Au Nanostructures for Continuous Deposits on Surfaces by Mi-

cro-Patterned Laser Image Formation.” Patent Application number: 61/471,478. Inventors: L.C. 
Pacheco-Londoño, J.A. Aparicio-Bolaños; and S.P. Hernández-Rivera, resubmitted 15 July 2016.

F. Software Developed

1. Algorithms: 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 RAIS measurements.
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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

Cem Aksoylar PhD Boston University 1/2017

II. PROJECT DESCRIPTION

A. Project Overview

This project is aimed at Risk-Based-Screening methods for next generation checkpoint screening. We devel-
op new autonomous methods in this context. An advanced checkpoint-screening system calls for significant 
increase in throughput and detection accuracy (low false alarms and missed detections). This poses signifi-
cant challenges at both the physical processing and system layers. We propose to develop novel methods by 
leveraging our recent work on probabilistic subgraph detection. 
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 out-
lying regions within background images. We propose graph-theoretic 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 in-
tensity for arbitrary anomalous shapes. In our recent work, we have shown that the set of all connected 
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.

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address

This project was newly funded following the last Biennial Review, so this section is not applicable.
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C. 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 xv ∊ Rp 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 xv ∊ Rp is associated with each spatial location. The problem of anoma-
ly 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 S and depends on the feature vector xS = {xv}v ∊ S. Here L 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-collect-
ing Steiner tree problem, which is known to be NP-hard can be reduced to the above formulation. A simple 
example is the Gaussian elevated mean model, where if an anomaly is present, we observe μ1v ∊ S + zv with zv ~ 
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)

(2)
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We can use conductance to ensure subgraph connectivity by imposing the following constraints on the  
integral solution S: 

where, (T, S\T) is any partition of the subgraph S;  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 conductance 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, , 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. 
Recently [13], we have developed a mirror descent algorithm for solving the class of problems (1) when the 
constraint set  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 perfor-
mance 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.

(3)
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We again consider elevated mean detection with xv ~ Pois(λ1) for non-anomalous nodes and xv ~ 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]. 

D. Major Contributions

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. 

E. Milestones

We propose to develop specialized efficient iterative methods to solve the AIT anomaly detection problem. 
In this context we will explore related formulations and benchmark their performance. The project will be 
organized in the stages described below. 
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.

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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Milestones to be achieved in Year 5: 
• Train segmentation algorithm to automatically segment AIT images into local parts. 
• Learn part-based statistical models to describe behavior of observed features for non-threat situations. 
• Formalize AIT image anomaly detection as a minimum cost connected subgraph detection problem. 
• Develop a graph-aware iterative method for the current formulation. Our preliminary calculations show 

that this may take the shape of a random-walk based algorithm, where transition probabilities depend on 
the feature values at different nodes. 

• Evaluate the scalability and approximation quality of the new approach, both analytically and empirically. 
• Test and Validate on Kaggle competition dataset released by DHS for Passenger Screening to improve the 

accuracy of threat recognition.

F. Future Plans

Our research proposes methods for Next-Gen systems that call for screening on-the-move scenarios at 
stand-off-distances while eliminating the need to remove any liquids or electronics from the carry-on bag-
gage.. These systems call for localizing the regions of threats in order to improve throughput. If successful, 
our proposed approach will lead to improved Automatic Target Recognition (ATR) algorithms for AIT, such as 
X-ray backscatter and mm-wave imaging. In addition, these methods would lead to development of ATR for 
on-the-move scenarios at standoff distance.
Programmatic Risks: Testing, training, and validation of our algorithm would benefit from ground-truth AIT 
images. To circumvent this issue, we are planning to conduct synthetic experiments on synthetic data that 
accounts for wide variation in background and anomalous regions in terms of intensity, texture, and shape. 
We are also planning to collaborate with Carey Rappaport’s group (Project’s R3-A.2 and R3-A.3) at Northeast-
ern University (NU) to work on simulated AIT images. PIs Saligrama and Castanon have already deployed the 
computational infrastructure to perform such experiments. 
In Year 6, we plan to develop methods for “On-the-Move’’ scenarios in collaboration with Dr. Jose Marti-
nez-Lorenzo’s group (Projects R3-B.1 & R3-B.2) at NU. In this context, we also plan to work with John Fortune 
at DHS S&T on his APEX project (screening at speed), which is particularly relevant to the goal of our project. 

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.
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• Synergistic activity with Thrust 3 (Bulk Sensors and Sensor Systems) at Northeastern University (NU). 
The Thrust 3 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-
strated in laboratory experiments. We will present the results to vendors at ADSA meetings and seminars at 
vendor facilities for interested vendors.
In Year 6, we will work on detection methods in the context of “On-the-Move” scenarios. We will work with 
Dr. Jose Martinez-Lorenzo’s group at NU to explore new signal processing techniques for the new radar sys-
tem they are developing for detecting explosives at standoff distances. We will also explore potential points 
of transition to the APEX project that calls for methods for Screening at Speed. 

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. Student Internship, Job, and/or Research Opportunities
a. Cem Aksoylar graduated in Spring 2017 and is now a Research Scientist at Microsoft Research.

B. Student Theses or Dissertations Produced from This Project

1. Aksoylar, C. “Discovery of Low-Dimensional Structure in High-Dimensional Inference Problems.” 
Ph.D. Thesis, Electrical and Computer Engineering, Boston University, MA.
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C. New and Existing Courses Developed and Student Enrollment

New or 
Existing

Course/Module 
/Degree/Cert.

Title Description Student  
Enrollment

New Course Statistical Machine 
Learning

Advanced concepts in Machine Learn-
ing, Margin based Algorithms, Sta-
tistical Complexity, Online Learning, 
Multi-Armed Bandits, Applications to 
Computer Vision (Spring 2017)

12

D. Software Developed

1. Algorithms
a. Mirror Descent Algorithm for Connected Subgraph Detection: Features on an underlying phys-

ical graph is an input to an algorithm. Algorithm detects whether or not there is a connected 
subgraph where the signal/features on the connected subgraph is salient/anomalous. Date: Sept 
2016 – March 2017.
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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
Joe Wang
Ziming Zhang

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 Professor Northeastern University camps@coe.neu.edu

Mario Sznaier Professor 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

Angels Rates PhD Northeastern University 12/2019

Dong Yin PhD Northeastern University 12/2019

Sadjad Asghari-Esfeden PhD Northeastern University 12/2019

Yongfang Cheng PhD Northeastern University 8/2016

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 to a very large extent already deployed (stationary and mobile networked 
cameras, including camera cell phones, capable of broadcasting and sharing live video feeds), the additional 
investment required is minimal.
Arguably, the critical impediment to fully 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 in dynamic models. Drawing on solid theoretical foundations, robust system identifica-
tion and adaptation methods, along with model (in)validation tools, will yield quantifiable characterization 
of threats and benign behaviors, provable uncertainty bounds, and alternatives for viable explanations of 
observed activities. The resulting systems will integrate real-time data from multiple sources over dynamic 
networks, cover large areas, extract meaningful behavioral information on a large number of individuals and 
objects, and strike a difficult compromise between the inherent conservatism demanded from threat detec-
tion and the need to avoid a high false-alarm ratio, which heightens vulnerability by straining resources. 
The impact of successful video analytics is very relevant to the Department of Homeland Security (DHS). Our 
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goal is to provide tools to automatically process vast amounts of visual data, most of which is not relevant, to 
localize, both in space and time, critical actionable information, which is needed to ensuring safety in large 
public spaces. 

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The reviewers noted the following strengths in our research: 1) it is advancing the state of art in key areas of 
video data analytics; 2) it demonstrates a distinct appreciation for practical utility to applications, as we fo-
cus on computational efficiency, noise reduction, and multiple inputs with non-overlapping video fields, etc.; 
and 3) it leads to video analytics systems that perform well in the real world, as demonstrated by our work 
in airport security in collaboration with the Transportation Security Administration (TSA) and the Cleveland 
Hopkins International Airport (CLE).
The reviewers also pointed out the following weaknesses and future research directions: 1) the research 
should look deeper into the effects of poor tracking in the performance of the proposed approaches; 2) it 
should explore the use of contextual information to enhance recognition performance; and 3) it should also 
consider the use of active learning to incorporate new training data as it becomes available.
We are looking deeper into the effects of poor tracking in the performance of the proposed approaches. 
Tracking is one of the first modules in our systems. Noise and outliers during tracking, if not corrected or 
taken into account, have a negative impact on the overall performance.  To mitigate this, our algorithms work 
under the assumption that data is corrupted, and include a pre-processing stage where noise is reduced and 
outliers are removed through an optimization step enforcing our dynamics-based invariants. In addition, 
we have collected and annotated new re-identification (re-ID) datasets, and developed a set of benchmarks 
to rigorously evaluate the performance of our re-ID algorithms and compare them to the state-of-the-art. In 
Year 5, we will continue along these lines, and extend our algorithms to leverage a priori information when 
available, such as the type of activity or targets being tracked. We will also integrate our dynamic models with 
emerging deep models to exploit contextual information.

C. State of the Art and Technical Approach

C.1. State of the Art

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. showed that it is possible to use dynamics to compare tracks and disam-
biguate 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 [11-13, 14,] using 3D information from camera calibration [12, 15-19], using the 
epipolar constraint [20-22], modeling the relationship between the appearance of a target in different views 
through a linear time invariant system [23], or computing homographies between views [24-28]. 
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When the cameras do not have overlapping fields of view, targets must be re-identified across cameras. A 
good overview of existing re-ID methods can be found in [29-33] 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 [34-
39], such as color and texture descriptors. However, the number and support of features 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 [33, 40-43] de-
sign 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 [44]. A 
common feature is the computational complexity entailed in dealing with noisy measurements. In this case, 
algebraic procedures [45] lead to non-convex optimization problems, while optimization methods lead to 
mixed integer/linear programming [46]. Similarly, methods relying on probabilistic priors [47] also lead to 
computationally complex combinatorial problems. An alternative approach is provided by clustering-based 
methods [48, 49]. 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 (see [50-53]).
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 [54] and [55]. Of particular interest to this project are semidef-
inite programs resulting from the relaxation of constrained rank minimization problems [56, 57]. It has been 
recently shown [58] 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 [59], 
which provides convex certificates for positivity of a polynomial over a semi- algebraic set, and 2) its dual, 
referred to as the Moments approach [60]. Here, sufficient and asymptotically necessary conditions for a 
sequence to be a moment sequence of some Borel measure are used to convexify the problem [61].

C.2. Technical Approach

Our approach is inspired by the fundamental fact that visual data come in streams: videos are temporal 
sequences of frames, images are ordered sequences of rows of pixels, and contours are chained sequences of 
edges. To make the underlying dynamics of the data explicit, we treat the data yk ∈ Rdy, where k is the index 
of the data in the stream, as the output of an unknown piece-wise affine dynamical system S. Piecewise affine 
systems are a generalization of Hidden Markov Models (HMMs), where the state vector can take continuous 
values in Rd, where d is the dimensionality of the space and hence the order of the system. As proved in [62], 
these systems are universal approximators [63], using a high enough dimension d. We have shown [64] that 
these systems have useful invariants, which can be easily estimated from the data by using properties of the 
associated Hankel matrix of the system (see Figure 1). Recovering missing data, due for example to occlu-
sions or sensor failures as well as forecasting future measurements, can then be done by solving a structured  

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-A.1

433



optimization problem defined in terms of these invariants. 

D. Major Contributions

D.1. Year 4

D.1.a. Systematic Evaluation and Benchmarks for Person Re-ID: Airport Dataset and Benchmark

Re-ID is a critical problem in video analytics applications, such as for security and surveillance. The public re-
lease of several datasets and code for vision algorithms has facilitated rapid progress in this area over the last 
few years. However, directly comparing re-ID algorithms reported in the literature has become difficult since 
a wide variety of features, experimental protocols, and evaluation metrics are employed. In order to address 
this need, and in collaboration with Prof. Rich Radke’s research group (project R4-A.3), we made an exten-
sive review and performance evaluation of single- and multi-shot re-ID algorithms [65]. Our experimental 
protocol incorporates the most recent advances in both feature extraction and metric learning. To ensure a 
fair comparison, all of the approaches were implemented using a unified code library that includes 8 feature 
extraction algorithms and 19 metric learning and ranking techniques. All approaches were evaluated using 
a new large-scale dataset that closely mimics a real-world problem setting, in addition to 13 other publicly 
available datasets: VIPeR, GRID, CAVIAR, 3DPeS, PRID, V47, WARD, SAIVT-SoftBio, CUHK03, RAiD, iLIDSVID, 
HDA+, and Market1501. Sample snapshots of the new dataset, known as “Airport,” are shown in Figure 2. A 
few difficult examples for both single- and multi-shot datasets are shown in Figure 3 and Figure 4 (on the 
next page). The evaluation codebase and results will be made publicly available for community use.

Figure 1: Dynamics-based invariant from a block Hankel matrix describing as system S. Each block corresponds to a 
measurement, and each column and row contains measurements for sliding windows with an overlap of 1.
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Figure 2: Sample snapshots from the Airport dataset.

Figure 3: Difficult examples for single-shot datasets: (a) 3DPeS, (b) Airport, (c) VIPeR, and (d) GRID. The first and second 
rows show the probe and gallery images respectively, and the number in third row is the corresponding rank from 
kLFDA with GOG.

Figure 4: Difficult examples for multi-shot datasets: (a) iLIDSVID, (b) PRID, (c) SAIVT-58, and (d) WARD-13. In each image, 
images to the left of the dividing line show the sets for a probe person, and the images on the right show sets of the 
same person in the gallery view. The number towards the end is the corresponding rank from KISSME and SRID with 
GOG.
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We created a new dataset using videos from six cameras located in an indoor surveillance network in a mid-
sized airport; this testbed is described further in [66]. The cameras cover various parts of a central security 
checkpoint area and three concourses. Each camera has 768x432 pixels and captures video at 30 frames per 
second. 12-hour long videos (from 8:00 AM to 8:00 PM) were collected from each of these cameras. Under 
the assumption that each target person takes a limited amount of time to travel through the network, each of 
these long videos was randomly split into 40 5-minute-long video clips. Each video clip was then run through 
a prototype end-to-end re-ID system comprised of automatic person detection and tracking algorithms. Spe-
cifically, we employed the ACF framework of Dollar et al [67] to detect people, as well as a combination of 
FAST corner features [68] and the KLT tracker [69] to track people and associate any broken “tracklets.’’ 
Since all the bounding boxes were generated automatically without any manual annotation, this dataset ac-
curately mimics a real-world re-ID problem setting. A typical, fully automatic re-ID system should be able to  
automatically detect, track, and match people seen in the gallery camera, and the proposed dataset exactly 
reflects this setup. In total, from all the short video clips, tracks corresponding to 9,651 unique people were 
extracted. The number of bounding box images in the dataset is 39,902, giving an average of 3.13 images per 
person. The sizes of detected bounding boxes range from 130x54 to 403x166 pixels. 1,382 of the 9,651 peo-
ple are paired in at least 2 cameras. A number of unpaired people are also included in the dataset to simulate 
how a real-world re-ID system would work: given a person of interest in the probe camera, a real system 
would automatically detect and track all the people seen in the gallery camera. Therefore, having a dataset 
with a large number of unpaired people greatly facilitates algorithmic re-ID research by closely simulating a 
real-world environment. A sample of the images available in the dataset is shown in Figure 3b. As can be seen 
from the figure, these are the kind of images one would expect from a fully automated system with detection 
and tracking modules working in a real-world surveillance environment. As shown in Figure 3 and Figure 4, 
the Airport dataset suffers from all challenging attributes except low resolution. This is because relatively 
small detections were rejected by the person detector.
In Table 1 on the next page, we summarize the overall cumulative match characteristic (CMC) curves by 
reporting the algorithm combination that achieved the best performance on each dataset, as measured by 
the rank-1 performance. We note that GOG [70] performs the best among the 8 evaluated feature extraction 
algorithms, with it being a part of the best performing algorithm combination in 6 of the 7 single-shot and all 
of the 11 multi-shot datasets. In the case of single-shot evaluation, while XQDA [71] is part of the best per-
forming algorithm combination in 3 of the 7 single-shot datasets, across all the single-shot datasets, we note 
that GOG-kLDFA  gives a mean rank-1 performance of 47.5%, marginally higher than GOG-XQDA, which gives 
45.3%. This suggests that kLDFA is the best performing metric learning algorithm. In the case of multi-shot 
evaluation, the combination of KISSME [72] as the metric learning algorithm and SRID [73] as the multi-shot 
ranking algorithm is the best performing algorithm combination, with it resulting in the best performance 
on 9 of the 11 datasets.
In general, we observed that the algorithms give better performance on multi-shot datasets than on sin-
gle-shot datasets. While this may be attributed to multi-shot datasets having more information in terms of 
the number of images per person, it is important to note that the single-shot datasets considered here gener-
ally have a significantly higher number of people in the gallery. It is quite natural to expect re-ID performance 
to go down as the number of gallery people increases because we are now searching for the person of interest 
in a much larger candidate set.
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D.1.b. Systematic Evaluation and Benchmarks for Person Re-ID: DukeTTMC4ReId Dataset and Benchmark

As noted above and in our recent benchmark paper by Karanam et al [65], the size of a dataset, in terms of 
both the number of identities as well as the number of bounding boxes, is critical to achieve good perfor-
mance. Furthermore, in real-world, end-to-end surveillance systems, as noted in Camps et al [66], we can use 
camera calibration information to predict motion patterns, potentially helping to prune out irrelevant can-
didates and reducing the search space. The recently proposed DukeMTMC dataset [74], while originally pro-
posed for multi-target tracking, fulfills both of these criteria. In addition to containing 2 million full frames 
corresponding to 2,700 identities seen in an 8-camera network, the dataset also comes with per-camera 
calibration information.
As part of this research, we adapted and re-oriented the DukeMTMC dataset to address the re-ID problem 
[75]. To this end, we used an off-the-shelf person detector to generate candidate bounding boxes from the full 
frames, resulting in a re-ID dataset with the largest number of unique identities to date. Figure 5 on the next 
page illustrates sample snapshots from the proposed dataset.

Table 1: Top performing algorithmic combinations on each dataset; read as feature-metric for single shot and fea-
ture-metric-ranking for multi-shot.
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All frames in the DukeMTMC dataset were captured by 8 static cameras on the Duke University campus in 
1080p and at 60 frames per second (Fig. 6). In total, more than 2,700 people were labeled with unique IDs 
in 8 75-minute-long videos. The tight bounding boxes of each person for each frame were generated based 
on background subtraction and manually labeled foot positions in a few frames. Regions of interest (normal 
paths on the ground plane) and calibration data are also provided. The entire dataset is split into 3 parts: 1 
training/validation set labeled “trainval’’ and 2 testing sets labeled “test-hard” and “test-easy.” To date, only 
labels from the “trainval’’ set have been released, which contains 1,852 unique identities in 8 50-minute-long 
videos (dataset frames 49,700-227,540).  

Based on this dataset, we constructed a large-scale, real-world person re-ID dataset: DukeMTMC4ReID. Fol-
lowing the recently proposed Market1501 [76] and CUHK03 [77] datasets, bounding boxes from an off-the-
shelf person detector were used to mimic real-world systems. We used a fast, state-of-the-art person detector 
[78] for accurate detections, which were filtered using predefined regions of interest to remove false alarms, 
e.g., bounding boxes on walls or in the sky. Then, following Market1501, based on the overlap ratio between 
the detection and ground truth (i.e., the ratio of the intersection to the union), we labeled the bounding box 
as “good’’ if the ratio was greater than 50%, “false positive (FP)” if the ratio was smaller than 20%, and “junk” 

Figure 5: Snapshots of the new DukeMTMC4ReID dataset.

Figure 6: Layout of the cameras in the DukeMTMC dataset.
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otherwise. For each identity, we uniformly sampled five “good’’ bounding boxes in each available camera, 
while retaining all the “FP’’ bounding boxes in the corresponding frames. Table 2 summarizes the statistics of 
the new dataset and Figure 7 shows snapshots for several camera pairs. 

We also presented an up-to-date performance benchmark for this dataset, in which we adopted the evalua-
tion protocol that we proposed in Karanam et al [65]. Specifically, we considered hundreds of combinations 
of previously published feature extraction and metric learning algorithms. The goal was to systematically 
study how existing re-ID algorithms fare on this new dataset. We obtained extensive per-camera-pair evalu-
ation results, and compared the performance on this dataset with that of existing, widely used datasets, pro-
viding useful insights for future research directions. Compared to widely used datasets such as CUHK03 [77] 
and Market1501 [76], the rank-1 performance on the proposed dataset is lower under similar experimental 
settings, suggesting future opportunities to develop better re-ID algorithms. 
In Figure 8 on the next page, we report the CMC curves for all the evaluated algorithm combinations. We high-
light the top 10 best-performing combinations, in terms of rank-1 accuracy, in color. The rank-1 performance 
for all combinations is shown in Table 3 on the next page. Similar to the trends observed in [65], we found 
the best-performing feature extraction algorithms to be GOG, LDFV, and LOMO, whereas the best performing 
metric learning methods were kLFDA and kMFA. GOG performs well due to its hierarchical modeling of local 
color and texture structures in images. kLFDA and kMFA result in the most discriminative distance metrics 
because they solve generalized eigenvalue problems on data scatter matrices, a framework Karanam et al 
[65] empirically found to be most suitable for re-ID.

Table 2: Statistics of the DukeMTMC4ReId dataset.

Figure 7: Sample snapshots for camera pairs.
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Figure 8: CMC curves for the DukeMTMC4ReId dataset. The top 10 performing algorithms are shown in color. Numbers 
in brackets correspond to the mAP values.

Table 3: Rank 1 results from all feature/method combinations. The best results for each feature are marked in red and 
second best in blue.
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While we have specifically benchmarked re-ID, the problem of comparing candidate bounding boxes is only 
a small part of an automatic system that tracks persons of interest in a multi-camera network. As noted 
by Camps et al [66], detection and tracking modules are key parts of such a system that would typically be 
operated for long periods of time. In such cases, the re-ID module in the system is presented with a contin-
uously increasing gallery set, instead of a fixed-size gallery set, resulting in several previously unaddressed 
temporal challenges. The DukeMTMC dataset also comes with tools to retrieve time-stamp information for 
every frame, potentially enabling DukeMTMC4ReID to be used to consider such temporal aspects of the re-ID 
problem.  
To fully explore the potential of the DukeMTMC dataset, we can extend DukeMTMC4ReID to construct a 
MARS [79]-like, video-based, or multi-shot re-ID dataset. This will result in a massive dataset with full cal-
ibration information that will present unique challenges and opportunities to re-ID researchers. A specific 
and promising research direction would be the study of multi-shot ranking [80-82] in conjunction with met-
ric learning. While these two topics are typically treated separately, we anticipate that a unified framework 
would lead to substantial performance gains.

D.1.c. Optimal Filtering of Covariance Matrices 

Covariance matrices are ubiquitous in computer vision, in problems ranging from tracking to object detec-
tion, person re-ID, activity recognition, face recognition, and diffusion tensor imaging. Applications outside 
the computer vision field include economics, fault detection, and power systems. Most of these applications 
require estimating the present value of a covariance matrix from a combination of noisy measurements and 
past historical data, with the main difficulty here arising from the need to account for the fact that these 
matrices evolve on a Riemannian manifold. For example, [83] proposed to use the Karcher mean of the mea-
surements as the covariance estimate, as a counterpart to the use of the arithmetic mean update in Euclidean 
space. However, this approach does not take into consideration measurement noise.  Explicitly accounting 
for this noise leads to recursive filtering methods. In this context, [84] considered linear systems evolving on 
a Riemannian manifold and proposed a Kalman recursive scheme where a matrix log mapping (given a so 
called base point) is used to flatten the Positive Definite (PD) manifold prior to computing the predicted and 
corrected states. However, it is known that flattening the manifold often leads to less accurate distance calcu-
lation, resulting in poor prediction/estimation. Intrinsic extensions of recursive filtering, where the on-man-
ifold distance is considered, were proposed in [85, 86]. A limitation of these approaches is that they assume 
that the present value of the covariance evolves according to a known first order model (that is, the present 
value of the covariance depends only on its most immediate past value). However, these assumptions do not 
necessarily hold in many practical scenarios, where covariances evolve according to more complex dynamics 
that are not a priori known (see Figure 9).

Figure 9: Two examples where covariance features are used to describe a target. On the left, the appearance of the 
car has roughly constant covariance. On the right, the covariance of the appearance of the spinning ball changes over 
time.
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To address these limitations, in [87], we proposed a new framework for recursive filtering on the PD mani-
fold using Generalized Autoregressive Conditional Heteroskedasticity (GARCH) models for propagating past 
measurements, combined with a maximum likelihood estimator based on minimizing the Jensen Bregman 
LogDet divergence. Specifically, we introduce a new probabilistic dynamic model for recursive filtering on the 
PD manifold based on a generalized Gaussian distribution. As shown in the paper, under suitable conditions, 
the generalized Gaussian conjugate prior can indeed be expressed in terms of the Jensen-Bregman LogDet 
Divergence (JBLD) distance between the observed and predicted data. This key observation, combined with a 
data-driven GARCH model that propagates past values of the covariance, leads to a filter that admits a closed-
form solution and compares favorably, both in terms of the estimation error and computational time, against 
existing approaches. 
Figure 10 shows a very challenging experiment, where the goal is to track a multicolored spinning ball in the 
presence of occlusion (frames 16-19) and clutter whose color covariance descriptors are, in some frames, 
similar to those of the target. Note that, due to the spinning, the appearances of the target as it enters and 
emerges from the occlusion are different, thus needing a data-driven framework capable of accurately pre-
dicting this change. We first used the information from frames 1 to 14 to identify an 11th order model that 
captures the evolution of the covariance feature obtained from the coordinates and color of the target. Next, 
we used the different filters to estimate the covariance feature starting from frame 15, which is the last un-
occluded frame, based on the data from frames 1-14. To this effect, we used the dynamical model to predict 
the covariance feature in the next frame. Next, we searched for the best match (in the JBLD or, in the case of 
IRF, AIRM, sense) by comparing against the covariance features obtained using a sliding window. Changing 
target size was handled by dense scanning (using the integral image trick) with target sizes ranging between 
85% and 115%, in increments of 5%, of the last size. The best match was chosen as the target in the frame 
and used as observation to perform the correction step in all filtering methods. During the occlusion, no cor-
rection step was performed. Again, for LRF and IRF, the parameters were chosen as reported in [84] and [85]. 
For this experiment, we also compared against the method proposed in [86] (MUKF) using the code provided 
by the authors, where the target bounding box was modified to be rectangular as in the other methods. 

Figure 10: Tracking under occlusion. Top: sample training data. Bottom: tracking results using different filters.
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As shown in Figure 10, only the proposed method is capable of sustained tracking. This is due to the fact that 
the LRF, IRF, and MUKF methods cannot accurately predict the evolution of the covariance because they use, 
at most, information of the previous two frames, and thus cannot handle long occlusions. Finally, the Stein 
Mean method, even using information from more than the past 11 frames, fails due to the fact that the updat-
ing methodology does not reflect the dynamic evolution of the target.
Another set of experiments used videos from YouTube. The videos contain a spinning multicolored ball and 
fish schooling behavior. Sample frames are shown in Figure 11. We divided each sequence into two parts: 
training data (around 60%) and testing data (around 40%). For each sequence, we first extracted Red-Green-
Blue (RGB) covariance features from the object (the spinning ball or the entire fish school) and used the 
training data to estimate the model parameters for JBRF. The system order was determined empirically, by 
searching for the best fit. The data was corrupted with Gaussian noise N(0,0.01) prior to extracting the cova-
riance features. These corrupted covariance sequences were then processed using the different estimation 
methods. The tuning parameters for this experiment were set as follows. For JBRF and IRF, we first calcu-
lated the fitting error of the state transition, in the corresponding non-Euclidean metric, using the training 
sequence and associated system model. The estimation error was again computed using JBLD between the 
estimations and the ground truth (extracted from frames before corruption). 

The mean estimation errors and average run time to filter 100 frames are shown in Table 4 on the next page. 
Sample frames from several sequences are shown in Figure 11 along with their noise corrupted counterparts. 
Table 4 shows that indeed JBRF achieves the minimum estimation error among all methods, while at the 
same time being 60% faster than the closest competitor. It is also worth emphasizing that the performance 
improvement is not just due to the fact that the JBLR can use higher order models. As shown in the last five 
columns of the table, using a data driven model leads to substantial performance improvement, even when 
the order of this model is comparable to the one used by competing methods.

Figure 11: Sample frames from YouTube videos. Top: original sequences. Bottom: sequences corrupted by noise.
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The main advantages of the proposed approach, compared against existing techniques are: (1) the ability to 
identify the propagation model and to exploit it to obtain better predictions, while taking into account the 
non-Euclidean geometry of the problem; and (2) the use of a generalized Gaussian approximation to the Jen-
sen-Bregman LogDet Divergence that leads to closed-form maximum likelihood estimates. As illustrated in 
our experiments, the use of the identified manifold dynamics combined with the JBLD metric leads to filters 
that compare favorably against existing techniques both in terms of the estimation error and the computa-
tional time required to compute the estimates.

D.2. Previous Years’ Major Contributions

Our contributions in previous years can be roughly classified into four areas related to video analytics: track-
ing, activity recognition, human re-ID, and mathematical tools for robust video and image processing. Please 
see reports from previous years for more details.
• Tracking [87-89] 

 ○ We developed an algorithm that uses dynamics-based invariants to robustly track multiple targets 
with similar appearances. 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 
covariance propagation.

• Activity recognition [90-99]
 ○ 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-ID [66, 100-102]
 ○ Datasets: In collaboration with TSA and CLE, we collected and annotated a dataset for human re-ID at 

the CLE airport. In collaboration with Great Cleveland Rapid Transit Authority (GCRTA) and the DHS 
Center of Excellence VACCINE, we collected and annotated a second dataset (where targets changed 
appearance) at bus terminals in Cleveland, 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 

Table 4: Mean estimation error and running time for the experiments using YouTube video clips; the number in  
parenthesis denotes the system order of JBRF model.
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targets have similar appearance or change appearance between views.

• Mathematical tools [87, 89, 91-93, 96-99, 103-108]
 ○ We developed theory connecting machine learning and systems identification. For example, we de-

veloped: (1) tools for robustly estimating the fundamental matrix in stereo camera systems; (2) a 
method for linear robust regression in the presence of gross outliers; (3) a method for subspace clus-
tering capable of incorporating prior information, which is suitable for motion and planar surfaces 
segmentation; and (4) an algorithm to chronologically sort crowd-sourced images in order to recover 
temporal information of an event.

E. Milestones

The original milestones for Year 4 work plan were:
• Robust, sustained tracking over one or more cameras.
• Reliable re-ID of targets across multiple non-overlapping time and space scales.
• Development of a suite of dynamical context aware detectors.
• Performance evaluation using real-world data. 
Of the milestones set in advance, the following ones were not fully completed but will be addressed in Year 5:
• Robust, sustained tracking over two or more cameras.

• Development of context aware detectors. 

F. Future Plans

This project will lead to a new class of data-driven systems capable of autonomously analyzing very large 
volumes of data to detect the onset of dangerous situations, providing humans with only relevant situational 
abstractions to avoid “data overload.” The proposed research will advance the state of the art in both systems 
theory and machine learning by developing computationally tractable algorithms for semi-supervised learn-
ing, simultaneous manifold embedding, and classification of dynamic data. The final products of this research 
will include a set of algorithms for robust video analytics (for tracking, activity recognition, human re-ID, and 
video segmentation), prototype implementations, labeled datasets for benchmark and testing of algorithms, 
and publications in the leading journals and conferences in computer vision and control systems.
In Year 5, we will 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 will develop a new theoretical framework 
and associated algorithms with broad applicability to public space safety, to use deep models while exploiting 
dynamic invariants on manifolds as key enablers for automatic, actionable information extraction from video. 
We expect to achieve outcomes on all the relevant subproblems: tracking, activity recognition, human re-ID, 
and mathematical tools for video analytics.
• Tracking: We will: 1) incorporate state-of-the-art, deep-learning-based pedestrian detection algorithms; 

2) incorporate our results of human re-ID to recover the target as it moves from one camera to another; 
3) develop a new cost function, taking into account both appearance and dynamics of the target; and 4) 
evaluate the proposed algorithm using literature benchmarks and our own real-world captured data.

• Activity recognition:  We will 1) develop deep learning architectures to recognize single and multiple ac-
tor activities; 2) design a trained end-to-end system to do detection and recognition; and 3) evaluate the 
proposed architectures using literature benchmarks.

• Human re-ID: We will 1) develop deep learning techniques to link verbal descriptions with images through 
the use of attributes; 2) continue to study the use of dynamics-based features to aid in appearance im-
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paired scenarios; 3) share a new benchmark dataset with the research community; and 4) evaluate the 
new algorithms using this new dataset as well as other existing sets in the literature.

• Mathematical tools:  All the outcomes listed above rest on the capability of introducing dynamics-based 
invariants into deep learning architectures. We will provide theoretically grounded procedures on how 
to do this as well as how to visualize what the architecture is learning.

If additional time and funding were available past Year 5, we would like to continue our work on dynam-
ics-based deep models. There are several problems that we would like to address.
• 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 and available large labeled datasets from other 
domains could be used for this purpose. 

• We would like to work on the problem of tracking passengers and divested items at the checkpoint, using 
data obtained from the Correlating Luggage and Specific Passengers (CLASP) mock checkpoint at NEU’s 
George J. Kostas Research Institute for Homeland Security. In particular, we want to develop algorithms 
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, but also 
needs to allow for dynamic interactions among the group and objects. 

• Another direction to continue research is how to seamlessly integrate information from multiple hetero-
geneous and asynchronous information sources.

• 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.

• 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 
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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. This system could be transferred to other airports. In addition, we are developing, 
in collaboration with the GCRTA and VACCINE, a re-ID surveillance system for mass transit light rail stations. 
Recently, we started working on a project with Rensselaer Polytechnic Institute (RPI), Boston University, 
Purdue University, and Marquette University to install an airport security mockup at the Kostas Center. This 
supplement to ALERT’s core cooperative agreement, named CLASP, will allow 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 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 four 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 will allow us to capture realistic data in controlled scenarios.

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

• CLE Airport Commissioner- Mr. Fred Szabo 
• GCRTA Security Chief – Mr. John Joyce 

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Course, Seminar, and/or Workshop Development
a. Prof. Octavia Camps taught an advanced graduate course in computer vision, where students 

worked on projects for multi-camera tracking, activity recognition, and re-ID.
b. Prof. Mario Sznaier introduced a new graduate course on optimization.

2. Student Internship, Job, and/or Research Opportunities
a. Two graduate students involved in this project are doing summer internships in industry. Men-

gran Gou is working at Siemens Research and Angels Rates is working at Amazon.
b. Yongfang Cheng, after graduating with a Ph.D. in 2016, joined Bosch Research.
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B. Peer Reviewed Journal Articles 

1. Camps, Octavia, Gou, Mengran, Hebble, Thomas, Karanam, Srikrishna, Lehmann, Oliver, Li, Yang, 
Radke, Richard, Wu, Ziyan and Xiong, Fei. 2017. “From the Lab to the Real World: Re-Identification in 
an Airport Camera Network.” IEEE Trans. CSVT 2017. DOI: 10.1109/TCSVT.2016.2556538

Pending – 
1. Karanam, Srikrishna, Gou, Mengran, Wu, Ziyan , Rates-Borras, Angels, Camps, Octavia and Radke, 

Richard J. “A Systematic Evaluation and Benchmark for Person Re-Identification: Features, Metrics, 
and Datasets”. Under review for IEEE Trans. PAMI.

C. Other Publications

1. Camps, Octavia and Sznaier, Mario. 2017. “The Interplay Between Big Data and Sparsity in Systems 
Identification.” Geometric and Numerical Foundations of Movements, Springer, pp.133-159. DOI: 
10.1007/978-3-319-51547-2_7

D. Peer Reviewed Conference Proceedings

1. Wang, Yin, Camps, Octavia, Sznaier, Mario, Roig Solvas, Biel. “Jensen Bregman LogDet Divergence 
Optimal Filtering in the Manifold of Positive Definite Matrices.” ECCV 2016, October 8-16, 2016, Am-
sterdam, the Netherlands.

2. Gou, Mengran, Zhang, Xikang, Rates-Borras, Angels, Asghari-Esfeden, Sadjad, Camps, Octavia and 
Sznaier, Mario. “Person Re-identification in Appearance Impaired Scenarios.” BMVC 2016, Septem-
ber 19-22, 2016, York, United Kingdom.

3. Camps, Octavia, Sznaier, Mario, Zhang, Xikang. “Convex behavioral model (in) validation via Jen-
sen-Bregman divergence minimization.” ACC 2016, July 6-8, 2016, Boston, MA. 

4. Wang, Yin, Sznaier, Mario and Camps, Octavia: “A Super-Atomic Norm Minimization Approach to 
Identifying Sparse Dynamical Graphical Models.” ACC 2016, July 6-8, 2016, Boston, MA. 

Pending – 
1. Gou, Mengran, Karanam, Srikrishna, Liu, Wenqian, Camps, Octavia and Radke, V. “DukeMTMC4ReID: 

A Large-Scale Multi-Camera Person Re-Identification Dataset.” 1st Workshop on Target Re-Identifica-
tion and Multi-Target Multi-Camera Tracking in conjunction with CVPR 2017. 

E. Other Presentations 

1. Seminars
a. Octavia Camps. “Dynamics-Based Invariants for Multicamera Video Understanding.” Johns Hop-

kins University, February 2017, invited Talk.
b. Octavia Camps. “Appearance-Impaired Re-Id.” CVPR 17 Area Chair Meeting,  U. Maryland, Febru-

ary 2017.

F. Student Theses or Dissertations Produced from This Project

1. Yongfang Cheng. “Polynomial Optimization Techniques in Subspace Clustering.” PhD Thesis, North-
eastern University Department of Electrical and Computer Engineering, 2016.
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G. New and Existing Courses Developed and Student Enrollment

New or 
Existing

Course/Module/ 
Degree/Cert.

Title Description Student  
Enrollment

Existing Course Advanced Computer 
Vision

Project oriented graduate class in  
computer vision.

25

New Course Sparsity and Big Data Optimization graduate course that  
focuses on the interplay between big 
data and sparsity in controls and  
systems identification.

25

H. Software Developed

1. Datasets
a. As discussed above, we created a dataset using video captured at Cleveland International 

Airport and another dataset using data provided by Duke University. These datasets will be 
made available to the research community upon request. Links to request the data will be at  
http://robustsystems.coe.neu.edu/.

2. Algorithms
a. We developed a suite of algorithms to evaluate and benchmark Re-Id approaches. 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

Joe Wang Post-doc BU joewang@bu.edu

Ziming Zhang Post-doc BU zzhang14@bu.edu

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

Yuting Chen PhD BU 5/2017

Yannan Bai MS BU 12/2017

Di Wu MS BU 12/2017

Karan Chauhan BS BU 5/2020

Tolga Bolukbasi PhD BU 5/2018

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 dwelling 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.
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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 
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. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

Strengths: The committees recognized that this project addresses several knowledge gaps in video analytics 
(searching, computer vision, autonomous detection, etc.). The technical committee also recognized the ex-
pertise of the researchers carrying out this work. The FCC recognized that this project addresses an import-
ant, emerging challenge of how to consolidate into cohesive capabilities as the number of cameras and sens-
ing modalities grows. They recognized the importance of the targeted search of video to many stakeholders.
Weaknesses: While the committees recognized the merits of the approach, they felt that the current project 
did not adequately consider the context and semantics that are necessary for relevant analysis and retrieval. 
They also felt that the approach could benefit from learning and updating models over time. The FCC com-
mittee felt that while there were several stakeholders that had expressed interest, they felt that none were 
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actively involved currently. They also felt that specific goals, milestones, and plans for how to achieve them 
were lacking. 
In Year 4, we have continued to incorporate context and semantics into activity descriptions that are relevant 
to the Department of Homeland Security (DHS). In Year 4, we demonstrated forensics and activity detection 
capabilities to the ALERT transition team and Industrial Advisory Board, as well as demonstrated features of 
our system at DHS conferences. The forensic search system is complex, requiring integration of many com-
ponents including user interface, pre-processing, detection and tracking algorithms and probabilistic search 
functions. This integration is necessary before we can effectively engage with our stakeholders. This summer 
we have made significant progress towards system integration in large part due to successful recruitment 
of a new post-doc and several undergraduate and graduate students. In Year 5, we plan to expand our vo-
cabulary of semantically meaningful descriptors and leverage zero-shot methods to more closely mirror re-
al-world forensic and re-ID problems.

C. State of the Art and Technical Approach

C.1. State of the Art 

We are presenting a survey of different approaches to the problems addressed by this project.

C.1.a.	 Classification	Methods

Many methods [1, 2, 3, 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 
unrelated co-occurring activities, which is the typical scenario in surveillance problems.

C.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.

C.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.
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C.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. 

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 

Figure 1: Illustration of building blocks for searching user defined activity in surveillance video.
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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 com-
pare 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.

C.3. Experiments and Comparisons

We perform semantic video retrieval experiments on the VIRAT Ground 2.0 dataset and the Air Force Re-
search 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 rep-
resents 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.
We compare 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 
1-3. 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 on the next page, 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 outperform 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 de-
posit.
We perform 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 re-
lationship 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.
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D. 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. 
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. 

Year 1:
During Year 1, we conceptualized a rudimentary system composed of (a), (c) and (d) described above. This 
system was based on the premise that we have access to high-performance algorithms for detection, recog-
nition, and tracking. Consequently, our search algorithms were deterministic and were sensitive to track and 
detection errors.
Year 2:
During Year 2, we developed efficient subgraph matching techniques for matching graph-based input que-
ries. In parallel, we developed re-identification algorithms for recovering targets. We developed novel struc-
tured prediction based Re-ID methods. 
Year 3:
We built software for deterministic matching of input queries with 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.

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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Year 4:
We began to transition our system to probabilistic matching in order to account for the invariable presence of 
detection and tracking errors. Our current system works well when the low-level detection and track errors 
are small, but exhibits significant degradation with low-level errors. 
Year 5:
We have begun to incorporate Deep Neural Networks for low-level processing. This appears to significantly 
improve target detection performance. We plan to integrate our methods into a fully functional Forensic sys-
tem by end of Year 5.

E. 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.
Milestones to be achieved in Year 5: 

1. Improve recall-precision curves for simple and complex queries for tracked data through integration 
of re-ID and margin-based classifier scoring functions. Our goal is to realize over 15% area under 
curve (AUC) precision/recall improvement over conventional feature-accumulation algorithms.

2. Software integration of different modular components.
3. Investigate performance of textual queries to transition from the current graph-based query inputs. 
4. Present forensic search algorithms to the ALERT transition team and Industrial Advisory Board to 

assist in the identification of transition paths.

F. 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 a 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. 
We have validated our software on aerial and ground video in moderately cluttered environments. A major 
contribution of Year 4 has been to integrate low-level learning components, such as re-ID and object-level 
classifiers, into similarity search. Currently, we see a significant performance gap between ground-truth and 
tracked data. We propose to improve our low-level 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
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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 are currently improving our software code to enhance usability by end-users. Our goal is to 
demo these capabilities to TSA and other interested parties during Year 5. We will then provide access to our 
code so that the users gain confidence with its activity detection and video analytics capabilities. Part of this 
work has also led to real-time tag and track algorithms (re-id) that were deployed at Cleveland Hopkins Inter-
national Airport (CLE). These algorithms can also be used to enhance safety in other mass-transit scenarios. 
We are working closely with PIs at Rensselaer Polytechnic Institute (RPI) and Northeastern University (NEU) 
to develop reliable systems. These capabilities are multi-use (i.e. they can be used by DHS, the National Geo-
spatial-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 at the Office of Naval Research (ONR) in Dececember 2016 
and at the NGA National Academic Symposium in October 2016. The feedback we have received is that the 
software capabilities, when fully functional, would significantly enhance current security analyst capabilities. 
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 expect to make 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 5.

E. Customer Connections

1. Martin Kruger, ONR Program Office, monthly meetings. Funding provided through ONR program. 
2. David Beyerlein, NGA Program, quarterly meetings. Funding through National University Research 

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. Joe Wang became employed as a Research Scientist at Amazon in Cambridge, MA beginning in 
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February 2017.
b. Ziming Zhang became employed as a Research Scientist at the Mitsubishi Electric Research Lab-

oratories (MERL) in Cambridge, MA beginning in November 2016.
c. Tolga Bolukbasi had an internship at Microsoft Research in Seattle, WA from June to August 

2016.
d. Tolga Bolukbasi had an internship at Amazon in Seattle, WA from June to August 2017.
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Intelligence, May 2017. DOI: 10.1109/TPAMI.2017.2707492

2. C. Aksoylar, J. Qian, & V. Saligrama. “Clustering and Community Detection with Imbalanced Clusters.” 
IEEE TSIPN, March 2017. DOI: 10.1109/TSIPN.2016.2601022
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4. Z. Zhang, & V. Saligrama. “PRISM: Person Re-identification via Structured Matching.” IEEE Trans-
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C. Peer Reviewed Conference Proceedings

1. Z. Zhang, & V. Saligrama. “Zero-Shot Recognition via Structured Prediction.” European Conference 
on Computer Vision (ECCV), Amsterdam, The Netherlands, October 2016. DOI: 10.1007/978-3-319-
46478-7_33

D. Student Theses or Dissertations Produced from This Project

1. Y. Chen. “Similarity Learning for Person Re-Identification and Semantic Video Retrieval.” Division of 
Systems Engineering, PhD Thesis, Boston University. 

E. New and Existing Courses Developed and Student Enrollment

New or 
Existing

Course/Module/
Degree/Cert.

Title Description Student  
Enrollment

New Course Statistical Machine 
Learning

Advanced concepts in Machine  
Learning, Margin-based Algorithms, 
Statistical Complexity, Online Learning, 
Multi-Armed Bandits, Applications to 
Computer Vision (Spring 2017)

12

F. Technology Transfer/Patents

1. Patent Applications Filed (Including Provisional Patents)
a. G. Castanon, Y. Chen, Z. Zhang, & V. Saligrama. “Large Scale Video Search Using Queries that De-

fine Relationships Between Objects.” US Patent Filed, May 2017.

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-A.2

463



G. Software Developed

1. Other
a. During Year 4, we developed software for a similarity 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. During Year 4, new capabilities to account for 
visual distortions and detection/tracking errors were added. 
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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

Srikrishna Karanam PhD RPI 5/2017

Eric Lam BS RPI 5/2017

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 
vision research in re-id largely focuses on two challenging issues. The first is feature selection, or determin-
ing 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 
viewpoints. 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;
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• The evaluation of the suitability of such algorithms for real-world homeland security applications, taking 
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. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The Biennial Review team commended this project on the rigor of its research, the extensive and challenging 
real-world experiments and evaluation conducted therein, and the dissemination of its results in top comput-
er vision conferences and journals. The reviewers also singled out the ability of the research team to translate 
theoretical research into real-world practice in an actual end-to-end surveillance system. On the other hand, 
the reviewers claimed that the work did not explore some recent trends in the re-id literature, relying on 
standard approaches and methods (see response below), and that more specific system requirements are 
necessary. One identified weakness (that the camera views must be contiguous) was a misinterpretation of 
our approach.
In Year 4, we addressed the perceived weaknesses in two ways. First, the Rensselaer Polytechnic Institute 
(RPI) research group, in collaboration with Dr. Octavia Camps’ group at Northeastern University (NEU, proj-
ect R4-A.1), created an exhaustive community-wide evaluation standard and benchmarking dataset for re-
id, investigating hundreds of combinations of feature extraction algorithms, metric learning strategies, and 
multi-shot ranking methods. Each combination is applied to more than fifteen benchmarking datasets, in-
cluding a new and challenging dataset extracted from the research camera testbed at the Cleveland Hopkins 
International Airport (CLE) in Year 3. This evaluation and benchmarking effort enables us to: (1) suggest the 
overall most promising combinations of algorithms for different kinds of data; (2) characterize achievable 
performance of re-id to set end-user expectations; and (3) suggest potentially fruitful avenues for research 
that are likely to yield the most significant improvements in performance. It is likely that the methods and 
datasets referred to by the reviewers have already been incorporated into our extensive evaluation.  This 
benchmarking effort was described in a journal paper under second review at IEEE Transactions on Pattern 
Analysis and Machine Intelligence, and is also online at arxiv.org [1]. The second approach to addressing the 
perceived weaknesses is to investigate re-id methods based on deep convolutional neural networks (CNNs), 
which have recently achieved unprecedented success for many computer vision problems.  We evaluated 
CNNs and related cutting-edge approaches using our evaluation and benchmark, and will integrate them into 
our re-id pipeline as they prove themselves against the state of the art.

C. State of the Art and Technical Approach

The traditional paradigm for solving the person re-id problem is to extract appearance features of the target 
and each candidate and then compare the feature vectors using a distance metric. This has given rise to two 
different research paths: feature extraction and metric learning. 
There are many approaches to appearance modeling and feature extraction. In Ensemble of Localized Fea-
tures (ELF) [2], color histograms in the RGB, YCbCr, and HS color spaces and texture histograms of responses 
of rotationally invariant Schmid [3] and Gabor [4] filters are computed. In Local Descriptors encoded by 
Fisher Vectors (LDFV) [5], local pixel descriptors comprising pixel spatial location, intensity, and gradient 
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information are encoded into the Fisher vector [6] representation. Ma et al. [7] proposed multi-scale biolog-
ically-inspired features [8] that are encoded using covariance descriptors [9]. In AlexNet-Finetune, a CNN 
based on the AlexNet architecture [10] is pre-trained on the ImageNet dataset, and fine-tuned using re-id 
specific datasets.  Zhao et al. [11], densely divided each image into patches, and extracted color histograms 
and scale-invariant features from each patch. In HistLBP [12], color histograms in the RGB, YCbCr, and HS 
color spaces and texture histograms from local binary patterns (LBP) [13] features are computed. Liao et al.  
[14] extracted color histograms and scale-invariant LBP [15] features from the image processed by a multi-
scale Retinex algorithm [16], maximally-pooled along the same horizontal strip. Matsukawa et al. [17] divid-
ed an image into horizontal strips and modeled local patches in each strip using several levels of Gaussian 
distributions. 
While any of these features could be used in combination with the Euclidean distance to rank gallery candi-
dates, this would be an unsupervised and suboptimal approach. Incorporating supervision by using training 
data leads to superior performance, which is the goal of metric learning; i.e., learning a new feature space 
such that feature vectors of the same person are close whereas those of different people are relatively far. 
For example, Fisher discriminant analysis (FDA) [18], local Fisher discriminant analysis (LFDA) [19], mar-
ginal Fisher analysis (MFA) [20], and cross-view quadratic discriminant analysis (XQDA) [14] all formulate 
a Fisher-type optimization problem that seeks to minimize the within-class data scatter while maximizing 
between-class data scatter. In practice, scatter matrices are regularized by a small fraction of their trace 
to deal with matrix singularities. Information-theoretic metric learning (ITML) [21], large margin nearest 
neighbor (LMNN) [22], relative distance comparison (PRDC) [23], keep-it-simple-and-straightforward met-
ric (KISSME) [24], and pairwise constrained component analysis (PCCA) [25] all learn Mahalanobis-type 
distance functions using variants of the basic pairwise constraints principle. kPCCA [25], kLFDA [12], and 
kMFA [12] kernelize PCCA, LFDA, and MFA, respectively. In RankSVM [26], a weight vector is learned using a 
soft-margin support vector machine (SVM) formulation. Li et al. [27] learned locally adaptive decision func-
tions in a large-margin SVM framework.
Our Year 4 benchmarking efforts [1, 28] exhaustively tested every combination of feature extraction algo-
rithm and metric learning method across 15 datasets; an example result is illustrated in Figure 1 on the next 
page. This figure shows the cumulative match characteristic (CMC) curves for two representative single- and 
multi-shot datasets. The CMC curve is a plot of the re-id rate at rank k. For example, the rank-5 performance 
of an algorithmic combination is the percentage of subjects whose correct match appears in the “top 5” short-
list of candidates. As can be seen from the CMC curves, the “spread” in the performance of the algorithms for 
each dataset is huge, indicating the progress made by the re-id community over the past decade; however, on 
most datasets, the performance is still far from the point where we would consider re-id to be a solved prob-
lem. For example, VIPeR, one of the earliest and most commonly-used benchmarking datasets, still presents 
a difficult challenge; the best algorithmic combination presents the correct match at the top of the shortlist 
(rank 1) just over 41% of the time, rising to 82% of the time at rank 10. The Market1501 dataset is easier at 
lower ranks.   
In general, we observe that the algorithms give better performance on multi-shot datasets (see lower row of 
Fig. 1) than on single-shot datasets. While this may be attributed to multi-shot datasets having more infor-
mation in terms of the number of images per person, it is important to note that the single-shot datasets con-
sidered here generally have a significantly higher number of people in the gallery. It is quite natural to expect 
re-id performance to go down as the number of gallery people increases because we are now searching for 
the person of interest in a much larger candidate set. Overall, these results should set (or temper) expecta-
tions for end-users about the realistic performance of real-world re-id algorithms, especially at low ranks. 
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Our full analysis [1] reports a wide variety of results including: (1) component-wise analyses of the best-per-
forming feature extraction, metric learning, and multi-shot ranking approaches; (2) the effects of parameter 
choices in the best-performing algorithms; and (3) the sub-performances on datasets with specific attributes 
such as viewpoint variations, illumination variations, detection errors, occlusions, background clutter, and 
low-resolution images.
In Year 4, we also proposed two new, extremely challenging re-id datasets meant to more closely approximate 
the difficult homeland security scenarios and environments of a real-world deployment. The first dataset  

Figure 1:  CMC curves from the Year 4 benchmark paper [27] for the single-shot datasets VIPeR and Market1501, and 
the multi-shot datasets SAIVT-58 and iLIDSVID. The algorithmic combinations with the ten best rank-1 performances 
(indicated in the legend) are shown in color and all the others are shown in gray.
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(reported in [1]) was created using videos from six cameras in an indoor surveillance network at CLE col-
lected during our on-site deployment in Years 2 and 3 (described further in [29]). The cameras cover various 
parts of a central security checkpoint area and three concourses. The person detections were generated by 
our prototype end-to-end re-id system comprised of automatic person detection and tracking algorithms. A 
large number of unpaired people are also included in the dataset to simulate how a real-world re-id system 
would work: given a person of interest in the probe camera, a real system would automatically detect and 
track all the people seen in the gallery camera. The CLE dataset suffers from all of the challenging attributes 
described above except low resolution. The second dataset (reported in [28]) was derived from the recently 
proposed Duke multi-target multi-camera (DukeMTMC) dataset for multi-target tracking [30]. The dataset 
also uses detections from an automatic person detector, including over 20,000 false alarms. Both datasets 
will soon be available/linked at ALERT’s main Datasets webpage.

D. Major Contributions

The key achievements of the project to date (most recent first) include:
• (Year 4)  Most published re-id algorithms ignore the temporal nature of the gallery involved in real-world 

deployments. Specifically, while re-id algorithms are usually benchmarked on datasets that have a fixed 
number of people in the gallery, in the real world, gallery sets are usually populated over time. This re-
sults in a gallery that is temporally increasing in size. Consequently, existing measures adopted to eval-
uate re-id algorithms, such as CMC curves, fall short because they ignore such time-varying behavior of 
the gallery. In Year 4, we proposed an evaluation methodology called the Rank Persistence Curve (RPC) to 
address this problem. 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 dataset 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. As discussed below, Year 5 will focus on the acquisition of a 
new, larger-scale dataset specifically oriented towards this temporal aspect of the re-id problem.

• (Year 4)  We introduced a new large-scale real-world re-id dataset, DukeMTMC4ReID, using 8 disjoint 
surveillance camera views covering parts of the Duke University campus.  The dataset was created from 
the recently proposed fully annotated DukeMTMC dataset [30]. A benchmark summarizing extensive 
experiments with many combinations of existing re-id algorithms on this dataset is also provided for an 
up-to-date performance analysis. We provide extensive per-camera-pair evaluation results, and compare 
the performance on this dataset with that of existing, widely-used datasets, ultimately  producing use-
ful insights for future research directions. Compared to widely-used datasets such as CUHK03 and Mar-
ket1501, the rank-1 performance on the proposed dataset is lower under similar experimental settings, 
suggesting future opportunities to develop better re-id algorithms.

• (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. This work will continue in Year 
5, and will leverage our Year 1 work on PTZ camera calibration.

• (Years 3-4) 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 evaluation 
metrics are employed. In order to address this need, we undertook an extensive review and performance 
evaluation of single- and multi-shot re-id algorithms. The experimental protocol incorporates the most 
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recent advances in both feature extraction and metric learning. All approaches were evaluated using a 
new large-scale dataset created using videos from CLE as well as existing publicly-available datasets. This 
study is the largest and most comprehensive re-id benchmark to date, and is currently under revision and 
resubmission at IEEE Transactions on Pattern Analysis and Machine Intelligence.

• (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 
is under final review at IEEE Transactions on Circuits and Systems for Video Technology and is expected to 
appear online in summer 2017.

• (Year 3) We proposed a new approach to address the person re-id problem in cameras with non-over-
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 
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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.

• (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.

E. Milestones

As described in more detail in Section II.D., the major milestones accomplished in Year 4 include:
• An extensive review and performance evaluation of single- and multi-shot re-id algorithms, resulting 
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in an experimental protocol that incorporates the most recent advances in both feature extraction and 
metric learning, and includes a new large-scale dataset created using videos from CLE as well as existing 
publicly available datasets. This study is the largest and most comprehensive re-id benchmark to date, 
and was first disseminated on arXiv at the beginning of Year 4.

• Developed a new evaluation methodology called RPC that can be used to evaluate the “temporal robust-
ness” of any re-id algorithm, and the development and assessment of a custom re-id dataset we built 
specifically to model such temporal aspects of real-world re-id.

• Introduced a new large-scale real-world re-id dataset, DukeMTMC4ReID, based on automatic (perhaps 
inaccurate) person detections, meant to accelerate research in re-id problems related to surveillance 
camera networks.

• Preliminary integration of re-id algorithms with pan-tilt-zoom cameras, potentially enabling active con-
trol of cameras for more accurate candidate evaluation and tracking.

• The publication of several algorithms and results from Years 1-3. 
• As described in more detail in Section II.F, the major milestones to be achieved during Year 5 include:
• The development of evaluation metrics to assess the temporal performance of re-id algorithms, and the 

acquisition of corresponding datasets to validate the approach.
• The application of re-id algorithms developed for static, un-positionable cameras to the context of pan-

tilt-zoom cameras typical in homeland security installations.

F. Future Plans

The two key Year 5 research plans are:
• The design, acquisition, and analysis of a new, large-scale dataset on the RPI campus specifically orient-

ed towards the temporal aspect of the re-id problem.  We plan to install a network of cameras around a 
field with multiple connected paths, and carefully record the directed motions of pedestrians along these 
paths.  The goal is to evaluate algorithmic performance as a function of time.  For example, a customer 
may be interested in re-id performance at a certain subway camera under rush-hour conditions, but can 
only spare a human to manually review a length-5 re-id shortlist every half-hour. How likely is it that 
a correct match will still be in the shortlist? This topic was inspired by discussions with end-users at 
GCRTA in Years 2 and 3.

• The transition of the best-performing re-id algorithms identified by our extensive benchmarking analysis 
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 example, to keep promising candidates in sight by 
panning and acquire higher-resolution images by zooming.  The problem is complicated by the issue that 
there may be more candidates than cameras, requiring time-sharing schemes to be developed to enter-
tain multiple hypotheses. This work will leverage our Year 1 work on PTZ camera calibration.

The risks of achieving these goals are generally related to the availability of personnel. The Ph.D. student re-
sponsible for most of the Year 3-4 progress, Srikrishna Karanam, graduated in May 2017. Combined with the 
uncertainty of Year 5 funding during Spring/Summer 2017, this means a new student cannot be paid from 
ALERT funds until Spring 2018.  Incoming Ph.D. students that require funding/advisors will be screened for 
suitability in August 2017 and can hopefully begin preliminary work shortly thereafter. Another risk is the 
ability to pursue substantial transition activities using the given funds; the current annual ALERT award is 
only sufficient to fund a single Ph.D. student’s stipend and tuition.
If Year 6 funding becomes available, the focus would be on transitioning the developed re-id technologies to 
a DHS-related on-site installation. It is hoped that the new CLASP effort on passenger/luggage tracking and 
association will yield new contacts to facilitate this transition.
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III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Video surveillance is an integral aspect of homeland security monitoring, forensic analysis, and intelligence 
collection. The research projects in this area were directly motivated (and in fact, requested) by DHS officials 
as critical needs for their surveillance infrastructure. The presence of ALERT hardware and software on-site 
in Cleveland (both at CLE and GCRTA) produced a wealth of new data and research problems of direct DHS/
Transportation Security Administration (TSA) interest.   
The specific metric we seek to achieve for the re-id systems is a high probability of detection and low prob-
ability of false alarm that Transportation Security Officers can use operationally.   A continuing focus in Year 
5 and the future will be a discussion with end users about the performance specifications and interface that 
would be required to transition the developed research into regular use, considering the successful CLE de-
ployment as a starting point for discussion.

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 re-id system was not used in 
normal TSO operation. The developed re-id algorithms were implemented on a custom-built PC at CLE, with 
a working user interface. 
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. 
We believe the success (the counterflow algorithm system became part of the Control Center’s operation. The 
re-id did not become a part of the Control Center operation) of both Cleveland projects could be replicated at 
other sites with the right resources and level of cooperation from local authorities.

C. Data and/or IP Acquisition Strategy

ALERT at Northeastern has retained the services of an IP consultant to assess the feasibility of technology 
transfer for video analytics research and development in the Center. As new intellectual property is created, 
the video analytics groups write descriptions of the new property and disclose it to their respective univer-
sities. 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 disclosures on the de-
scribed technology (partially due to the increasing difficulty of patenting software algorithms).
In terms of datasets, the research in this task uses both public benchmark datasets and new, custom datasets 
created from on-site collections at either the Rensselaer campus or a partner rail station/airport.
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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 
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 surrounded by practitioners/users of video. They are willing to supply 
real data, 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.
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 Year 4. The GCRTA effort was partially revived in Year 4, but 
for only a small amount of additional funding. The proposed research in this thrust would be quite relevant 
to GCRTA, if the contacts were to be reestablished and sufficient resources made available.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Student Internship, Job, and/or Research Opportunities
a. Srikrishna Karanam had an internship with Siemens Corporate Research in Princeton, NJ from 

May to August 2016, working under the supervision of former ALERT student Ziyan Wu (RPI, 
Ph.D., 2014). This led to an immediate job offer; Dr. Karanam is now employed as a Research 
Scientist in the Vision group at Siemens Corporate Technology.

B. Peer Reviewed Journal Articles 

1. Karanam, S., Li, Y., and Radke, R.J. “Person Re-identification with Block Sparse Recovery.” Image and 
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Vision Computing, Special Issue on Regularization Techniques for High-Dimensional Data Analysis, Vol. 
60, pp. 75-90, April 2017. DOI: 10.1016/j.imavis.2016.11.015

2. Karanam, S., Gou, M., Wu, Z., Rates-Borras, A., Camps, O., and Radke, R.J. “A Systematic Evaluation and 
Benchmark for Person Re-Identification: Features, Metrics, and Datasets.” In second review for IEEE 
Transactions on Pattern Analysis and Machine Intelligence, May 2017. Online at arXiv:1605.09653v3.

Pending-
1. Karanam, S., Wu, Z., and Radke, R.J. “Learning Affine Hull Representations for Multi-Shot Person 

Re-Identification.” In third review for IEEE Transactions on Circuits and Systems for Video Technolo-
gy, special issue on Large Scale and Nonlinear Similarity Learning for Intelligent Video Analysis, June 
2017.  

C. Student Theses or Dissertations Produced from This Project

1. Karanam, S. “Searching for People in Camera Networks.” Ph.D., Electrical Engineering, May 2017. 

D. Software Developed

1. Datasets
a. The ALERT Re-Identification Airport dataset, created in collaboration with Prof. Octavia Camps 

and her students (project R4-A.1), is to be made publicly accessible in July 2017 via the ALERT 
website.

b. The DukeMTMC4ReID dataset, created in collaboration with Northeastern University Prof. Oc-
tavia Camps (project R4-A.1), is available on Github (https://github.com/NEU-Gou/DukeReID). 

2. Algorithms
The full technical descriptions of the algorithms listed below are contained in the corresponding papers on 
the PI’s webpage.  Algorithm source code may be available on the PI’s webpage or by request to the PI.

a. Multi-shot human re-id algorithm based on affine hull comparison.
b. Rank Persistence Curves for assessing the temporal performance of real-world re-id.
c. The suite of reference feature detection and metric learning algorithms used in the benchmark-

ing effort [27], created in collaboration with Prof. Octavia Camps and her students (project R4-
A.1), will be made publicly accessible upon acceptance of the corresponding journal submission.

E. Requests for Assistance/Advice

1. From DHS
a. DHS interest in founding the Correlating Luggage and Specific Passengers (CLASP) effort at 

Northeastern University’s George J. Kostas Research Institute for Homeland Security.

V. REFERENCES

[1] S. Karanam, M. Gou, Z. Wu, A. Rates-Borras, O. Camps, and R.J. Radke, “A Systematic Evaluation and 
Benchmark for Person Re-Identification: Features, Metrics, and Datasets”, in second review for IEEE 
Transactions on Pattern Analysis and Machine Intelligence, May 2017.  Online at arXiv:1605.09653v3.

[2]  D. Gray and H. Tao, “Viewpoint invariant pedestrian recognition with an ensemble of localized features,” 
in ECCV, 2008.

[3] Schmid, “Constructing models for content-based image retrieval,” in CVPR, 2001.

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-A.3

475



[4] I. Fogel and D. Sagi, “Gabor filters as texture discriminator,” Biological Cybernetics, vol. 61, no. 2, pp. 
103–113, 1989.

[5] B. Ma, Y. Su, and F. Jurie, “Local descriptors encoded by Fisher vectors for person re-identification,” in 
ECCV Workshops, 2012.

[6] J. Sanchez, F. Perronnin, T. Mensink, and J. Verbeek, “Image classification with the Fisher vector: Theory 
and practice,” IJCV, vol. 105, no. 3, pp. 222–245, 2013.

[7] B. Ma, Y. Su, and F. Jurie, “Covariance descriptor based on bioinspired features for person re-identifica-
tion and face verification,” Image and Vision Computing (IVC), vol. 32, no. 6, pp. 379–390, 2014.

[8] M. Riesenhuber and T. Poggio, “Hierarchical models of object recognition in cortex,” Nature neurosci-
ence, vol. 2, no. 11, pp. 1019–1025, 1999.

[9] O. Tuzel, F. Porikli, and P. Meer, “Pedestrian detection via classification on Riemannian manifolds,” T-PA-
MI, vol. 30, no. 10, pp. 1713–1727, 2008.

[10] A. Krizhevsky, I. Sutskever, and G. E. Hinton, “Imagenet classification with deep convolutional neural 
networks,” in NIPS, 2012.

[11] R. Zhao, W. Ouyang, and X. Wang, “Unsupervised salience learning for person re-identification,” in CVPR, 
2013.

[12] F. Xiong, M. Gou, O. Camps, and M. Sznaier, “Person reidentification using kernel-based metric learning 
methods,” in ECCV, 2014.

[13] T. Ojala, M. Pietikainen, and D. Harwood, “A comparative study of texture measures with classification 
based on featured distributions,” Pattern recognition, vol. 29, no. 1, pp. 51–59, 1996.

[14] S. Liao, Y. Hu, X. Zhu, and S. Z. Li, “Person re-identification by local maximal occurrence representation 
and metric learning,” in CVPR, 2015.

[15] S. Liao, G. Zhao, V. Kellokumpu, M. Pietikainen, and S. Z. Li, “Modeling pixel process with scale invariant 
local patterns for background subtraction in complex scenes,” in CVPR, 2010. 

[16] D. J. Jobson, Z.-u. Rahman, and G. A. Woodell, “A multiscale retinex for bridging the gap between color 
images and the human observation of scenes,” T-IP, vol. 6, no. 7, pp. 965–976, 1997. 

[17] T. Matsukawa, T. Okabe, E. Suzuki, and Y. Sato, “Hierarchical Gaussian descriptor for person re-identifi-
cation,” in CVPR, 2016. 

[18] R. A. Fisher, “The use of multiple measurements in taxonomic problems,” Annals of Eugenics (AE), vol. 7, 
no. 2, pp. 179–188, 1936. 

[19] S. Pedagadi, J. Orwell, S. Velastin, and B. Boghossian, “Local Fisher discriminant analysis for pedestrian 
re-identification,” in CVPR, 2013. 

[20] S. Yan, D. Xu, B. Zhang, H.-J. Zhang, Q. Yang, and S. Lin, “Graph embedding and extensions: a general 
framework for dimensionality reduction,” T-PAMI, vol. 29, no. 1, pp. 40–51, 2007. 

[21] J. V. Davis, B. Kulis, P. Jain, S. Sra, and I. S. Dhillon, “Information theoretic metric learning,” in ICML, 2007.
[22] K. Q. Weinberger and L. K. Saul, “Distance metric learning for large margin nearest neighbor classifica-

tion,” JMLR, vol. 10, pp. 207–244, 2009.
[23] W.-S. Zheng, S. Gong, and T. Xiang, “Person re-identification by probabilistic relative distance compari-

son,” in CVPR, 2011.
[24] M. Koestinger, M. Hirzer, P. Wohlhart, P. M. Roth, and H. Bischof, “Large scale metric learning from equiv-

alence constraints,” in CVPR, 2012.
[25] A. Mignon and F. Jurie, “PCCA: A new approach for distance learning from sparse pairwise constraints,” 

in CVPR, 2012. 
[26] B. Prosser, W.-S. Zheng, S. Gong, and T. Xiang, “Person reidentification by support vector ranking.” in 

BMVC, 2010.
[27] Z. Li, S. Chang, F. Liang, T. S. Huang, L. Cao, and J. R. Smith, “Learning locally-adaptive decision functions 

for person verification,” in CVPR, 2013.
[28] M. Guo, S. Karanam, W. Liu, O. Camps, and R.J. Radke, “DukeMTMC4ReID: A Large-Scale Multi-Camera Per-

son Re-Identification Dataset”, 1st Workshop on Target Re-Identification and Multi-Target Multi-Camera 

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-A.3

476



Tracking (in conjunction with CVPR 2017), July 2017.
[29] Camps, O., Guo, M., Hebble, T., Karanam, S., Lehmann, O., Li, Y., Radke, R.J., Wu, Z., and Ziong, F.  “From the 

Lab to the Real World: Re-Identification in an Airport Camera Network.”  IEEE Transactions on Circuits 
and Systems for Video Technology, special issue on Special Issue on Group and Crowd Behavior Analysis 
for Intelligent Multi-Camera Video Surveillance, Vol. 27, No. 3, pp. 540-553, March 2017. 

[30] E. Ristani, F. Solera, R. Zou, R. Cucchiara, and C. Tomasi. Performance measures and a data set for 
multi-target, multicamera tracking. In European Conference on Computer Vision workshop on Bench-
marking Multi-Target Tracking, 2016.

 

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-A.3

477



This page intentionally left blank. 

478



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 Scientist 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 MSEE University of Notre Dame 8/2017

Obaidullah Rahman PhD University of Notre Dame 5/2021

Xiao Wang PhD Purdue University 8/2016

II. PROJECT DESCRIPTION

A. Project Overview

The overarching goal for our project is to find the best mapping method from X-ray data to a decision on the 
relative safety of individual bags. We 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. The key goal is a reduction in the false alarm rate without loss of sensitivity in detection. Eventual 
benefits should include reduced security costs to the transportation industry.
X-ray computed tomography (CT) data is an indirect representation of the three-dimensional information
on scanned baggage content, and an inverse problem must be solved to extract that content. Iterative recon-
struction methods have proven superior in medical diagnostics [1-4], and have also recently shown great
promise in non-destructive evaluation for security purposes in this context [5]. Our work on this project is
aimed at artifact and noise suppression that enables analysis software to better segregate materials and for-
mulate decisions on the presence of threats [6-8]. Simultaneous estimation of beam hardening parameters
with reconstruction have reduced non-local artifacts from metal objects. Combined with the inherent noise
suppression of model-based iterative reconstruction (MBIR), resulting cross sections of homogenous mate-
rials are more uniform, and segment more reliably into single regions for evaluation of mass. Such overall
improvement of CT image quality allows for more intelligent decisions, whether by human or machine intel-
ligence, on potential threats.
Although all are closely related, we divide our efforts on this project into three categories: 1) advanced tech-
niques of reconstruction; 2) material classification and automatic target recognition (ATR); and 3) high-
speed iterative image reconstruction. 
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A.1. Advanced Techniques of Reconstruction

Sequential processing nearly always requires sacrifice of optimality relative to optimization of an end-to-
end process. In reconstruction, a discrete-valued image provides segmentation automatically, and creates 
that segmentation while manipulating the original data rather than an intermediate result. A primary goal 
in our project is a direct link between scan data and separation of materials. We have shown improvement 
in outcomes using dictionary-based modeling and discrete-valued a priori image models, both of which can 
improve decisions by intelligently limiting the space in which the recovered image resides.
Specific project aims for reconstruction are:
• Segmentation directly from data: This will require extension of our previous work on discrete, total-vari-

ations optimization to exploit convex elements of partial segmentations as image representations. Simul-
taneous estimation of material densities and region boundaries pose nonlinear optimization challenges 
that will be central to our project for the remainder of the grant.

• Advanced image modeling: It is critical to apply the latest advances in stochastic image modeling to op-
timize our Bayesian estimation techniques in MBIR. This may be a reconstruction goal in itself, but also 
informs our work on more direct decisions from data.

• Accurate system modeling: Particularly in iterative methods, it is crucial that the model of the imaging 
system be accurate. In addition to the geometric description of the forward projection operator, com-
pensation for beam hardening is important in the presence of metal objects that can mask important 
threat-related content. Careful analysis and verification of each scanning system’s physical characteris-
tics will be essential in bringing MBIR into commercial scanners.

A.2.	 Material	Classification	and	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 [6-8]. We continually validate 
new algorithms on large numbers of baggage scans.
Specific challenges addressed here are: 
• Development of advanced feature extraction: We develop ATR methods incorporating shape filters and 

multi-label segmentation techniques that have improved computer vision systems. These have also 
shown promise in our detection problem, and further refinement will be achieved during the coming 
year. Machine learning techniques such as support vector machines (SVMs) and deep neural networks 
will be critical in training.

• Enhancement of  ATR with tools tailored specifically to CT imagery: Artifacts that interfere with accurate 
segmentation and labeling in CT images often have non-local characteristics that may be modeled to ad-
just credibility of object boundaries. Alignment with metals may be used to down-weight the probability 
of material separation without precluding these boundaries.

A.3. High-Speed Iterative Image Reconstruction

All iterative improvements come at the cost of increased computation relative to deterministic methods due 
to the incremental updates they generate. One of our major foci is the use of well-designed parallel algo-
rithms and Graphics Processing Unit (GPU)-based platforms to dramatically reduce reconstruction time.
• Design of algorithms with minimal complexity and rapid convergence: Simplification of computation is 

possible with local approximations of objective functions, efficient characterization of geometric proper-
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ties, and judicious choices in spatial distribution of updates.
• Implementation to exploit economical parallel processors: We design these algorithmic adaptations with 

parallel central processing unit (CPU)/GPU implementations as the target. Designs for local updates of 
clustered voxels to optimize memory access has resulted in speedup of more than two orders of magni-
tude on GPUs.

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

The Biennial Review panel was generally positive in their assessment of this project. We have progressed 
on several fronts mentioned above (artifact reduction, ATR, reconstruction speed), and received favorable 
comments on the methods used to evaluate our algorithms. There was criticism of the lack of attention to 
recently-developed, alternative methods that have appeared in the medical CT literature. In order to address 
this weakness, we have paid particular attention to newly-created reconstruction algorithms over the past 
year. In particular, we have studied algorithms involving total variation (TV) minimization, dictionary-based 
estimation, and more recently, reconstruction by denoising (REDS); we have used these methods in our com-
parisons. In the coming year, we will also be applying such regularization methods to our spectral CT recon-
struction methods.

C. State of the Art and Technical Approach

C.1. Research on Reconstruction

C.1.a. MBIR Framework

MBIR works by formulating a mathematical optimization problem, which incorporates the model of both the 
measurement acquisition process during the scan and the image being reconstructed. A typical MBIR frame-
work computes the maximum a posteriori (MAP) estimate given by [1-3]

where p(y|x) is the conditional distribution of measurement vector y ∊ RM given the underlying true attenu-
ation map; x ∊ RM; p(x) is the prior distribution of x; and x ≥ 0 indicates that each pixel must be non-negative.

The first term in the optimization can be approximated by 

where A ∊ RM × N is the forward projection operator and W = diag{w1, ..., wM} ∊ RM × N is a diagonal weighting 
matrix. 
The log prior term log p(x) controls the smoothness of the reconstructed image and also preserves local im-
age structures. In this study, we used the q-Generalized Gaussian Markov Random Field (q-GGMRF) model 
[4] given by

 
Combining the log likelihood term and the log prior term, we obtained the global objective function to be 
optimized as follows
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C.1.b. MBIR with Simultaneous Beam Hardening Correction (MBIR-BHC)

It is well known that the attenuation coefficient of materials depends on the energy of the X-ray, and the 
low-energy portion of the X-ray normally gets attenuated preferentially as compared to the high-energy por-
tion; this is a physical effect known as beam hardening. In practice, beam hardening can contribute to recon-
struction artifacts such as metal streaks and cupping. Since most X-ray beams exhibit a broad energy-spec-
trum, a more accurate forward model that accounts for the broadness of the X-ray spectrum is given by

where S(E) is the normalized energy spectrum; μj(E) is the energy-dependent attenuation coefficient; and 
the function rj(E) carries the energy-dependent behavior of the j-th pixel. In this study, we developed a novel 
model-based reconstruction algorithm, MBIR-BHC, which is able to simultaneously correct the beam harden-
ing effect, and we investigated the performance of MBIR-BHC on the baggage scan dataset.
In order to better model the data measurement and account for the beam hardening effect, in this study, we 
proposed a poly-energetic X-ray forward model, which is based on the assumption that different materials 
can be separated by their densities. We modeled the energy-dependent attenuations μj(E) as a convex combi-
nation of two basis materials given by [4]

where rL(E) and rH(E) are two energy-dependent basis functions of “low” and “high” density materials; and  
0 ≤ bj ≤ 1 is the percentage of material in the j-th location that is of high density. Using this decomposition, we 
constructed a new forward projection model for the i-th projection as

where PL, i and PH, i are two energy-independent material projections given by

We further parameterized this nonlinear h(⋅,⋅) function using a joint polynomial of PL, i and PH, i given by

and the coefficients γk, l will be simultaneously estimated in the optimization process. Incorporating the novel 
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poly-energetic X-ray forward model, MBIR-BHC can be formulated as

where U(x, b) = −log p(x, b) denotes the negative log joint prior of x and b for regularization.
To further simplify the model, we assumed bj ∊{0, 1} to be binary. Therefore, each pixel can be of either low 
density material or high, and the vector bj ∊{0, 1}M becomes a material segmentation of the reconstructed 
image. U(x, b) is used for regularization over the image and the material segmentation. We modeled U(x, b) as 
a two-layer hybrid Markov random field. Mathematically, it can be formulated as

where δ(⋅) is the discrete indicator function; T is the pre-defined segmentation threshold; and αs, r , ηs, r and β	
are regularization weights for each potential functional. To optimize the overall objective function, we used 
the Newton-Raphson approximation techniques and iterative coordinate descent (ICD) optimization. 

C.1.c. Data Weighting Matrix for Metal Artifact Reduction

Recall that in the basic MBIR algorithm, the negative log likelihood function is approximated by 

where W = diag{w1, ..., wM} ∊ RM × M is a diagonal weighting matrix. In general, the entries wi are effectively 
specifying the reliability of each measurement. The weighting scheme can be critical, especially when the 
dataset contains a lot of high density objects and many measurements become unreliable. In this project, we 
extended our previous study in the transition task [9] and explored an adaptive weighting scheme. Mathe-
matically, to determine the weight for a particular projection, we pre-computed the metal projection of the 
initial reconstructed image x(0), e.g. filtered back projection (FBP), and determined the percentage Ii of the 
metal projection in the projection, calculated as 

where T is the threshold used to segment the metal object and the weight for the i-th projection is calculated 
as

This adaptation reduces the weighting of data according to the proportion of metal in the given projection. 
The philosophy behind this innovation is that there is likely to be some inaccuracy in the modeling of metal 
projections, decreasing their relative reliability beyond the value indicated by variance purely from photon 
counting noise.
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C.1.d.	 A	Modified	Likelihood	Model	for	Abnormal	Measurement	Rejection

Depending on the objects being scanned, the actual measurements may not always be consistent with the 
physical assumption. One cause of the inconsistency is the beam hardening; a problem we address in the 
approach above. However, it is often the case that the defective measurements can come from various effects 
coupled together, such as beam hardening, scattering, metal partial volume, etc. Sometimes, it is difficult to 
come up with a model that accounts for all these effects individually. Here, we consider another approach 
[10], where we modify the conventional quadratic likelihood term and try to give less influence if the mea-
surement differs significantly from the theoretical model. Mathematically, we consider the family of the gen-
eralized Huber function as our modification to the original quadratic likelihood, given by

where the generalized Huber function is defined as

In this modified model, we control how much we fit the estimation to the actual measurement depending 
on the difference of the normalized error sinogram. If the error sinogram entry is less than the threshold L, 
a normal quadratic penalty is used. If the error sinogram entry is greater than the threshold L, indicating a 
potential defective measurement entry, a linear penalty is used, reducing its effect to the total cost. In this 
study, we set τ	= 0.5, L = 0.5.

C.1.e. Reconstruction Results

C.1.e.i. MBIR with Metal-Adaptive Data Weighting

We first consider our simplest approach to ameliorating metal artifacts, described in the above sections. 
Many of these artifacts result from systematic errors in projections through highly attenuating materials due 
to beam hardening and scatter, with photon counts possibly being higher than their true reliability dictates. 
The reduction of weights for heavily metal-corrupted measurements encourages greater sinogram errors for 
these measurements, and allows the more reliable data plus the regularizing prior model to suppress arti-
facts. Additionally, the transition from quadratic penalties on sinogram errors to absolute values for larger 
deviations (the Huber model) builds in tolerance for these outlier data.
Figure 1 (on the next page) shows improvements in cases with moderate amounts of corruption from metal. 
In each case, the reconstruction of metal components is contained within a smaller region of support than 
in the FBP versions. The principal issue arising from inaccurate reconstruction of metal objects in security 
applications is propagating artifacts corrupting other homogeneous materials. In Figure 1, the rubber sheet 
atop the first row and the water bottle in the lower right of the second row both have artifacts appreciably 
reduced. It is our hope that such improvements will prevent separation of single materials into distinct seg-
ments under existing segmentation algorithms.
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C.1.e.ii.  Beam Hardening Correction in MBIR

In the above sections, we introduce joint estimation of polynomial BHC parameters with imagery. In the 
results below, the correction is based on thresholding of the initial FBP image for a static, binary mask of 
high-density objects. The adaptation allowed by the optimal selection of the correction polynomial provides 
“relief” from especially large errors in locations where beam hardening causes inconsistencies. 
In Figure 2 on the next page, severity of artifacts is lessened as metal reconstructions become more spatially 
contained. One may speculate that the water containers will be better segmented in the MBIR images. How-
ever, sufficient corruption remains to damage the results of automated analysis. Proper segmentation of the 
stacked rubber sheets in the bottom row is likely to be problematic in either column. 

Figure 1: Comparison of FBP reconstructions (left column) and MBIR with metal-adaptive data weighting (right  
column). Scans are (top to bottom) labeled as Medium_Clutter1_123 and Medium_Clutter1_295.
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C.2. Research on ATR

Typically, an ATR system will consist of several separate processing units, including image segmentation, fea-
ture extraction, and target classification. Baseline ATR uses connected component labeling (CCL) to segment 
objects in the CT scans. It then extracts the mass feature of each connected component and keeps only objects 
whose mass is higher than the target definition. In the following sections, we will give detailed descriptions 
of how we advanced the baseline ATR system with computer vision algorithms.

C.2.a. Image Segmentation

C.2.a.i. Selective Morphological Opening on Bulk Objects

Image segmentation is a core step in ATR to assess material and morphological properties of the objects in 
the CT scan. Generally, CCL is used for segmentation in CT baggage scans. CCL first sets the foreground in the 
image and then uniquely labels subsets of connected components. Even though CCL can find foregrounds in 
the CT baggage scan, it is not enough to separate nearby objects as it only takes into account the local neigh-
borhood. To prevent merging in CCL, the morphological opening operation is generally applied to CCL results. 
However, the morphological opening operation may remove thin sheet structures. Therefore, we find bulk 
objects in CCL results based on shape, and we apply morphological opening only for bulk objects.
To differentiate bulk objects from sheet objects, we extract shape features and feed them into supervised 
classifiers. To extract shape features, we use the minimum volume enclosing ellipsoid [11]. After finding the 
minimum volume enclosing ellipsoid, we describe the shape as following:
• Ellipsoid axes
• Axis ratio: minimum axis length/maximum axis length
• Volume ratio: object volume/ellipsoid volume

Figure 2: FBP (left) and iterative (right) reconstructions of heavily metal-corrupted scans, numbered (top to bottom) as 
High_Clutter1 #350, and High_Clutter3 #194.
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Given shape features, we find the classifier using SVMs [12]. SVM is a popular high-dimensional classifier in 
computer vision. SVM finds a hyper-plane that separates two groups by training the algorithm on a pre-clas-
sified set. From this pre-classified set, SVM selects a relatively small number of samples that are close to the 
opposite group. 
Figure 3 presents the benefit of our selective morphological opening in ATR. In the input image (Fig. 3a), 
there exists a thin rubber sheet that is a target to detect. Typical morphological opening erases the thin rub-
ber sheet, as described in Figure 3b. Our selective morphological opening on bulk objects helps preserve thin 
structures while splitting merged bulk objects.

C.2.a.ii. Multi-Label Segmentation on Merged Objects with Metal Artifacts

Even though morphological opening can help split merged objects in CCL, it is not sufficient to separate 
highly cluttered objects due to tight packing because it does not take intensity information into account. 
Therefore, we need to further segment CCL results followed by morphological opening with the multi-label 
segmentation that utilizes intensity information. However, this task is challenging as raw CT images often 
contain artifacts, such as streaks, due to dense metal objects. While there has been a great deal of research fo-
cusing on metal artifact reduction (MAR) and segmentation as individual tasks [13-15], there have been very 
few attempts to solve the problem of segmenting raw CT images with metal artifacts jointly. In this research, 
we study the problem of metal artifact reduction and segmentation as a joint optimization problem.
To formulate the joint optimization problem, we let x(orig) ∊ RN be the original raw CT image that contains the 
metal artifacts, and we assume that a binary artifact mask b ∊ {0, 1}N is given where 1 indicates artifact. We 
also assume that K mean material intensities μ ∊ RK are given. Therefore, our objective here is to produce a 
segmentation label z ∊ {1, ..., K}N and a restored image x ∊ RN with metal artifact reduced. We formulate the 
overall problem as a joint optimization problem of the restored image and segmentation given by

Subject to  

Figure 3: Effect of selective morphological opening in ATR: (a) Input image; (b) CCL result followed by typical morpho-
logical opening; and (c) CCL result followed by selective morphological opening on bulk objects. Notice that the thin 
rubber sheet is preserved after morphological opening. 

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-B.1

487



where we use JI(x) to represent the prior terms for image. For the image prior, JI(x), it is used to regularize the 
image pixel values and fill in the correct pixel values in the artifact region. We use the dictionary-based image 
prior, same as the approach in K-SVD denoising. To optimize the above function, we alternate the optimiza-
tion over x and z iteratively.
Figure 4 shows the joint MAR and segmentation results along with the direct multi-label segmentation re-
sults on the raw CT image. Notice that, due to the strong metal streak artifact, directly applying multi-label 
segmentation on the raw image does not give a good result. In particular, the streak splits the object into 
pieces. On the other hand, the output of the joint algorithm performs very well. The metal streak artifacts in 
the restored image are greatly reduced. Also, from the output segmentation of the joint algorithm, we can see 
that the previous split objects are merged back together and, therefore, the segmentation label is preferable 
for following ATR.

C.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 
object. Baseline ATR provided by ALERT uses the mass of each segmented object as a feature. However, mass 
itself is not sufficient in describing the complex properties of targets. Therefore, we constructed the following 
high-dimensional features, which are widely used in literatures:
• Intensity: min, max, mean
• Physical: mass
• Histogram: location of max histogram, normalized histogram
Given the extracted and selected features, we feed them into the classifier that determines whether the seg-

Figure 4: (a) original CT image of a baggage scan; (b) the color-coded segmentation map by applying segmentation 
directly on (a); (c) the output restored image of the joint algorithm; and (d) the output color-coded segmentation map 
of the joint.
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mented object is a target or not. Toward this, we again use an SVM classifier similar to the sheet/bulk identi-
fier but based on histogram features. Instead of finding one target classifier for all training objects, we cluster 
the training set based on shape via k-means clustering [16], and train the target classifier for each shape 
cluster. Specifically, we found 15 clusters in the training set based on shaped features used for the sheet/bulk 
identifier. Then, we find the nearest neighbor (NN) shape cluster for each testing object and apply the corre-
sponding classifier in the NN shape cluster to determine if the testing object is a target or not.
Figure 5 illustrates the benefit of our clustered target classifier. Figure 5a shows the mean density and mass 
features of all training objects. It is worth noting that there is large overlap between target and non-target 
objects. The overlap in feature space makes it difficult to train the accurate classifier. Our shape clustering 
can help reduce the overlap in the feature space as described in Figures 5b and 5c. After shape clustering, 
features in each shape cluster are more separable, and therefore it is easier to train the accurate classifier. 

C.2.c. Adaptive ATR

Currently-deployed ATR systems at airports cannot be reconfigured according to evolving risks. Those ATRs 
are trained to detect a specific set of threats, and are validated for multiple months. Therefore, it is challeng-
ing to update ATRs in the field to quickly respond to new threat information.
To tackle this challenge, we adopt the advanced dynamic learning framework [17] for target classification in 
ATR. Typical SVM with high-dimensional features will pose challenges in updating a prediction model when 
a new target is defined because parts of features can be redundant for new targets, and the classifier trained 
on a fixed dataset cannot be flexible to new targets. To tackle this challenge, we adapt feature extraction and 
a target SVM classifier by query-driven prediction modeling, where we find the compact set of important fea-
tures and select from a smaller set of training data according to detection requirement specifications. 
This dynamic learning approach enables us to update the prediction model based on the most relevant fea-
ture descriptors on a core subset of training data, allowing for better classification performance that is adap-
tive to the new, emerging targets. We also investigate more advanced deep convolutional neural networks 
[18] to find the most information features. 

C.3. Consensus Optimization

Consensus optimization has been used successfully in a number of applications in which a (usually convex) 
cost function can be decomposed as a sum of auxiliary functions:

Figure 5: Features in training sets of: (a) all objects; (b) bottle shape cluster; and (c) thin sheet shape cluster. Horizontal 
and vertical axes represent the mean density and mass of each object, respectively.  Notice that there is large overlap 
between targets (red circles) and non-targets (blue crosses) for all training objects in (a). On the contrary, in each shape 
cluster in (b) and (c), features are more separable and thus it is easier to train the classifier.  
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where  x ∊ Rn and fi : Rn → R ∪ {+∞}. In the consensus optimization framework, the minimization of the orig-
inal cost function is reformulated as the minimum of the sum of the auxiliary functions, each a function of 
a separate variable, with the constraint (referred to as consensus constraint) that each of the separate vari-
ables must equal a common global variable:

This reformulation allows for the application of Alternating Directions Method of Multipliers (ADMM) or 
other efficient minimization methods.  Background and further discussion is found in [1]. One particular 
approach to solving this type of consensus problem is called consensus equilibrium (CE). This approach was 
first described in [2] and applied to Plug and Play (P&P) image reconstruction, where the likelihood inversion 
and denoising parts of the cost function are separated, resulting in a consensus problem with N = 2. The key 
idea is to associate each function fi with a proximal map Fi  defined as:

In this particular case of CE, where N=2, [2], one proximal map F1 is associated with a likelihood or data fi-
delity model and F2 is associated with a denoising map.  The CE balances the effect of each of these maps by 
finding vectors x* and u* that satisfy

Here x* is interpreted as the consensus solution that optimally satisfies the likelihood model and the de-
noising map together, and u* as the undesired noise that is removed by the denoising map. In the following 
section, we extend this approach to solving a more generic consensus problem, where N ≥ 2. 
Applying this type of extended CE framework to a computationally intensive problem such as CT reconstruc-
tion has a number of advantages. In practice, N is the number of processors. Let us consider the case where 
we can split the global objective function into N separate functions, where each individual function is easier 
(computationally faster) to optimize when there is no consensus constraint, and is handled by a separate 
processor. However, the major issue is that these N separate optimization problems cannot be solved in par-
allel when a consensus constraint exists. We see that the CE framework helps us work around this issue, and 
provides an iterative strategy to solve these individual problems in parallel.

C.3.a. Multi-Block CE

C.3.a.i. CE Framework: System of Equations

We generalize the concept of CE [2] to N vector-valued maps,  Fi : Rn → Rn, i = N.  The CE for these maps is de-
fined as any solution (x*, u*) ∊  Rn × RnN that solves the equations:
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where x* is the consensus solution and    denotes the average of  . In the case N = 2, 
these equations simplify to the conditions stated by [2]. The proof for this theorem is in our draft publication, 
“Buzzard G.T., Sridhar V. and Bouman C.A., ‘Multi-Block Consensus Equilibrium with Partial Updates for Fast 
CT Reconstruction,” that is pending submission and review.

C.3.a.ii.     CE Framework: Solution

In order to solve the CE equations, we introduce some additional notation. For v ∊ RnN, we define F, G : RnN  → 

RnN by

Also, for x ∊ RnN, let  denote the vector obtained by stacking N copies of x. With this notation, the CE equa-
tions are given by

We can show that determining the solution to the above system of equations is a fixed-point problem. The 
solution is provided by the following theorem.
Theorem: The point (x*, u*) is a solution of the CE system of equations if and only if the point 
satisfies

In other words, w* is the fixed-point of the map T = (2F − I)(2G − I) : RnN → RnN. Then the consensus solution 
can be found as , since                 .
The proof for this theorem is in the same draft publication that is pending submission and review. We can 
further show that the map T = (2F − I)(2G − I) is non-expansive, and so the fixed-point w* can be obtained by 
a series of Mann iterations [3]:

where ρ	∊ (0, 1). This series w(k) converges to w* in the limit k → ∞. 

C.3.a.iii.      Partial Update Consensus Equilibrium (PUCE)

The multi-variable CE algorithm described in the above section is, in general, computationally expensive and 
not practical for many applications. This is because evaluating each individual proximal map Fi = Fi(. ; σ) : Rn 
→ Rn is typically an iterative optimization problem on its own. Consequently, the CE algorithm contains a large 
number of nested iterations and converges slowly to the consensus solution.
Another potential drawback is that the computational time for determining the fully converged solution to 
the N separate problems, Fi(. ; σ), often depends on i and the supplied argument.  The CE framework permits 
each of these N independent problems to be solved in parallel. However, if even one of these problems con-
sumes a much longer time than the other N − 1 problems to achieve its specific converged solution, then the 
efficiency of the algorithm’s parallel implementation is adversely affected.    
We propose a slightly modified version of the CE algorithm to overcome the aforementioned issues of high 
computational cost and low parallel efficiency. We call this new framework “Partial Update Consensus Equi-
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librium (PUCE).” The main idea here is to replace each proximal map, Fi(. ; σ), with an approximate version 
that is quicker to solve. For the applications discussed here, Fi(. ; σ), is the proximal map of a convex function 
fi  and requires an iterative optimization problem on its own. First, our approximation is based on using a 
highly reduced number of iterations to compute the proximal map solution, even though this may not yield 
the true, converged result for this map. We accordingly name this type of approximation the partial-update 
approximation (PUA). Secondly, when the number of iterations is very limited, the choice of initial state de-
termines the solution. Further, the PUA is also dependent on the initial state. We use the notation  Fi(. ; σ, Xi) 
Rn → Rn to denote the PUA of the proximal map Fi(. ; σ), where xi ∊ Rn specifies the initial state.  For any v, X ∊ 
RnN we define the stacked operator                              as

Therefore, gives us an approximate solution, or partial update solution of F(v; σ) and this solution is 
dependent on the initial state, X.  
The pseudo-code for PUCE algorithm is as follows:

1. Initialize:

2. While NOT converged, do:

3. Consensus solution: 

A further discussion of the PUCE algorithm is in our draft that is pending submission and review.  It is worth 
noting that for our application of CT reconstruction using the PUCE framework, we use only 1 pass of the 
Iterative Coordinate Descent (ICD) [8] optimization method to compute the partial update solution.

C.3.a.iv.      CT Reconstruction as a Consensus Problem

The PUCE framework can be applied to a variety of problems that can be formulated as a consensus optimi-
zation problem. We apply PUCE to 2-D CT reconstructions of real datasets.
The model-based reconstruction approach to tomography uses a statistical model that incorporates both the 
forward model of the imaging system, as well as a prior model of the unknown image. In this approach, we 
can express the reconstructed image, , as the MAP estimate given by
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and y is the list of measurements. In the above equation, p(y|x) represents the likelihood model of the mea-
surements y conditioned on the unknown image x ; f  and p(x) represents the prior model of the unknown 
image x.
In the specific case of 2-D CT, we reconstruct the attenuation coefficient, with SI units of mm-1, at each pixel 
in 2-D object space. The total number of measurements acquired by the tomographic system is Nv× Nd,  where 
Nv is the number of view-angles and Nd is the number of transmission detectors. The processed measurement 
in conventional CT systems, called projection measurements, is here represented by . The nega-
tive log likelihood is given by [4]:

where   is the sparse forward projection matrix for the k-th view;  is the diagonal 
weighting matrix; and  is the list of projection measurements for the k-th view. So, the objective 
function for the MAP estimation problem can be expressed as

where s(x) is the negative log prior model; and β > 0 is the overall regularization parameter. In this report, 
the prior model of x is an MRF that incorporates a pair-wise Gibbs distribution of pixels, within a symmetric 
8-point neighborhood in 2-D space [6]. More specifically, we choose a q-GGMRF prior, because it preserves 
both smooth regions as well as high-contrast features, such as edges [7]. In this case, s(x) is a convex function, 
and so the overall objective function f(x) is convex.
Next, we formulate the CT reconstruction problem as a consensus optimization problem by splitting the glob-
al objective function into N separate parts. Let S1, S2, ... SN represent N disjoint sets such that S1 ∪ S2 ∪ ... SN = 
{1, 2 ... NV}. Then we define the convex function fm(x), m = 1, ..., N as

In other words, the partitioned function fm utilizes projection measurements from the m-th subset of views, 
Sm, only and includes a factor of 1/N of the overall prior model regularization. For our application, we inter-
leave the views in a cyclic manner among the N view subsets. Therefore, we can formulate CT reconstruction 
as a consensus problem: 

This formulation has a number of advantages. Within the PUCE framework, we can treat the above consensus 
problem as N independent problems that can be solved in parallel. Furthermore, since each of these individ-
ual problems deals with only 1/N of the total projection measurements, its corresponding solution, or partial 
update solution in the case of PUCE framework, can be computed very quickly. An additional advantage is 
that we can leverage hardware to achieve fast access to the system matrix data when the PUCE algorithm is 
implemented on a distributed memory system. 
Figure 6 ( on the next pag) illustrates the value of the PUCE method for speeding up computation on a super-com-
puting cluster. In this case, the full 3D reconstruction problem is broken into N separate reconstruction problems  
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corresponding to view subsets. Table 1 shows the relative computation required for reconstruction in units 
of equits (equivalent iterations) as the number of processors, or equivalent view subsets, is increased. It also 
compares the relative computational requirements of PUCE to a similar implementation using conventional 
ADMM to split the problem. Notice that the PUCE reconstruction requires less computation than ADMM, 
but that the total computation does increase somewhat as N increases do to the increase in the number of 
iterations. However, the total reconstruction time goes down since these iterations are done across more 
computational nodes.

C.3.b. Experimental Results on ALERT Task Order 3 (TO-3) Dataset

Figure 6: PUCE reconstruction of the ALERT TO-3 baggage using 16 processors. Sub-figure (a) demonstrates that PUCE 
converges faster than ADMM for various values of parameter ρ, and that ρ = 0.8 gives fastest convergence in this case. 
Sub-figure (b) demonstrates that we approach convergence as we get closer to the fixed-point of the non-expansive 
map (2F-I)(2G-I). Sub-figure (c) shows the reference image used to measure the convergence criterion in (a). Sub-figure 
(d) shows the resulting reconstruction from PUCE for the fastest convergence case, NRMSE=5% (RMSE less than 10 HU).
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Figure 7: Converged PUCE images from different processors. Sub-figures (a)-(c) depict wi* from 3 different processors 
i=1...3, and sub-figure (d) shows , the average of wi* over all N processors, i = 1...N, where N = 8. The noise in (a)-(c) 
disappears in (d) since the condition  is satisfied by PUCE.

Table 1: Convergence time for reconstruction of an ALERT TO-3 baggage scan image. Target NRMSE = 5 %. Sub-table (a) 
corresponds to the serial baseline reconstruction. Sub-table (b) compares the parallelizable PUCE and ADMM methods 
in terms of total computational time (summed over all processors) for achieving convergence.  PUCE performs better 
than the ADMM method. Compared to the serial baseline technique, the overhead in total computational time is not 
large for the PUCE method, which implies good parallel performance of the algorithm.
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Note: 1 equit quantifies the computational time taken to update all pixels within the field-of-view exactly 
once, when the full set of views/projection measurements is utilized for reconstruction. 

C.4. High Performance Reconstruction

CT is a general method for the non-destructive imaging of objects from transmission measurements. Figure 
8 illustrates the basic concepts of how a typical X-ray CT system operates. An X-ray source is mounted on a 
rotating gantry along with a linear array of X-ray detectors.

The object to be imaged is then placed at or near the center of rotation. As the gantry is rotated, a series of 
measurements or views is taken. Each single view corresponds to a set of measurements from all the ele-
ments of the array at approximately a single instant of time. The measurements from each array element, or 
channel, are then pre-processed by taking the logarithm. The logarithm of a single detector output results in 
a single projection, i.e., an estimate of the integral density of the object along the path from the X-ray source 
to the detector. The objective is then to take this set of views and reconstruct a cross-section of the object 
being imaged. Typically, the data collected from the scanner is organized into a sinogram as illustrated in 
Figure 8a. For a 2D scan, the sinogram is a 2D data structure indexed by the channel and view angle of each 
measurement. In fact, the name sinogram comes from the fact that the projection of individual voxels in the 
image corresponds to sine wave patterns in the sinogram. These sine wave patterns are illustrated with thin 
yellow lines in Figure 8b. In order to compute the update of a voxel in ICD, it is necessary to access its corre-
sponding values in the sinogram.
In practice, the sinogram can be stored in row or column major formats. However, regardless of how the sino-
gram is stored, the access to all the memory required for ICD updates will require high strides of memory ac-
cess, which will kill voxel update speeds. Modern processors access main memory by first transferring blocks 
of local memory onto fast on-chip cache memory that may be 100 times faster than main memory. When the 
sinogram is stored in row major format, these blocks of cache memory known as “cache lines” are shown as 
short red line segments in Figure 8b. Each cache line must fall along either rows or columns of the sinogram 

Figure 8: (a) CT system; and (b) illustration of the image and sinogram space for a typical 2D projection geometry. 
Notice that each voxel in the image domain traces out a sinusoidal pattern in the sinogram domain. In addition, each 
voxel traces out a different sine wave pattern but, typically, different sine wave patterns will intersect with some set of 
views.
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(in this example, they are shown as rows). 
Notice that, for the most part, these red cache lines only partially overlap with the yellow line of memory 
entries that must be accessed. This means that most of the space in the cache is used to hold data not needed 
for the current voxel update. One additional observation is that each individual voxel corresponds to a sine 
wave with a different amplitude and phase. Since each voxel has a unique sinusoidal path, no single transfor-
mation of the sinogram data will align the cache lines with the sinusoidal paths in all cases. Also, when there 
is a full set of views, the sinusoidal paths for different voxels will always overlap at some points. These points 
of intersection, which are shown as red dots in Figure 8b, are important because they represent points where 
memory access conflicts can occur in the update of different voxels.

C.4.a. Supervoxel (SV)-ICD 

In order to understand the key challenges and the novelties of supervoxels (SVs), the central mathematical 
and algorithmic concepts of MBIR will first be briefly reviewed. MBIR is based on the numerical solution of 
an optimization problem described by

where y is an m-dimensional vector containing the measured CT data; x is a n-dimensional vector containing 
the reconstructed imaging; A is an m × n-dimensional matrix containing the forward model of the scanner ge-
ometry; D is an m × n-dimensional diagonal matrix containing the inverse variance of the scanner noise sta-
tistics; and u(x) is the regularizing prior model used to incorporate knowledge of image behavior. In practice, 
x and y can be very large, so computing the solution to the optimization problem can be a formidable task.
Figure 9 graphically illustrates the key innovation 
of the SV approach [20]. First, the image space is 
partitioned to where each SV is a group of spatial-
ly localized voxels. A single SV is illustrated in Fig-
ure 9 as a red block in the image space. In order 
to update the voxels in a SV, the sinogram entries 
corresponding to each voxel in the SV must be ac-
cessed. This group of sinogram entries is illustrat-
ed as a yellow band in the sinogram space. The 
memory in the yellow band is efficiently copied 
to a buffer, which we call the supervoxel buffer 
(SVB); this is shown as a yellow rectangle in Fig-
ure 9. Notice that in the SVB, the memory accesses 
required for each voxel update are “straightened 
out” and each cache line falls fully within the SVB. 
This means that most or all the data in a cache line 
can be fully utilized with each voxel update in the 
SV. 
The shape of the band for an SV is dependent on 
the CT scanner geometry, but is captured by the 
non-zero entries of the forward projection opera-
tor A. The question that now arises is what voxels should be in an SV to improve locality. Consider the radon 
transformation that shows where measurement data for a group of voxels is in sinogram space. Figure 10a 
on the next page shows the radon transformation of a square SV. At each view angle θ, we record the SV’s pro-

Figure 9: Memory access in sinogram space for SV updates. 
Processor hardware is used to load sinogram memory 
into an SVB. Once there, GPU or CPU access is dramatically  
accelerated with cache lines fully utilized. 

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-B.1

497



jection on a rotating sensor array. The more sensor channels that detect a projection at that view angle, the 
more measurement data will be in that view in the sinogram space. In addition, brighter points in the radon 
transformation indicate higher levels of data reuse in the reconstruction. We can see that a circular SV is the 
ideal choice for SV shape because it will have the lowest average number of detected sensor channels among 
all shapes. This means the SV will have the least amount of measurement data and the highest data reuse. 
However, circular SVs have a fatal flaw: they do not tessellate the image space. Consequently, to fully cover the 
image space, circular SVs must overlap, leading to excessive computation on voxels in multiple over-lapping 
SVs. To overcome this flaw, we use square SVs. As can be seen in the radon transformation of Figure 10a for 
the square SV, average reuse is lower but this is more than compensated for by having each voxel belong to a 
single SV, eliminating redundant computation. 

 The computation time required for an iterative algorithm depends on the time-per-iteration and the number 
of iterations. Because the baseline ICD algorithm does not update all voxels in each iteration [17], we mea-
sure convergence using equivalent iterations or equits. Each set of N voxel updates, where N is the number of 
voxels in the image, is one equit. In addition, we evaluate algorithmic convergence by measuring root mean 
square error (RMSE) in Hounsfield Units between the result algorithm and a fully converged reconstruction 
after approximately 20 equits. Because the SV update order is different than the one used in the baseline ICD 
algorithm, voxels within an SV are evaluated as a group, and the number of equits to reach some RMSE could 
be adversely affected. Our results indicate that our SVs can converge to an RMSE of 8 HU after 4.1 equits on 
the benchmark dataset. In addition, we did not observe a significant change in convergence rate for the SV 
versus the baseline ICD algorithm. Figure 10b shows a plot of RMSE versus equits for SV-ICD. We note that 
convergence is slower when using circular SVs than with square ones. SV-ICD (square) generally maintains 
the same convergence speed as the baseline ICD algorithm, although it converges better in the initial equits. 

C.4.b.  Parallelized Supervoxel (PSV)-ICD

It is common wisdom that the ICD algorithm parallelizes poorly [18 and 19]. Some work has provided limited 
speed up, e.g., [18], and obtains a speedup of 2.3 with 16 cores. It is also common wisdom that convergence 
is much faster with sequential updates of voxels rather than parallel updates. In this section, we discuss the 

Figure 10: (a) The radon transformation of a square SV; and (b) illustration of the fact that it is not necessarily good to 
use circular SVs to get benefits from cache locality. 
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challenges to effective parallelization of ICD algorithms and how those challenges are overcome.
Because of the sinusoidal nature of voxel traces in the sinogram space, it can be shown analytically that two 
traces are guaranteed to have at least one intersection as illustrated in Figure 8. It can also be shown that the 
closer two voxels are to one another, the greater the chance that they will have more than one intersection. 
This means there are two issues involved: (1) slower convergence with parallelization; and (2) loss of locality 
with parallelization. 
We call our technical innovation that allows efficient inter-SV parallelization, the “Augmented SVB” [20]. The 
augmented SVB, illustrated in Figure 11, entails parallelization and even asynchronous updating of multiple 
SVs in a single MBIR reconstruction. The difficulty in parallelizing SV updates is that the two SVBs for the two 
different SVs overlap in the sinogram domain as illustrated in Figure 11. This means that any data added to 
these buffers will generate an inconsistency in the resulting sinogram. The augmented SVB uses two innova-
tions to solve this problem. First, each SV is allocated its own independent SVB, denoted by SVBk for the kth 
SV. These additional buffers solve the conflict as long as data is only read from the SVB. However, a problem 
occurs when data is written back to the SVB since it becomes impossible to consistently update the sinogram 
error after SV updating is complete. In order to solve this problem, we create a second SVB error buffer for 
each SV. This error buffer, denoted by SVB_Ek, is initialized to 0 and all additions of data are made to only this 
buffer for the kth SV. When the SV update is complete, the contents of the SVB error buffer are added back to 
the full sinogram. These updates can be performed asynchronously while other SVs are being processed, so 
no synchronization is required and the overhead is hidden behind other processes. 

C.4.c. Improving Data Access 

We define a group of voxels in the shape of a rectangular cuboid as a 3DSV. Figure 12a on the next page shows 
a 3DSV of size 3 x 3 x 2, where 3 is the 3DSV length and height, and 2 is the 3DSV depth. The sequence of 
voxels along the depth (z axis) is called a voxel-line. Figure 12a shows an example of voxel-lines, in which the 
3DSV has 9 voxel-lines in total and each voxel-line contains 2 voxels. One such voxel-line is shown and shaded 
in red within the 3DSV. 
Since the measurements for a 3DSV are contained in a 3D sinusoidal band, the measurements for a 3DSV are 

Figure 11: Illustration of inter-SV parallelization using multiple SVBs. By keeping an additional SVB error buffer, it is 
possible to fully decouple SV updates, allowing for much greater parallelization of the SV-ICD algorithm.
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repeatedly used by voxel-lines. Therefore, the 3DSV design retains the cache locality benefit of the PSV-ICD 
algorithm. In Figure 12a, the measurements for a 3DSV are depicted as a yellow sinusoidal band in sinogram, 
and the measurements for a voxel-line within the 3DSV are shown as a red trace within the band. Notice that 
both the sinusoidal band and the red voxel-line trace are three-dimensional with depth 2. 
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Figure 12: (a) Shows a 3x 3x 2 3DSV. A voxel-line in the 3DSV is shaded in red. In addition, measurements for the 3DSV 
follow a sinusoidal band in sinogram. (b) Shows a super-voxel buffer. Notice that measurements for the red voxel-line 
trace curves up and down in the SVB with a small amplitude. (c) Shows block4 of the SVB with padded zeros. (d) Shows 
the transposed block4. (e) Shows the memory layout for the transposed block4. Notice that measurements in the 
chunk are grouped together in memory. 
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To achieve further cache locality and hardware prefetching, the 3DSV’s measurements can be copied from the 
sinusoidal band to a memory buffer, meaning the SVB. Figure 12b shows the layout of an SVB for the 3DSV in 
Figure 12a. Since the sinusoidal band is three-dimensional, the corresponding SVB also has three dimensions 
(channel, view and depth), with measurements laid out along the channel direction in memory, i.e., adjacent 
channel entries are adjacent in memory. Within the SVB, all measurements for a voxel-line, also shaded in red 
in Figure 12b, are accessed along a sinusoidal trace with depth 2, and with a much smaller amplitude than in 
the sinogram. Nevertheless, the combination of remaining trace amplitude, varying trace width, and varying 
SVB width (as in Figure 12b) leads to irregular data access. To have efficient single input multiple data (SIMD) 
operations, data access needs to follow a linearized data access pattern with constant trace width and buffer 
width. 
We define a block to be a fixed number of contiguous views within an SVB, and denote the ith block as blocki. 
In Figure 12b, every 4 views of the SVB are grouped into a block, and the SVB has 8 blocks in total. In ad-
dition, we define a chunk as a rectangular cuboid, circumscribing the sinusoidal voxel-line trace in a block. 
Figure 12c shows block4 and the chunk in block4 outlined by a bold blue line. When accessing measurements 
for a voxel-line block-by-block, all measurements in chunks are accessed by cache lines, although only the 
measurements on the voxel-line trace (shaded in red) are used for updates. For convenience, we define the 
measurements used for voxel updates, namely the measurements on the voxel-line trace, as essential mea-
surements. In addition, each block is padded with zeros so that the width of a block is constant. In Figure 
12c, six zeros (unused data) are added to the bottom of block4, making block4 a rectangular cuboid, and com-
pletely linearizing data access. For convenience, we define the measurement accessed but unused for voxel 
updates, namely the other measurements in chunks and zero-value measurements padded to the bottom of 
blocks, as redundant measurements. Although this approach moderately increases cache pressure by adding 
unneeded data, the performance gain from the linearized data access in each block far outweighs the loss 
from increased cache pressure. Figure 15b in C.4.e. gives a detailed evaluation of the block design, showing 
that the block design delivers a 6.5 times SIMD speedup. 
To further improve SIMD performance, we define the Block Transposed Buffer (BTB) as a block-wise (i.e., 
block-by-block) counter-clockwise rotation of 90° about the depth direction of the SVB, i.e. a concatenation 
of transposed blocks. Figure 12d shows the transposed block4, with the axes of channel and view swapped 
by the transposition. All measurements within the block are laid out along the view direction in memory 
(measurements a, b, c, d are contiguous). As shown in Figure 12e, after transposition, the memory accesses 
for the chunk in the transposed block4 are in contiguous memory locations. The pattern of reads and writes 
for a voxel-line update now allow a high level of SIMD vectorization. 

C.4.d Improving Parallelism 

Non-uniform parallel super-voxel (NU-PSV) exploits three orthogonal levels of parallelism that effectively 
utilize large parallel machines: 

1. Intra-SV parallelism: data-level parallelism (SIMD vectorization) across multiple voxels within a 
3DSV.

2. Inter-SV parallelism: parallelism across multiple 3DSVs in a sub-volume, where a sub-volume is de-
fined as a set of contiguous slices. 

3. Intra-volume parallelism: parallelism across sub-volumes in a 3D volume. 

C.4.d.i. Intra-SV Parallelism

Intra-SV parallelism updates groups of voxels in a 3DSV in parallel using SIMD vectorization. An ideal choice 
for such groups is voxel-lines because the BLB design, discussed in the previous section, which enables a lin-
earized access pattern and a high level of SIMD vectorization. 
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The intra-SV parallelism, however, is dificult to implement because the BLB design mixes measurements 
for different voxels in a transposed block. Therefore, the intra-SV parallelism needs a special data marking 
mechanism to differentiate measurements for different voxels, essential measurements, and redundant mea-
surements. 
For the parallel-beam CT scanner geometry, measurements for different voxels on the same voxel-line do not 
overlap with each other, making data marking among voxels easy. In the example of Figure 12a, the voxel-line 
has two voxels. The chunk of computer memory locations for the first voxel’s measurements are all in the first 
row of Figure 12e. The chunk of computer memory locations for the second voxel’s measurements are all in 
the second row of Figure 12e, independent from the first row. Therefore, data marking for different voxels’ 
measurements can be differentiated easily by accessing different computer memory locations without over-
lap. 

C.4.d.ii Inter-SV Parallelism

Inter-SV parallelism updates, in parallel, different 3DSVs within a sub-volume using the cores in a node. At the 
end of a 3DSV’s update, the updated measurements in each core’s SVB Bufe must be combined and written to 
the full sinogram. The updated measurements, however, overlap with one other because voxels share mea-
surements in the sinogram. Therefore, simply copying the updated measurements back to the sinogram will 
be lost and overwritten. To correctly write measurements to the sinogram Bufe keeps track of all changes of 
the measurements in step 8. Then, Bufe  is atomically added back to the sinogram in step 9 so that the chang-
es of measurements for other simultaneously updated 3DSVs are not lost and overwritten. 
Inter-SV parallelism, however, leads to image artifacts. Since a sub-volume is artificially partitioned into 
3DSVs, image artifacts are present along the 3DSVs’ boundary. To address this, neighboring 3DSVs overlap 
with each other on their common boundary using halos, eliminating the partition boundary among neigh-
boring 3DSVs. Figure 13b on the next page shows an example of overlapping 3DSVs, with the halo regions 
shaded in gray. 
Although overlapping neighboring 3DSVs remove image artifacts, this can lead to data races. This situation 
occurs when the same boundary voxel is simultaneously updated by cores. To eliminate possible races, we 
employ a checkerboard pattern for 3DSVs’ updates. As illustrated in Figure 13b, a checkerboard pattern tes-
sellates a volume into tiles, with each tile consisting of 4 3DSVs with different colors, with no two adjacent 
3DSVs having the same color. Inter-SV parallelism cycles through the 4 colors and only 3DSVs with the same 
color are updated in parallel. Therefore, no voxel on a boundary is updated in parallel by more than one core.
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C.4.d.iii. Intra-volume Parallelism

Intra-Volume parallelism performs parallel updates on all sub-volumes across nodes, with the ith node pro-
cessing the ith sub-volume (Si). Figure 13a shows how sub-volumes are equally distributed to two nodes. Each 
node then processes its sub-volume separately. 
Since the prior function for each voxel update depends upon the neighboring voxels to it, the update of bound-
ary voxels in Si depends on the adjacent boundary voxels in Si-1 and Si+1. An example of this dependency is 
shown in Figure 13a, where boundary voxels u1 and u2 are adjacent to each other, and their updates depend 
on each other. Because of the iterative nature of MBIR, violating this dependence does not prevent conver-
gence. Intuitively, intra-volume parallelism can be viewed as a special case of updating spatially close voxels. 
If the neighboring sub-volumes each only have 1 voxel, then intra-volume parallelism reduces to spatially 
close voxel update, which is known to converge. 
To reduce the communication latency in exchanging boundary voxels of the sub- volumes, the Intra-Volume 
parallelism uses a two-data-buffer design. Each node, Pi, has two allocated data buffers, buffer1 for message 
passing with Pi 1 and buffer1 for message passing with Pi+1. When neighboring nodes send boundary voxels to 
Pi, a copy of voxels is passed asynchronously to the data buffers. Pi can then access the needed voxels from 
its allocated data buffers. 

C.4.e. Results

This section experimentally evaluates the NU-PSV discussed in Section C.4.c and C.4.d contribute to NU-PSV’s 
performance.

C.4.e.i. Dataset

To measure NU-PSV’s performance, we use a sparse-view iron hydroxide (FeOOH) material dataset, imaged 
with an electron microscope at the United States Air Force Research Lab (ARL). Each data point is com-
puted three times and the average is used. Figure 14 (on the next page) shows an example slice in the iron  

Figure 13: (a) Shows a volume equally distributed between nodes P1 and P2. Each 3DSV in the sub-volume accesses its 
measurements efficiently from the private BTBs. In addition, the update of two adjacent boundary voxels u1 and u2 
depends on each other. (b) Shows that each tile in the checkerboard pattern has 4 colors (numbered as 1-4) and the 
overlaps among neighboring 3DSVs are shaded gray. 
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hydroxide dataset, reconstructed by the traditional reconstruction method (Filtered Back-Projection) and 
MBIR respectively.  With the same amount of sparse-view measurements, the MBIR reconstruction has less 
noise and better image quality than the traditional method. 

 

Figure 14: The left image is a slice reconstructed by Filtered Back-Projection. The right image is the same slice recon-
structed by MBIR. Notice that MBIR has significantly better image quality with less noise.

Table 2: Runtimes in seconds for the iron hydroxide dataset. The first row is the number of allocated nodes in the recon-
struction and the second row is the number of allocated cores (each node has 68 cores). The third row of the table is the 
average runtimes for time-interlaced model-based iterative reconstruction (TIMBIR) at different numbers of allocated 
cores. Note that TIMBIR can only scale to 544 cores. The fourth row is the average runtimes for PSV-ICD. The fifth row of 
the table is the average runtimes for NU-PSV.
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C.4.e.ii. Computing Platform

Experiments were performed on Cori Xeon-Phi Knights Landing clusters at The National Energy Research 
Scientific Computing Center (NERSC) using the Cray Aries network. Each node features a 96-GB memory, 
a 16-GB high bandwidth memory (cache mode), and a 68-core processor. Each core has a 32-KB private 
L1 data cache, and every two cores share a 1-MB L2 cache. All programs were compiled with the Intel MPI 
compiler version 2017.up1 using the -O3 -qopenmp -xMIC-AVX512 compiler options. Intra-voxel parallelism 
is achieved using AVX-512 SIMD instructions. The Inter-SV parallelism is achieved using OpenMP, while in-
tra-volume parallelism is achieved using MPI.

C.4.e.iii. Tools 

All runtimes are based on the entire program except for I/O, which reads the input dataset and writes the out-
puts from/to NERSC global file system. The reported SIMD speedups in this section are the relative speedup 
between a program with SIMD vectorization and the exact same program without SIMD vectorization (using 
the -no-vec -no-simd compiler options). Cache miss rates are measured using the Intel Vtune Amplifier 2017.

C.4.e.iv. Algorithmic Parameters

All experiments for NU-PSV use 3DSVs of size 15 x 15 x 8, which was empirically determined to be the optimal 
size for the NERSC computer platform. The only exception is when a sub-volume has fewer than 8 slices and 
the depth of 3DSVs decreases proportionally. For example, if a sub-volume only has 1 slice, then the 3DSV size 
is 15 x 15 x 1. 
The reconstructed volume size for this dataset is 1024^3 with a voxel resolution of 64^3 mu m^3. The sino-
gram has: (1) parallel-beam sparse-view projections; with (2) uniform angle distribution from 0 to 180 de-
grees; and (3) a sinogram size of 1024 x 225, where 1024 is the number of channels and 225 is the number 
of views.
To quantify the overall performance, NU-PSV’s runtimes are compared to the performance of TIMBIR and 
PSV-ICD algorithms, the state-of-the-art implementations. Table 2 summarizes the average runtimes of the 
three algorithms at different numbers of cores. In the third row, TIMBIR’s runtimes at 1 and 4 nodes are more 
than the 24-hour wall time limit, noted as >86400 seconds in the table. Since TIMBIR can only scale up to 
8 nodes for a 1024-slice volume, runtimes at more than 8 nodes are reported as NA. The fourth row is PSV-
ICD’s runtimes. Because PSV-ICD is a single node implementation, it only scales to 68 cores. The fifth row is 
NU-PSV, 9776.0 times faster than TIMBIR and 1665.2 times faster than PSV-ICD. NU-PSV’s significant speed-
ups come from two different sources: (1) the per-node speedup (each node has 68 cores), with a speedup 
larger than 83.11 over TIMBIR and a speedup of 12.49 over PSV-ICDs; and (2) the scalability, which scales to 
69632 cores. 
We then investigate the improved per-node performance. Figure 15a on the next page shows SIMD speedups 
at different 3DSV depths. The SIMD speedup is 1.21 with depth equal to 1, and the SIMD speedup peaks at 
3.28 with depth equal to 8. This confirms our previous analysis in Section C.4.c that a larger depth increases 
the number of contiguous memory accesses, leading to better SIMD performance. Then, the SIMD speedup 
decreases from 3.28 with depth 8 to 2.72 with depth 32 because most data can fit into cache at depth 8, and 
cache pressure is minimal. When the 3DSV depth is increased to 32, the increased depth proportionally in-
creases the cache pressure, negating SIMD performance gains. 
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Another factor for NU-PSV’s improved per-node performance is the BTB block size. Figure 15b shows the 
SIMD speedups at different block sizes. The SIMD speedup is 0.95 with block size equal to 1, and the SIMD 
speedup is 6.45 with block size equal to 225. 
Next, we investigate NU-PSV’s scalability. Figure 15c shows NU-PSV’s scalability up to 69632 cores. The data 
points along the plot-line are NU-PSV’s speedups relative to 1 node (68 cores) at different numbers of cores. 
For each data point, the first number in the pair represents the number of cores and the second number rep-
resents the speedup. We can observe that NU-PSV’s speedup at 69632 cores (1024 nodes) is 133.6.
Figure 16a on the next page shows the strong scalability of NU-PSV. The data points along the plot-line are the 
strong scaling efficiency at different numbers of cores. Note that the strong scaling parallel efficiency drops 
from 67% at 4352 cores to 13% at 69632 cores. The efficiency drop has two causes: (1) worse SIMD perfor-
mance at a high number of cores; and (2) a lower ratio of work to synchronization overhead. At 69632 cores 
(1024 nodes), each sub-volume has only one slice, restricting the 3DSV depth to 1. As explained in Figure 15a, 
NU-PSV has worse SIMD performance at depth 1, resulting in lost parallel efficiency with a larger number of 
cores. In addition, a small 3DSV size resulting from high number of cores leads to less useful work per core. 
Therefore, NU-PSV has a lower ratio of work to synchronization overhead.

Figure 15: (a) The SIMD speedups at different 3DSV depths. (b) The SIMD speedups at different block sizes. (c) NU-PSV’s 
speedup relative to 1 node (68 cores). The pairs at each data point indicate the speedup (second numbers of the pairs) 
at different numbers of cores (first numbers of the pairs).
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Figure 16b shows the weak scalability of NU-PSV. The data points along the plot-line are the weak scaling 
efficiency at different numbers of cores. We observe that the weak scaling efficiency drops from 93% at 4352 
cores to 82% at 69632 cores. Since the per-core work is fixed for weak-scaling experiments, parallel efficien-
cy does not decrease because of worse SIMD performance or more frequent synchronizations. Therefore, the 
weak-scaling efficiency is much higher than the strong-scaling one.

D. Major Contributions

D.1. Research on Reconstruction

Our work related to reconstruction included, most importantly, the implementation of iterative reconstruc-
tion to match the Imatron scanner data, plus several variants of the basic MBIR algorithm. The algorithm we 
developed demonstrated some potential in handling typical cases in security screening applications. The re-
lated work has been carefully studied and investigated, and the methodology we proposed has been carefully 
organized into multiple journal papers submitted for publication.
Principal Year 4 advances are preliminary work with dictionary-based image modeling and discrete-valued 
models, an important component of simultaneous reconstruction and segmentation.

D.2. Research on 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

Figure 16: (a) Strong scalability of NU-PSV. The numbers at each data point indicate the strong scaling efficiency at 
different numbers of cores (efficiency baseline is 1 node). (b) Weak scalability of NU-PSV.
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 ○ Feature selection from high-dimensional histogram bins

• Target classification
 ○ Shape clustered classifier

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 
algorithm 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 4, we have expanded our application of SVMs in classification. We have also developed methods 
for joint metal artifact reduction and segmentation.

D.3. High Performance Reconstruction

We have made the following contributions during the course of the project: 
• A method for iterative reconstruction based on the use of spatially localized voxels in 2 dimensions that 

allows for the efficient use of the memory hierarchy. 
• A method for iterative reconstruction that reorganizes stored measurements corresponding to an SV so 

that the associated stored measurements are straightened to be in memory locations that can be effi-
ciently accessed by the computer. 

• A method for SVs to be updated out of order to speed up convergence. 
• A method to update SVs in parallel. 
• An experimental evaluation of the techniques showing overall performance gains, improvements in local-

ity, and a study of how each contribution benefits the performance of the algorithm.
Year 4 included further design and refinement of the “SV” concept for improved data access patterns in GPU 
computation. Algorithms have also been refined and demonstrated over two orders of magnitude in speedup 
relative to conventional CPU implementation.

E. Milestones

The following milestones from the Year 4 work plan were achieved:
• The introduction of joint-regularization/reconstruction using advanced priors, such as the P&P prior, 

when using library baggage models: We achieved this milestone through our research on simultaneous 
reconstruction and beam-hardening correction for X-ray CT. We are continuing to make progress on this 
milestone through the introduction of more advanced P&P models based on the CE framework that we 
are developing in conjunction with Dr. Greg Buzzard of Purdue University’s Department of Mathematics. 

• The implementation of discrete 3D tomographic reconstruction for direct segmentation: We have 
achieved this milestone through our research on joint-metal artifact reduction. In addition, we are mak-
ing further progress on this milestone through the through the use of the P&P framework along with 
materials models based on the Grinzburg-Landau equations. We have also implemented direct segmenta-
tion/reconstruction in a model-based iterative reconstruction method to estimate fractional abundances 
of multiple known materials from spectral CT data.

• The introduction of ATR approaches using joint target classification and segmentation along with ma-
chine learning techniques, such as SVM: We have achieved this milestone through our research on ATR as 
part of the Task Order 4 program, and are continuing to make further progress in the design of adaptive 
algorithms for ATR that can be configured for specific threats.
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• The creation of fully 3D reconstruction algorithms on a multicore CPU and/or GPU: We have achieved 
this milestone and have published the results in our paper on 2D GPU reconstruction1 for the 2017 ACM 
SIGPLAN Symposium on Principles and Practice of Parallel Programming (PPoPP 2017), and are working 
on a submission of our 3D reconstruction results to SuperComputing 2018.

Year 5 milestones include:
• Advanced physics based priors for image reconstruction: We are working on the creation and implemen-

tation of physics-based prior models using the Grinzburg-Landau equations in a P&P framework. Our 
goal is to implement these algorithms in the coming year.

• Advanced adaptive ATR algorithms: We are working on the creation of adaptive ATR algorithms which 
can be configured for different threat scenarios. Currently-deployed ATR systems at airports cannot be 
reconfigured according to evolving risks. Typically, ATRs are trained to detect a specific set of threats and 
are validated for multiple months. Therefore, it is challenging to update ATRs in the field to quickly re-
spond to new target information. Our goal is to implement adaptive ATR algorithms using deep learning 
technology in the coming year.

• CE algorithms for massive parallelization of tomographic reconstructions: We are working on creating 
a new theory for solving optimization problems through a set of equations that we call CE. We are pro-
totyping algorithms for the use of CE to massively parallelize tomographic reconstruction algorithms. 
This promises to reduce both per-node computation and memory usage, thereby enabling a solution for 
massive reconstruction problems. Our goal is to fully prototype this algorithm during the coming year.

F. Future Plans

F.1. Advanced Techniques of Reconstruction

Our specific aims for reconstruction design and implementation are:
• Reduction of computation time for MBIR to a small multiple of the time a bag spends in the scanner: This 

may allow bags with a preliminary flagging for threats to be selected for the higher-quality reconstruc-
tion with minimal slow-down in overall throughput. Through work with our associated start-up compa-
ny, High Performance Imaging, we have reduced reconstruction time by a factor of approximately 327. 
Our goal will be the reduction of another factor of 3 before the completion of the project.

• Segmentation directly from data through advanced prior modeling and associated numerical methods:  
This will require an extension of our previous work on discrete, total-variations optimization to exploit 
convex elements of partial segmentations as image representations. Simultaneous estimation of material 
densities and region boundaries pose nonlinear optimization challenges that will be central to our proj-
ect for the remainder of the grant.

• Dictionary-based reconstruction to allow training and refinement of image models: Archives of security 
scan data may provide statistics for superior matches of dictionary elements to problematic configura-
tions of materials in screened baggage. 

F.2.	 Material	Classification	and	ATR

ATR and recognition from scanned images is essential in current pre-screening for checked baggage, reduc-
ing labor costs, and helping inform human judgment. Independent of success with advanced reconstruction/

1 Xiao Wang, K. Aditya Mohan, Sherman J. Kisner, Charles Bouman, and Samuel Midkiff, ``Fast voxel line update for time-space image 
reconstruction,'' in the proceedings of the IEEE International Conference on Acoustics Speech and Signal Processing, pp. 1209-1213, 
March 20-25, 2016.
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segmentation methods above, ATR research will be critical for high-volume image analysis. Techniques for 
ATR can also improve synergistically with the image modeling discussed above. 
Specific challenges to be addressed here are: 
• Continue development of adaptive ATR: We have developed ATR methods incorporating shape filters and 

multi-label segmentation techniques that have improved computer vision systems. These have shown 
promise also in our detection problem, and further refinement will be achieved during the coming year. 
Machine learning techniques such as SVMs will aid in training.

• Enhance ATR with tools tailored specifically to CT imagery: Artifacts that interfere with accurate seg-
mentation and labeling in CT images often have non-local characteristics that may be modeled to adjust 
credibility of object boundaries. Alignment with metals may be used to down-weight the probability of 
material separation without precluding these boundaries.

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

Our research aims to improve the PFA/PD tradeoff for the 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 dataset 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 10 secs on 120 slices of the dataset 
generated as part of the ALERT Task Order 4. 

B. Potential for Transition

Research done in the form of the ALERT transition task and also the Task Order 4 study indicates that MBIR 
reconstruction can reduce the PFA at a specific PD, thereby reducing cost in Transportation Security Adminis-
tration (TSA) screening of checked baggage. However, a barrier to the adoption of this technology is the high 
computational cost of computing MBIR reconstructions. Consequently, we believe that the MBIR reconstruc-
tion technology we are developing has the potential for transition to vendors that produce either helical scan 
or sparse view CT systems for baggage scanning. 

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 either 
checked or carry-on baggage scanners.
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D. Transition Pathway 

Some of the research pursued by ALERT in model-based reconstruction is already making its way toward 
vendors that use iterative reconstruction in conjunction with sparse view scanning for both checked and 
carry-on baggage scanning. 
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. 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.

E. Customer Connections

Our ongoing collaboration with Morpho Detection provides immediate industrial feedback on the viability 
of our methods. Aspects of our work that prove to be commercially feasible will likely be adopted by Morpho 
Detection, but will, in any case, be available to the security community. Additionally, High Performance Imag-
ing is in place as a commercialization path under the management of this project’s PIs.

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. Amit Sabne, XiaoWang, Sherman Kisner, Charles Bouman, Anand Raghunathan, and Samuel Midkiff, 
“Model-based Iterative CT Image Reconstruction on GPUs.” PPoPP ‘17 Proceedings of the 22nd ACM 
SIGPLAN Symposium on Principles and Practice of Parallel Programming, Austin, TX, February 4-8, 
2017, pp. 207-220. DOI: 10.1145/3018743.3018765

2. Xiao Wang, Amit Sabne, Putt Sakdhnagool, Sherman J. Kisner, Charles A. Bouman, and Samuel P. 
Midkiff, “Massively Parallel 3D Image Reconstruction,” 2017 Supercomputing Conference (SC’17), 
Denver, CO, November 13-16, 2017.

C. Software Developed

1. Algorithms
a. Selective Morphological Opening of Bulk Objects (SMOBO): Our principal focus has been algo-

rithm development in implementation of ATR for the CT baggage scan screening. Morphologic 
operators are applied intelligently to detected objects. Transition into application is envisioned 
with subsequent work on computational efficiency.

b. Region Growing for Edge Segments in Electron Microscopy (ReGESEM): Particle boundaries are 
estimated in 2D region-growing for 3D segmentation. 

c. Non-Uniform Parallel Super-Voxel (NU-PSV): Memory access is optimized for local update algo-
rithms in high-speed tomographic image reconstruction. Implementation is underway as part of 
transition into hardware.

d. Direct MBIR reconstruction of discrete materials in spectral CT (DIRSPECT): Data of any spectral 
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resolution may be transformed into distinct material images for segmentation.
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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 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 only provide information 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 greatly enhance materials characterization from X-ray data, specifically in the context of 
limited view systems currently under investigation and development. Indeed, in recent years, DHS has been 
exploring X-ray systems comprised of spatially fixed sources and detectors in contrast to traditional comput-
ed 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 

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.

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-B.2

515



the full-scale CT case creates substantial challenges in terms of image formation, and ultimately, target detec-
tion. Using the detectors in these systems to collect scattered photons (in addition to the traditional attenu-
ation-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 shift after a scattering event, thereby necessitating the use of energy resolving 
detectors to usefully capture and quantify these processes. The shift in energy determines the direction in 
which photons are scattered. In a sense, 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 required that we address several challenges in the first four years of this project.  
First, the physical processes and mathematical/computational models associated with these scattering pro-
cesses 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 and 4: 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 TSA 
certified systems are not sufficient for the processing of the data that will be produced by the next genera-
tion of X-ray scanning systems. Even the state-of-the-art model-based iterative reconstruction methods are 
not designed to fully exploit the information provided by multi-/hyper-spectral X-ray data. Neither are they 
capable of addressing the challenges encountered when considering the severely limited view nature of the 
data provided by these 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 greater depth below, 
over the past 18 months or so, the initial promise of combining Compton scatter and traditional attenuation 
data was confirmed using simulation 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) have, since mid-2016, been 
supported under a DHS “13-05” project to build a testbed system and associated processing methods to 
demonstrate the utility of combining energy resolved Compton scatter and attenuation data in a limited view 
geometry for imaging mass density and PE. Notably, imaging results obtained in the first half of 2017 using 
data from this testbed are showing benefits similar to those seen in Ms. Rezaee’s simulations. Transition of 
this work, initially seeded by ALERT, through AS&E is thus continuing with the submission of a proposal in 
April 2017 in response to DHS Broad Agency Announcement BAA HSHQDC-17-R-B0003 related to Advanced 
X-Ray Systems, for a project focusing on moving the Compton scatter tomography methods to Technology 
Readiness Levels 6-7.  Moreover, based on exposure of the ALERT-supported work by the group at Tufts, Drs. 
Dan Strellis and Ed Morton at Rapiscan Systems reached out to Profs. Miller and Tracey in April 2017 to par-
ticipate on a second full proposal to BAA HSHQDC-17-R-B0003 focusing on combining X-ray diffraction and 
attenuation data in a non-rotating source/detector system. 
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B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address 

B.1. Strengths

• “Modeling of Compton scatter is a complex and challenging task; an accurate and efficient computational 
model would be quite valuable.”

• “The investigators have completed literature review and tool development in the first two years of the 
project, and laid out plans and milestones (development and validation of image formation algorithms) 
for the coming years. This reviewer agrees with both of them.”

• “The research methodology has been designed and executed with rigor. The investigators’ technical 
methodology is sound.”

• “Researchers presented comprehensive understanding of the field. They have strong background in one 
of the two main tasks they plan in the coming years: image reconstruction algorithm development. Thus, 
it is my opinion that they are in a good position to execute the plan.”

• “Transition pathway partners were clearly identified and use of research results were clearly presented.”

B.2. Weaknesses and Mitigation

• Weakness: “The approach revealed thus far indicates a highly exploratory methodology and there is some 
risk that the current path may lead to a negative result.”

 ○ Mitigation: Our ALERT-funded work since the Year 2 Biennial Review has indicated that, in simulation, 
we can in fact get quite stable and accurate reconstructions of density and photoelectric coefficients 
from limited angle Compton data especially as supplemented by, again, limited view absorption data. 
As discussed previously in this report, these results are being supported by similar reconstructions 
obtained using real data collected using the AS&E-Tufts testbed constructed under our 13-05 effort.  
Thus, the potential negative results are less and less of a concern.

• Weakness: “This project proposes another implementation of limited view CT and hence this reviewer is 
concerned about replicating other efforts in this area.”

 ○ Mitigation: We are very well aware of the state of limited view CT for security scanning at least to the 
extent to which it has been reported in the open literature. We feel that the approach we offer in its 
fusion of attenuation data and Compton scattered photons is rather unique.  

• Weakness: “Transition is implied in the connections made with Analogic and Rapiscan. Although there 
appears to be active and engaged users, there is no evidence of an understandable agreement between 
these parties or a realistic vision/plan for how results will be transitioned.”

 ○ Mitigation: Transition is being affected through the current execution of the joint 13-05 project led by 
American Science and Engineering (AS&E) with Tufts as a subcontract, hopefully to continue under 
a 17-03 effort.  To date, the models and processing methods developed with ALERT support have 
been transferred directly from the graduate student funded by ALERT to the post-doctoral researcher 
supported by 13-05. By the end of 13-05, these codes will be fully transitioned to the group at AS&E. 
As discussed in Sections III.A and III.B of this report, additional transition efforts are underway in 
the context of proposals involving the Tufts group with both AS&E, as well as Rapiscan Systems in 
response to DHS BAA HSHQDC-17-R-B0003.

C. State of the Art and Technical Approach

X-ray CT has been used widely in fields ranging from medical imaging [1] and non-destructive evaluation [2] 
to the investigation of the internal structures of geo-materials [3] and luggage screening [4], the application 
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of specific interest here. Motivated by a desire to construct spatial maps of material properties, increased 
attention has been given to X-ray based approaches in which information is extracted from observations of 
photons other than those associated with the incident beams. Of relevance to this project are X-ray fluores-
cence computed tomography (XFCT) [5] and Compton scatter tomography [6], each of which is based on 
distinct physical processes associated with the interaction of X-rays with matter.  In the case of XFCT, used 
for example in micro-tomography applied to analyze biological samples [7], the sample is irradiated with a 
monochromatic synchrotron beam of low energy (less than 25 keV), which is still greater than the K-shell 
energy of the elements in the sample. Because of photoelectric interactions occurring between the X-ray pho-
tons and the atoms of the elements, fluorescence X-rays are produced and used as the basis for image recon-
struction [8]. For Compton tomography, incoherent scattering [6] is the fundamental physical process giving 
rise to photons leaving the main beam. This modality has been considered for problems including analyzing 
human tissues [9]. While Compton scattering is most germane to the ideas we are pursuing for DHS, the 
mathematics of the models relating observations to material properties for XFCT and Compton tomography 
are quite similar. Thus, both modalities are informative to our longer-term interests in data processing and 
are reviewed here.
A wide range of image formation methods have been considered for both XFCT and Compton tomography.  
In the case of X-ray fluorescence, several different techniques have been developed to recover maps of atten-
uation and material density. For example, a statistical approach was introduced in [10] assuming a Poisson 
distribution for the data.  Alternatively, an iterative data refinement technique has been provided in [11], 
which updates the unknown density and fluorescence attenuation at each iteration by minimizing a least 
square error type of objective function. At each iteration, one of the unknown quantities is replaced with the 
current value and the equations are solved for the other one. A joint penalized-likelihood Poisson objective 
function of the unknown element of interest’s density and fluorescence attenuation map is introduced in [12] 
as a continuation of the work done in [10].  
In most applications of XFCT, the unknown fluorescence attenuation map has been approximated as a linear 
combination of the density of the element and a modified version of the absorption attenuation, which may 
be a good approximation for low energies used for XFCT. It is not at all clear, however, that this approximation 
is suitable for the higher energies of interest here. Moreover, these studies have been restricted to cases in 
which a single, monochromatic source is used to illuminate the object which is rotated as a means of acquir-
ing a diversity of views. For DHS applications, more restrictive, limited view geometries are more the norm 
and data may be acquired over a range of energies. Thus, while the physical model structure of XFCT and the 
general iterative reconstruction approaches considered to date are of interest and will motivate the ideas we 
consider, significant work remains in terms of adapting and extending these ideas to our application domain.
In addition to XFCT, Compton tomography provides a powerful tool for materials characterization [13].  Most 
of the research done on Compton scattering tomography can be divided into analytical and numerical ap-
proaches. A comprehensive review of the analytical solutions is provided in [14]. The ideas introduced in [15] 
are the basis of most of the research in the analytical domain. It is shown in [15] that the scattered beams 
collected by detectors located on a circular arc connecting the source to the detector, called the “isogonic 
line,” allow for a closed form reconstruction algorithm not unlike conventional filtered back projection. In a 
related study, a Radon-transform-like model for a rotating single source/single detector system is introduced 
in [16] and provides a closed form solution for recovering the electron density on the arcs passing through 
the source and detector for each point inside the object. Further developments in [17] show that a Chebyshev 
integral transform is also applicable to the arcs passing through each point inside the object, which confirms 
the results provided by [16]. The same idea has been employed in [18] for luggage screening applications. 
There it was shown that a combination of the proposed method and conventional attenuation tomography 
can produce a map of atomic numbers. However, the approach is not robust to the noise, necessitating the use 
of an ad-hoc pre-processing step of smoothing of the data. Although the analytical methods provide efficient, 
closed form solutions, they can only be applied to very specific data acquisition geometries. Only numerical 
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methods provide the flexibility to robustly process data for the more general class of systems currently of 
interest to DHS. 
Most of the numerical work in Compton tomography has focused on recovering either the electron density 
or the total attenuation. A generalized Compton scattering transform that falls in the first category was pro-
posed in [19] to reconstruct the attenuation map of the object of interest. The energy dependency of the at-
tenuation coefficient at the scattering point was not considered there. In [20], the energy dependency of the 
attenuation is considered by approximating the attenuation as a linear function of energy. The algorithm tries 
to recover the total attenuation coefficient with an iterative minimization method and performed robustly in 
the presence of noise. The linear approximation to the attenuation holds in the cases that the range of energy 
change is small, which again is not the regime of interest in our work. One of the few studies seeking to recov-
er the electron density combines three different interactions, fluorescence, Compton, and absorption of the 
X-ray with the elements within the sample [21] to directly estimate the unknown fluorescence attenuation 
map using Compton scattering measurements. Another approach in X-ray Compton tomography assumes the 
attenuation coefficient is known from a prior, traditional CT scan, resulting in a linear mapping from density 
to observations [22]. In addition to ignoring the dependence of attenuation on density, for the limited view 
problems of interest to us, it is far from clear that a high fidelity attenuation map will be in our possession.
To summarize, most the research to date in 
Compton tomography focuses on either ana-
lytical solutions which are suitable for limit-
ed system geometries or on the recovery of 
either attenuation or electron density over 
a limited energy range. We contend that to 
characterize the materials inside the object 
of interest for DHS applications, recovery of 
the electron density (or in our case, the mass 
density) along with attenuation is essential.
To illustrate the models and methods we 
have developed, we consider here a limit-
ed view system shown in Figure 1 in which 
pencil 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 con-
stitute a typical data set for absorption-based 
X-ray imaging methods.
For a given primary raypath, the total attenuated beam intensity is calculated at each detector as [23]

where I(ES) is the initial intensity of the X-ray beam at energy ES, whose spectrum shown in Figure 2,    
is a Dirac delta function supported along the primary raypath connecting the source position rS to 

the detector located at rD and μ(r, ES) is the absorption coefficient at energy ES. As stated earlier, the goal of 
this problem is material characterization, which requires in our case, recovery of mass density and photo-
electric absorption coefficient, which are related to μ according to [24] 

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)
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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 where  . The ratio  can be approximated to  for most of the elements [22]; therefore (2) can 
be summarized as

If detectors are perfectly energy resolving, the polychro-
matic projection can be replaced by a monochromat-
ic projection so that the attenuated intensity given in 
(1) simplifies to a set of linear equations with respect 
to density and the photoelectric absorption coefficient 
[25]; however, for the problem of interest in this paper, 
we consider detectors of finite energy resolution. For the 
imaging method discussed below, a linear model for at-
tenuation is rather convenient. Toward that end, we con-
sider the following discretized model for the attenuation 
data which exploits the fact that the energy dependence 
of the coefficients in (2) are well approximated as con-
stant over the “bins” seen by the detectors even if I(ES) 
varies more rapidly.
To discretize the attenuation model, we assume that 
the object area is discretized on a Cartesian grid with  
Np= N × N elements as shown in Figure 1. We also in-

troduce discretized system matrix A where [A]ij represents the length of that segment of primary raypath i 
passing through pixel j and [A]i is the i-th row of A. The size of A is given as NSD  × Np, which is the product of 
the number of primary raypaths and number of pixels. For each primary raypath i = 1, …, NSD with detector 
energy bin Em, m=1, …, NE and bandwidth of ∆E, the discrete equivalent to (1) is 

where μ(ES) is the lexicographically ordered vector of attenuation coefficients at energy level ES. Referring to 
(2), the terms that depend on energy are the Klein-Nishina cross section fKN (ES) and fp (ES), both plotted as 
functions of energy in Figure 3 (on the next page). Two characteristics of these graphs are important to us. 
First, fp (ES) is much smaller than fKN (ES), which implies that the data are much less sensitive to photoelectric 
variations than those of density, a fact we shall exploit when we discuss the imaging algorithm. Second, both 
functions vary little over the 1KeV windows (shown by the vertical lines in Fig. 3) over which the detectors in 
this study integrate energy. Thus we replace μ(ES) with μ(EM) so that the term exp(−[A]iμ(Em)) can be factored 
out of the energy sum. Now, (5) simplifies to

(2)

(3)

(4)

(5)

Figure 2: Normalized source energy. 
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from which we obtain the following model which is linear in the unknowns of interest: 

where  . After substituting μ(EM) given by (2), a set of equations linear with respect to  
 
density and photoelectric coefficients is obtained as

where KA,ρ is the discretized attenuation-density system 
matrix obtained from KA,ρ is the discret-
ized attenuation-photoelectric system matrix defined by 
fp(EM)[A]i for i = 1, …, NSD and m = 1, …, NE, and ρ and 
p are lexicographically ordered vectors of density and 
photoelectric images respectively. The vector “g” _A con-
sists of all the observed attenuation data as a function 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. 
While in principle a Poisson model is appropriate for de-
scribing the attenuation and scattered data [26], to fo-
cus initially on what can be learned from this new class 
of data in severely limited view geometries, we assume 
here that the only uncertainty in the data arises from 
typical additive, white Gaussian noise [27]. We leave it to 
future efforts to extend the ideas developed in this paper 
to the more complex, but very relevant and interesting, 
Poisson case. More specifically, the attenuation model 
after adding noise is defined by   

where wA is a white Gaussian noise with zero mean and variance .

As discussed in previous reports, the model we have developed linking the number of Compton scattered 
photons absorbed by detector D’ 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;

(6)

(7)

(8)

(9)

(10)

Figure 3: Energy dependent coefficients in mass atten-
uation. Comparison of fKN(ES) and fp(ES). The vertical 
grid shows the 1 KeV bins.
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• h (rD' , r , ES) 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 
• δr�,r�(r) is a delta function along the line connecting the source to the primary detector. 
It can be shown that (10) 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

where ρ and p are lexicographically ordered vectors of density and photoelectric images respectively and 
KS(ρ, p) is the discretized scattering system matrix obtained from the integral kernel in (10). Note that this 
matrix depends on both density and photoelectric and thus is the source of the nonlinearity in the problem.  
The vector gS is comprised of all the observed scattered data as a function of source location, secondary de-
tector location, and energy.  The total number of elements in gS is defined by the number of all possible sec-
ondary raypaths and energy bins NE in detectors which is equal to NST = NS × ND × (ND − 1) × NE, the product of 
the number of sources NS, number of detectors ND, number of secondary raypaths ND - 1 associated with each 
primary raypath, and energy bins NE at detectors. Finally, wS is a white Gaussian noise with zero mean and 
variance .
To recover density and photoelectric images given both attenuation and scatter data, we solve the following 
least-squares optimization problem 

where measures the mismatch between the scattering data and our prediction of the scatter-
ing data for a given ρ and is the mismatch term between the attenuation data and pre-
dicted data. The regularization terms Rρ(ρ) and Rp(p|Iref) for density and photoelectric respectively stabilize 
the reconstruction by imposing prior information such as smoothness and w1 and w2 are weighting factors. 
Following [28], we set a n d to basically normalize the impact of the two data sets in the 
reconstruction process.
We use a cyclic coordinate decent method [29] for solving the optimization problem given in (12). At each it-
eration, density reconstruction is performed using estimate of the photoelectric coefficient from the previous 
iteration. Density reconstruction itself is an iterative procedure detailed. Subsequently, we use the current 
estimated density image to recover photoelectric coefficient image in another iterative process.

C.1. Density Reconstruction 

With  representing our estimate of the photoelectric coefficient at iteration n of the algorithm from (12), 
we update the density estimate by solving

where the Rp( . ) term in (12) is not relevant as it does not depend on density. 

(11)

(12)

(13)
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To decrease the effect of noise and impose smoothness as a priori information for more accurate results, we 
employ here the edge preserving method considered in [30] for regularization. We start by recalling the con-
ventional Tikhonov smoothness-based regularization approach defined as

where λρ is the regularization parameter, the value of which determines the balance between data mismatch 
and regularization terms, and L is a discrete gradient matrix including both vertical and horizontal deriva-
tives computed as 

with I the N × N identity (assuming we are reconstructing images containing Np = N × N pixels), ⊗ is the Kro-
necker tensor product operator, and L1 is the (N − 1) × N derivative matrix

The edge-enhancing regularization methods developed in [30] is an iterative weighted Tikhonov approach 
in which the regularization matrix is updated in a manner that de-emphasizes the smoothing for locations in 
the image where edges are suspected. At iteration l the regularization term takes the form

where D(l) is a diagonal weighting matrix with elements between zero and one updated at iteration l and M(l) 
= D(l) L. Those diagonal elements closer to one will enforce smoothness to the associated pixels, while the 
values closer to zero indicate that the associated pixels belong to the edge map and should be preserved.  
The pseudo-code for the iterative edge-preserving regularization is given in Table 1 (on the next page) with 
additional details and discussion provided in the paper to be submitted to the IEEE Transactions on Compu-
tational Imaging (see Section IV.B). 
Because the regularization term is quadratic in ρ, (13) is quasi-linear in the density, in that the density ap-
pears nonlinearly in the structure of the matrix KS but also in a linear manner as the vector upon which KS, 
KA,ρ and M operates. By stacking KS , KA,ρ and M (13) take the form:

This structure suggests an iterative approach for solving (18) detailed in Table 1 (on the next page). At each 
iteration, the scattering system matrix KS and the edge preserving regularization matrix M, are updated with 
the current estimate of density and “stacked” to create in (18).  With the dependency of the matrices 
in (18) on density now effectively removed, we are left with a linear least squares problem for the vector ρ  

(15)

(16)

(18)

(17)

(14)
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multiplying . We solve this system using the LSQR [31] method to obtain and update to the density. If the 
change from the last iteration is small, we stop. Otherwise, we rebuild the matrices and repeat.
We assume an initial estimate for the density, ρ = ρ0 and ρ = 0 at the first iteration. Starting with an ap-
propriate initial guess for the density is crucial to the success of the approach. There are several w a y s 
this could be accomplished. For example, attenuation based CT images have been shown to be useful in this 
regard [17]; however, for the limited view problems that are of most interest in this effort, reconstruction of 
the photoelectric and density from attenuation data is known to be a highly ill-posed problem. Thus, we are 
motivated to consider the multi-scale approach described and illustrated in last year’s report which is used 
only for the initial estimate of density (i.e., n=0); when we have essentially no prior information regarding 
the composition of the medium and for all subsequent iterations, (18) is solved at the finest scale using  as 
the initial guess. At the first level, a coarse scale representation of the grid and density vector to be recovered 
is assumed and a constant density vector is considered as an initial guess to build the system matrix KS( . ). 
The method in Table 1 is used to solve the problem at this spatial scale and the estimated density image at 
this level is “upscaled” using the Matlab function ‘imresize()’ employing nearest neighbor interpolation and 
used as an initial guess to build the system matrix at the next finer scale, and so on. After a few iterations, we 
achieve a good approximation of density vector in a desired scale size without any prior information about 
the density image. The block diagram of the multi-scale approach to estimate density with the edge-preserv-
ing regularization method is shown in Figure 4 (on the next page). 

Table 1: Pseudo code for iterative quasi-linear solver
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After estimating density, the results can be used for photoelectric reconstruction.

C.2. Photoelectric Reconstruction 

Having the density image estimated, from (18) the photoelectric sub-problem takes the form

where is the final estimate of density image at previous iteration as a solution to (18) and Rp(p|Iref) is the 
photoelectric regularization term. 
In contrast to the density problem, photoelectric recovery is a non-linear least squares optimization problem 
which we solved using the Levenberg-Marquardt method [32]. The approach requires the Jacobian matrix of 
the objective function which is given in our previous report. 
To stabilize the photoelectric problem, we have used patch-based non-local mean (NLM) regularization 
method [33] which benefits from the accuracy with which density can be recovered. In this approach the 
photoelectric reconstructed image is conditioned on a reference image Iref which we take as , the densi-
ty estimate obtained after the first iteration of the algorithm. Mathematically, the NLM regularization can be 
written in the form of quadratic regularization as

where I is the identity matrix, W is the weigh matrix which is calculated based on the reference image [34], 
and λp is the regularization parameter. By stacking the and (I − W)p vectors, (19) can be 
written as  

Figure 4:  Block diagram of multi-scale approach. An estimate of density ρ(k−1) at scale k − 1 first resized to the current 
scale k then a new estimation ρk at the current scale obtained via density estimation (using the algorithm in Table 1).

(19)

(21)

(20)
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C.3. Results 

To evaluate the performance of our proposed method, we consider a limited view system of the form pro-
vided in Figure 1. The area to be imaged is taken to be 20 cm × 20 cm.  Three rotating pencil beam sources 
each with a spectrum shown in Figure 2 are located 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 of  0.1 cm are equally spaced along 
the top and right edges. 
All data are generated assuming a uniform grid of 50 × 50  pixels covering the 400cm2 region. For the multi-
scale processing method, five uniform grids of 10 × 10, 20 × 20, ... , 50 × 50 are employed for the unknown 
mass density. We have generated synthetic data for two different phantoms consisting of different materials 
with moderate to high attenuation properties shown in Figure 5 below. The phantom is relatively complicat-
ed with three circular objects consisting of water, delrin and graphite. The characteristics of the materials 
used in these phantoms such as density and photoelectric attenuation coefficients are taken from the XCOM 
database [35]. 

Attenuation data is collected in the range of 20-120 KeV with the energy resolution of Δ E = 1 KeV for den-
sity and photoelectric coefficient reconstruction. Because of the size of the resulting data set (123 primary 
raypaths times 40 scatter detectors per raypath times 100 energy bins = 4.92e + 5 observations), we have 
chosen to bin the scattered data into 5 KeV intervals to reduce the computational overhead of the processing. 
To consider measurement and discretization noise, a signal-to-noise (SNR) ratio of 50 dB is assumed for both 
attenuation and scattering measured data. 
In the cyclic decent method, at each iteration, to reconstruct density the estimates of the photoelectric coeffi-
cient and density from previous iteration are required. At the initial iteration, n = 0, the estimation of density 

requires photoelectric coefficient  which we take as  =0. The density is initialized with  = .4 g/
cm3. For the photoelectric reconstruction at n = 0,  is used. The Levenberg-Marquardt method is initialized  
with ρ0 = 0 and for n > 1   is used. 
The regularization parameters λρ and λρ are determined using the discrepancy principle [36] since the vari-
ance of the noise is assumed known. In theory, these parameters should be selected by first discretizing the 
space of both parameters λρ and  λρ, then calculating the reconstructions of density and photoelectric for 
all the points on this two-dimensional discretized space and computing the value of the discrepancy func-
tion for each of these reconstructions. The optimal parameters and associated reconstructions output by the  

Figure 5: Simulated phantoms. Density and Photoelectric (at the energy level of 20 KeV) ground truth images of  
different objects.
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algorithm would be those associated with the minimum of the discrepancy function. Given the computational 
burden of the reconstruction process this approach is not feasible. Hence, we employ the following subop-
timal method. At iteration n = 1 for density reconstruction where    = 0, each scale of the multi-scale re-
construction process is repeated for 25 logarithmically spaced values of λρ between 10⁻4 and 105.  At each 
scale, we choose that estimate of density which minimized the discrepancy function

for i = 1, 2, …, 25 and k = 1, 2, …, 5 and where  is the regularized residual of the densi-
ty reconstruction defined in (18), τ is the number of the elements of the data vector, i indexes the regulariza-
tion parameter, k corresponds to the scale level and σ2 is the noise variance. For n > 1, we use as λρ the value 
of this parameter associated with the reconstruction selected at the finest scale of the n = 1 iteration. Again, at 
iteration n = 1, where the density estimate is used for reconstruction of the photoelectric coefficient, the 
optimization problem in (19) is performed 25 times for 25 logarithmically spaced values of λρ between 0.01 
and 100. The optimal λρ of the first iteration is used for all subsequent iterations n = 2, 3, …. The criteria to 
select the regularization parameter is minimizing the discrepancy principal function similar to (21). 

(22)

Figure 6: Density simulation results with scattering and attenuation data of different scales at n=1. The combination of 
scattering and attenuation datasets increases the performance of the density reconstruction in such limited-view sys-
tems by taking advantage of scattering data in enforcing the structure of the object and attenuation data in increasing 
the accuracy of the reconstructed amplitudes. (a),(b),(c),(d), and (e) show density reconstruction results. 
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The stopping criteria for the overall method is defined based on density convergence, which means if the 
current estimation of density satisfies the convergence condition then the reconstruction of photoelectric 
using the final estimation of density will conclude the cyclic coordinate decent procedure. Based on [37], the 
stopping criterion used here is  

where ϵ is a small, positive number defining the accuracy of the final result is taken as 10⁻ 2 here.
To evaluate the performance of the proposed method quantitatively, we have calculated the two-norm of the 
relative mean square error (RMSE) for each of density and photoelectric images using

Where Î̂ is the reconstruction of either the density or the photoelectric image and Itrue is the corresponding 
ground truth image. 
Density reconstructions derived from a combination of both attenuation and scattering information at the 
first iteration are shown in Figure 6. These images clearly demonstrate the advantages (quantitative and 
qualitative) of employing both types of data. Specifically, both the geometric structure of the objects as well 
as the pixel-by-pixel estimates of the density value are recovered successfully and are significantly more ac-
curate than the finest scale results displayed in Figure 7 where in (a) only attenuation data were employed 
and in (b) only scatter data were used. Figure 6 also provides evidence of the utility of the multi-scale ap-
proach. The multi-scale approach starting from the grid with the size of 10× 10 ending with the grid of the 
size of 50× 50 is applied to the phantom. The method performed well using a spatially constant initial guess 
for the density and zero for the photoelectric absorption. Specifically, we see a monotonic decrease in the 
RMSE as well as qualitative improvements as we refine the scale.

Provided in Figure 8 (on the next page) are the photoelectric reconstructions after one iteration of the al-
gorithm using only attenuation, only scatter, and both. As with the density, the benefits of employing both 
sources of data are rather stark here. Moreover, as analyzed in greater depth in the paper to be submitted to 
the IEEE Transactions on Computational Imaging, the accuracy with which we can recover photoelectric is 
also influenced to a great degree by the use of the NLM regularization scheme. 

(23)

(24)

Figure 7: Density simulation results at final scale using (a) only attenuation and (b) only scatter data.  
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Finally, in Figure 9 and Figure 10 (on the next page) we display the density and photoelectric reconstructions 
using both data sets for the second and third iterations of the algorithm.  While the results for even the first 
iteration were rather good, especially given the limited view nature of the problem, we do see both quantita-
tive and qualitative improvements from the continued processing. Indeed, with ϵ = 0.01, the first convergence 
criterion in (23) is achieved for n = 3.

Figure 8: Photoelectric reconstruction results after one iteration using (a) only attenuation data; (b) only scatter data; 
and (c) both attenuation and scatter data.

Figure 9: Density simulation results for (a) the second and (b) the third iterations of the algorithm.
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We stress that the results presented here are representative of the general behavior of the processing method 
we have developed under support from the ALERT Center. In the paper to be submitted to the IEEE Trans-
actions on Computational Imaging discussing this effort, a more extensive set of examples is provided high-
lighting the benefits of the approach on a second phantom and providing greater justification for advantages 
of fusing attenuation and scatter data. In addition, we anticipate by the end of the summer of 2017, a second 
paper will be submitted to the journal Optics Express arising from our 13-05 effort with AS&E, detailing a 
similar set of results and analogous conclusions this time using experimental data.  

D. Major Contributions

• Phase 2, 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 devel-
oped an objective method based on the discrepancy principle for choosing the regularization parameters 
defining 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 non-local means (NLM) regularization scheme.  

• Phase 2, Year 3: We have demonstrated a method for joint recovery of both density as well as photoelec-
tric 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.

• Phase 2, Year 2: We have developed a tractable, analytical model capable for X-ray scattering and atten-
uation. 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 pho-
to-electric absorption information from limited view, multi-energy X-ray data.  

Figure 10: Photoelectric simulation results for (a) the second and (b) the third iterations of the algorithm.

ALERT 
Phase 2 Year 4 Annual Report

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-B.2

530



• Phase 2, Year 1: Our initial efforts under Phase 2 of ALERT support involved the development of a com-
putational forward model for multi-energy, limited view X-ray scanner modeled on the AS&E CANSCAN 
system—the limited view system which was to form the basis for the 13-05 project. At the start of Phase 
2, Year 2, we decided to move away from this absorption-only model as we began to explore the potential 
for scattered photon data to address the many challenges associated with the processing of limited view 
information.

E. Milestones

Below are the Year 4 and Year 5 Milestones for this project (see underlined text) along with progress made 
or to be made for each milestone:

1. Year 4, Milestone 1: The evaluation of the current method on more complex simulation data as well 
as real data generated under our 13-05 effort. This milestone has been completed. Details can be 
found in Section II.C of this report and the manuscript submitted for publication to the IEEE Trans-
actions on Computational Imaging. 

2. Year 4, Milestone 2: Extension of the processing methods. More specifically, based on our multi-en-
ergy, limited view CT work over the past seven years, we anticipate that more complex scenarios will 
result in the failure of the current method for recovering the photoelectric coefficient.  To address 
this issue will require the development of regularization strategies that exploit our ability to stably 
recover the density profile to “help” estimate photoelectric maps. This milestone has been complet-
ed.  As noted previously in this document, a regularization scheme based on non-local means ideas 
has been employed for allowing structural information found in the relatively accurate recovery of 
the mass density to guide the reconstruction of the photoelectric absorption coefficient.  Details 
can be found in Section II.C of this report and the manuscript submitted for publication to the IEEE 
Transactions on Computational Imaging.

3. Year 5, Milestone 1: Continue to explore the issue with stable recovery of photoelectrical attenuation 
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 con-
text of a transition effort such as that proposed under the proposal submitted with AS&E in response 
to BAA SHQDC-17-R-B000.  

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.

These issues shall be the focus of our work in Year 5.  Specifically, we shall fuse the physical models and 
variationally-based image formation methods we have with analytical methods, such as Cramer-Rao bound 
analysis or Monte-Carlo simulation to provide a powerful collection of tools for addressing these fundamen-
tal design tasks.
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F. Future Plans

The primary focus of the work in this last year will be on the development of analytical methods for quanti-
fying the tradeoffs and subsequently supporting the optimization of system design. Please see the discussion 
under Section II.E above for the details of the effort. The major risk with this approach is one of computation-
al burden. Cramer-Rao analysis, which is based on a statistical bound, may not provide sufficient accuracy in 
terms of predicting performance, especially in the case where the bound is too loose. Rectifying the situation 
will require the use of Monte-Carlo methods, which are computationally burdensome. This means it will be 
necessary to think carefully about how to limit the range of possibilities to be explored via Monte-Carlo meth-
ods and how to implement the methods in a computationally efficient manner.  The former will be addressed 
by consulting with our collaborators from AS&E and Rapiscan to gain insight into how to best constrain the 
design space. The latter will be addressed using the computational platform that has been purchased with 
the 2017 supplement granted by ALERT to Tufts for the acquisition of a high-performance computing tools.
We anticipate a conclusion to the basic research focus of this project by June 30, 2018, at which time the  
following products should be produced:

1. Transition of the models and image formation methods to AS&E via the 13-05, and potentially, the 
HSHQDC-17-R-B0003 funding mechanisms

2. Two journal papers
a. The first is in preparation and will be submitted by July 31, 2017 to the IEEE Transactions on 

Computational Imaging. This paper will cover the physical models and processing methods as-
sociated with fusion of energy resolved, sparse view Compton scatter and attenuation data for 
purposes of mapping mass density and photoelectric attenuation.

b. The second paper will focus on the use of these models as the basis for rapid and accurate sys-
tem design trade studies.  

A sixth year of effort on this project would allow for several possible transition efforts. First, it is unlikely 
in a year that the systems analysis ideas will be packaged in a form that would be suitably user friendly to 
make them of interest to our industrial colleagues and collaborators. Thus, one avenue of effort would be to 
complete this task, specifically working closely with the groups at AS&E and Rapiscan (see Sections III.A and 
III.B below) to ensure the utility of the final product. A second potential focus of effort would be to consider 
an integrated approach and associated system architectures for full scale fusion of potentially all X-ray data 
types employed by DHS. Of greatest interest would be the addition of diffraction data into the processing; 
however, backscatter X-ray (used in personnel screening) may also bring some benefit. Indeed, as detailed 
in Section III.A, Tufts has been included on a proposal submitted by Rapiscan Systems in response to BAA 
HSHQDC-17-R-B0003 focusing on combining X-ray diffraction and attenuation data in a non-rotating source/
detector system. A sixth year of ALERT support could be put toward building on this work (should it be fund-
ed) by “adding in” the Compton data. The goal here would be to develop a theoretically justified framework 
by which these three data types (attenuation, diffraction, and Compton scatter) could be fused in a mod-
el-based manner to obtain a single, coherent, integrated picture of the scene. Even if not implementable in a 
realizable, fielded system, this analysis provides a bound for how well we could ever do in meeting the DHS’s 
needs using X-ray data and could easily be incorporated into the system design tool just discussed.  From that 
work, we can then carefully and rationally consider tradeoffs which allow for real-world implementation 
while simultaneously minimizing performance losses. Such an effort would contribute to the ability of DHS 
to quickly and accurately identify and resolve threats in both checked luggage and baggage at the checkpoint 
using both well-established X-ray methods (attenuation, backscatter), as well as data types that have over the 
past decade begun to show promise (diffraction and Compton scatter).
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III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The most immediate value of the research in this project to the DHS Enterprise 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 sufficient 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 information provided by multi- and hyper-spectral X-ray data. Neither are they capable of addressing the 
challenges encountered when considering the severely limited view nature of the data provided by these 
fixed source/fixed detector systems. Our approach to explore the utility of scattered X-ray information to ma-
terials 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 metric 
that quantifies the accuracy of the material maps can be used to evaluate the performance of our work in-
cluding:
• 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 initially in “Tracey, Brian H., and Miller, Eric L. Stabilizing dual-energy X-ray com-
puted tomography reconstructions using patch-based regularization. Inverse Problems, Vol. 31, No. 10 
(2015),” and again in the paper we shall be submitting to the IEEE Transactions on Computational Im-
aging. These clouds would plot the average value and one standard deviation ellipse of the distribution 
of photoelectric and electron density over known target regions in our reconstructions. In comparing 
multiple candidate processing methods, smaller ellipses and means closer to ground truth are indicators 
of higher accuracy.

From a broader perspective, there is strong reason to believe that the ideas developed in this project can have 
impact on a far more diverse collection of problems relevant to the DHS Enterprise. Here we point to two 
recent interactions between the group at Tufts and DHS vendors:

1. In April 2017, Dr. Miller was contacted by Dr. Dan Strellis, Director of R&D Technical Programs at 
Rapiscan Systems, regarding interest in the following two collaborative efforts:  
a. The first focused on the Tufts group hosting a PhD student, Mr. James Webber, from the Univer-

sity of Manchester in the UK for a three-month visit to the United States.  Mr. Webber’s disserta-
tion, funded in part by Rapiscan, concerns the development of analytical methods for Compton 
scatter image formation. Dr. Strellis felt that there would be value for Mr. Webber, Rapiscan, and 
Tufts in exploring the combination of these analytical methods, which are computationally effi-
cient but typically require specific sensing geometries, with the more flexible but computation-
ally intensive iterative methods being considered at Tufts. Because of these conversations, Mr. 
Webber will be staying at Tufts from June to September 2017. During which time, Mr. Webber, 
the group from Tufts, and Rapiscan will be exploring ideas for advanced X-ray reconstruction 
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methods for limited view systems employing energy resolved attenuation and Compton scatter 
data types.

b. In addition to hosting Mr. Webber, Dr. Strellis has included support for Tufts in Rapiscan’s pro-
posal entitled Stationary Gantry Checkpoint CT with In-line X-ray Diffraction which was submit-
ted in April 2017 in response to the RFP HSHQDC-17-R-B0003 from DHS.   This project again 
considers the problem of image formation from limited view X-ray data, but rather than the 
fusion of Compton scatter and attenuation data, the focus here is on combining X-ray diffraction 
data with attenuation information.  

2. At the ADSA16 Workshop held in Boston on May 2-3, 2017, Dr. Jeffrey Schubert of American Sci-
ence and Engineering approached Dr. Miller to discuss the application and extension of the methods 
developed in this project and the AS&E/Tufts 13-05 effort to two problems in addition to checked 
luggage scanning; namely cargo and vehicle inspection as well as automated/robotic inspection of 
suspicious packages and potential suitcase bombs.   

To be sure, the work with Rapiscan as well as the discussions cited in item #2 in the above list with AS&E are 
preliminary; however, they are a clear indication of interest from multiple equipment manufacturers in tran-
sitioning the basic research ideas developed by the group at Tufts with ALERT support to several problem 
areas of direct concern to DHS.

B. Potential for Transition

As indicated previously in this document, the Tufts group being supported by ALERT is also teamed with 
American Science and Engineering (AS&E) on a 13-05 project that is focused on constructing a system de-
signed specifically to implement the processing methods being developed in this project.  To a substantial de-
gree, this project was founded on preliminary results obtained by the Tufts research assistant, Ms. Hamideh 
Rezaee, indicating the potential utility of Compton Scatter Tomography for addressing challenges associated 
with limited view, fixed source/detector systems of interest to DHS. Since mid-2016, the team from AS&E 
and Tufts have built a testbed system and associated processing methods to further develop these ideas. 
Initial imaging results obtained in the first half of 2017 using real, experimental data from this testbed are 
showing similar benefits as Ms. Rezaee saw in her simulations. Transition of this work (initially seeded by 
ALERT) through AS&E is thus continuing with the writing of a proposal in response to BAA HSHQDC-17-
R-B0003, for a project focusing on moving the Compton scatter tomography methods to TRL 6-7. As this 
AS&E 13-05-based system embodies the physical models and image formation methods whose development 
was funded by ALERT, it represents a primary transition product for the work in this project.  
In addition to this work with AS&E, there are several other transition pathways for our work, detailed in 
Section III.A.

C. Transition Pathway 

Please see Section II.B for a detailed treatment of these issues. To summarize:
1. We have an on-going 13-05 funded effort with AS&E which is focused on transitioning directly the 

ideas in this project (fusion of energy resolve Compton scatter and attenuation data for materials 
characterization in limited view systems). That effort is due to conclude in the summer of 2017.

2. As of the writing of this document, the Tufts group anticipates being part of a follow-on proposal 
with AS&E to DHS to continue the development and transition of these methods such that the result-
ing system is at a Technology Readiness Level of Six or Seven. The white paper for this full proposal 
has been accepted; however the proposal itself is still being written.  

3. The Tufts group has been included on a Rapiscan full proposal to DHS RFP HSHQDC-17-R-B0003 in 
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which the iterative reconstruction ideas developed in this project will be employed in the context of 
a limited view system combining X-ray attenuation and diffraction data. If supported, the period of 
performance for that project is Oct. 1, 2017 – Sept. 30, 2019. 

4. Starting in the summer of 2017, the Tufts group will be engaging with Rapiscan and their collabo-
rators from the University of Manchester in the exploration of new methods for Compton Scatter 
Tomography. At the current time, it is impossible to say where this work will lead vis a vis transition, 
but again the very existence of this effort goes to the interest of industry in the work being per-
formed at Tufts under support from ALERT.  

5. The Tufts group anticipates continued collaboration with AS&E in the application of the ideas from 
ALERT project R4-B.2 to problems in cargo and vehicle screening, but also potentially to other chal-
lenges, such as tomographic imaging of left-parcels.  As with item #4 above, transition along these 
pathways is certainly in the future; however, there is good reason for optimism of success given the 
long and successful collaboration between Tufts and AS&E, which originated due to ALERT and has 
been supported in many ways both by ALERT as well as DHS S&T.

In addition to the collaborations with AS&E and Rapiscan, the team at Tufts is very willing to present the 
work discussed in this report at future ADSA Workshops and ALERT Industrial Advisory Board meetings. 

D. Customer Connections

Please see Section II.E for details. The contacts and collaborators of the Tufts team are specifically:
• At AS&E: Drs. Aaron Couture and Jeffrey Schubert. We meet weekly to review our joint 13-05 effort.
• At Rapiscan: Dr. Dan Strellis. We anticipate meeting with the Rapiscan group at least once or twice over the 

summer of 2017 in support of Mr. Webber’s visit to the United States. Should the HSHQDC-17-R-B0003 
proposal be supported, weekly or bi-weekly meetings will likely begin.

We also note that in addition to the X-ray imaging work being done at Tufts, through ALERT, the Tufts team 
has also established a working relationship with Pendar Technologies in Cambridge MA. Specifically, Tufts 
will be a subcontractor to Pendar technologies on a DHS-funded SED-V project. The Tufts component of the 
program will be focused on computer vision methods to support the Pendar-developed hyperspectral imag-
ing (HSI) system for standoff detection and identification of trace chemicals on vehicles. The Tufts PI for the 
project, Prof. Shuchin Aeron, will be developing computer vision methods for automatically identifying from 
RGB video regions such as door handles where HSI data are to be collected. Tufts co-PI, Prof. Eric Miller, will 
support the development of inversion methods for identifying the chemical compounds and their concentra-
tions from the HSI data. Our primary contact at Pendar is Dr. Mark Witinski. We have been in contact with the 
Pendar group multiple times in 2016-2017. Once the SED-V contracting is complete, we anticipate weekly or 
bi-weekly meetings.

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Education and Workforce Development Activities

1. Outcomes that Relate to Educational Improvement or Workforce Development
a. The two students who have worked on this project both have benefitted greatly from the expe-

rience. Mr. Jonathan Foley received his Master’s in Electrical and Computer Engineering from 
Tufts University in the spring of 2015, where his thesis work focused on image analysis and 
target enhancement for three-dimensional, limited view X-ray CT data. This effort represented 
for him an opportunity to apply and extend the ideas he learned in the classroom to a problem of 
immediate practical relevance. Specifically, he employed advanced image processing techniques 
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for contrast enhancement of features, which in turn significantly improved the identifications 
of objects of interest in luggage. Additionally, he was able to apply computer science theory to 
improve the efficiency of the algorithms necessary for data transforms between physically col-
lected linear absorption data and mathematically modeled spatial density arrays. Upon gradua-
tion, Mr. Foley was hired as a Technical Support Engineer at Cognex Corp (Natick MA), a leading 
supplier of industrial machine vision systems, in no small part because of the direct applicability 
of the methods he explored in his MS thesis work to the problem so interest to Cognex.   

b. The second student, Ms. Hamideh Rezaee, is currently pursuing her Ph.D. in Electrical and Com-
puter Engineering at Tufts under full support from ALERT. This project has provided her with 
a special educational opportunity to engage in fundamental research on a problem that is of 
intense interest to a wide range of people. By attending the ALERT Program Review in March 
2015, where Prof. Miller made an oral presentation to the review committee and the attending 
community about the progress of her project, Ms. Rezaee had the opportunity to experience 
firsthand, the high level of interest and relevance in her work. As noted previously in this docu-
ment, Ms. Rezaee’s work and results were the basis for what has been a very successful collab-
oration between Tufts and AS&E in transitioning her work via a 13-05 effort. In the remaining 
year of her Ph.D. studies, Ms. Rezaee will be provided with a rather unique experience where 
the results of her efforts will be directly translated to our industrial partner, and via the ADSA 
workshops, disseminated to a broader community of researchers from academia, corporate labs, 
and the government.

B. Peer Reviewed Journal Articles 

Pending – 
1. Rezaee, H., Tracey, B.H., and Miller, E.L. “On the Fusion of Compton Scatter and Attenuation Data for 

Limited-view X-ray Tomographic Applications.” In review at IEEE Transactions on Computational 
Imaging.

C. Peer Reviewed Conference Proceedings

1. Miller, E.L., Rezaee, H., Tracey, B., & Desmal, A. “Large Scale Fusion of Energy Resolved Compton 
Scatter and Attenuation-Based X-Ray Data for Materials Characterization.” SIAM Conference on Com-
putational Science and Engineering, February 27 – March 3, 2017.

2. Miller, E.L., Rezaee, H., Tracey, B., and Kilmer, M.E. “Iterative Methods for Multi-Parameter, Multi-Data 
X-Ray Tomography.” SIAM Annual Meeting, Boston MA, July 11-15, 2016.

3. Yuan, Y., Tracey, B., and Miller, E. “Performance Bounds for Sinogram Decomposition and Potential 
Benefits of Multi-energy Data.” 4th International Conference on Image Formation in X-Ray Computed 
Tomography, Bamberg, Germany, July 18 - July 22, 2016.

D. Other Presentations 

1. Miller, E.L. “Compton Scatter Imaging.” Algorithm Development for Security Applications (ADSA) 
Workshop 15: Next Generation Screening Technologies and Processes for the Checkpoint, November 
15-16, 2016, Northeastern University, Boston, MA.
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R4-C.1: Advanced Multispectral Computed 
Tomography (CT) Algorithms

I. PARTICIPANTS

Faculty/Staff 
Name Title Institution Email

Clem Karl PI BU wckarl@bu.edu

David Castañón Professor BU dac@bu.edu

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

Parisa Babahedarian PhD, ECE BU 12/2017

Usman Ghani PhD, ECE BU 6/2020

Trent Montgomery PhD, Systems BU 6/2020

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. A pair of commonly used 
parameters are the photoelectric and Compton coefficients, which are derived from a physics-based X-ray 
attenuation model. Conventional multi-energy methods are mostly targeted at medical applications, which 
have fewer artifacts. In the security application, many different materials may be scanned in various degrees 
of clutter and metal objects are common. In this application, image noise and metal artifacts are more se-
vere, and can lead to less reliable estimates of the photoelectric and Compton coefficients. 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 imagery. 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. 

B. Year Two (July 2014 through June 2015) Biennial Review Results and Related Actions to Address

The Biennial Review team indicated that the strengths of the project are the ability to reduce artifacts found 
in traditional separate-channel reconstruction methods, and the enhanced robustness of material specific 
information extraction. The weaknesses of the project that they found, included the lack of specific transi-
tion pathways, the lack of milestones, and the lack of approaches for evaluation of competing methods. We 
addressed these issues in Year 4. For transition pathways, we continued our dialog with R. Krauss of the 
Transportation Security Laboratory (TSL) and the Department of Homeland Security Science and Technolo-
gy Directorate (DHS S&T) to transition models and methods to their task order, which is currently studying 
the value of multi-spectral CT sensing. In addition, Professor Castañón spent part of the year at Lawrence 
Livermore National Laboratory (LLNL) with Harry Martz, where he worked on classified problems not avail-
able in a university environment, and identified opportunities for transition.  We have defined milestones in  
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Section II.E. Lastly, we will continue to evaluate alternative methods for these problems.

C. State of the Art and Technical Approach

The majority of the work on multi-energy 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]. In contrast to existing 
work, one aspect of this project developed a new structure-preserving dual-energy inversion method (SPDE) 
for the formation of enhanced photoelectric and Compton coefficient images for security needs. We form the 
images as the solution of an optimization problem which explicitly models the physical tomographic projec-
tion process. Metal induced streaking is reduced by appropriately down-weighting unreliable data. A bound-
ary-preserving prior based on [13] is incorporated to improve object localization. In particular, we estimate 
a mutual boundary-field along with the photoelectric and Compton images. The boundary field provides 
accurate object localization and allows smoothing inside the objects. 
The observed normalized log-sinogram data in DECT sensing follows the non-Beer-Lambert law [5,6,14]: 

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 Ε 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 combina-
tion of a few basis functions [5,12]. A common choice of basis functions in DECT are the photo-
electric and Compton functions. The LAC representation in the photo-Compton model is given by: 

Figure 1: Left: The LAC curves of a few example materials. Right: Examples of spectral weighting functions ws(E)   
(normalized to unit sum).
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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-en-
ergy 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 for 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 and, as such, 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 
SPDE, which was documented in our past publications [15-17].  
The general formulation of our SPDE method in vector form is given by the following:

Figure 2: Top: the photoelectric and Compton basis functions. Bottom: a scatter plot of the photoelectric and Compton 
coefficients of a few example materials.  
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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 li are non-negative 
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 
[18-20], 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/classifica-
tion optimization problem for dual-energy systems.  We extended the previouslmulti-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         and         are the formed effective attenuation images obtained from measurements with two dif-
ferent (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 is, in general, 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 method patch-based “learning-based object identification and segmen-
tation” or LOIS.  Our algorithm development and initial results were documented in [15,16].  
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In our recent work, we extend this approach to learn spatially correlated models of the dual energy recon-
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 μj
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 [21], leading to fast assignment 
of material labels to patches. The development of the patch-based version of the LOIS algorithm is presented 
in our recent paper (see Section IV.A.4.).  
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  

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 pioneering work on discrete tomography is documented in [22, 23]. Our approach in that work 
was focused on extensions of graph-cut algorithms that would be applicable to discrete tomography, either 
through sequential 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 Direction 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 optimiza-
tion into a sequence of simpler optimizations [24]. 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 Section IV.A.1, 2, and 6.
Another result from this past year that integrates learning into reconstruction was the development of a new 
algorithm 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 [25-27] 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 [28]. 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 (see Section IV.A.3.).  
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 [5,12,29].  
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 recent work (see Section IV.A.5), we have adapted novel techniques in non-parametric statistics for 
estimating information-theoretic measures of explosives detection performance directly using graph tech-
niques, avoiding the need to learn distributions. Our algorithms are graph-based estimators based on mini-
mal 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 [30]. 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 [5,12,29] 
has established that two features (e.g. photoelectric and Compton coefficients) are sufficient to represent 
the linear attenuation properties of materials with an effective atomic number below 14. However, this rep-
resentation is inaccurate for many explosive materials, such as Baratol or lead styphnate, that have compo-
nent elements with k-edges in the relevant energy range of the CT instruments (usually from 30-120 KeV). 
During this past year, we have started a study to explore the utility of additional basis representations when 
photon-counting detectors are used, and to develop CT algorithms that can reconstruct the coefficients of the 
different materials in an image from multi-energy projection sonograms. These algorithms are extensions of 
the dual energy approach in [5,12] 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 are exploring are based on machine learning features.  
Given a data base of materials with linear attenuation coefficients, one can find basis functions using prin-
cipal component 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 [17]. 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 sonogram 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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D. 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) [31].
In previous annual reports, we have detailed results of our experiments with this algorithm, documented in 
[17, 31]. 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 new 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 classification 
algorithm LOIS, documented in [15-17]. These results were extended this year to a patch-based formulation 
to account for spatial correlations in voxel values (see Section IV.A.4.). 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 
reconstructions obtained from the TO3 dataset [31]. 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 appear-
ance model and a 2 x 2 patch-based appearance model.  
Figure 4 (on the next page) shows the results using the pixel-based LOIS and the patch-based LOIS algorithms 
on a slice including clay objects, a partially filled bottle with sugar water, and background. The results high-
light the improvements in segmentation obtained from using the correlated patch information. They also 

Figure 3:  Two example slices from the Imatron data set for TO3. Top: conventional FBP-based photoelectric and Comp-
ton reconstructions based on decoupled processing. Severe streaking and shading due to metal are evident. Bottom: 
new SPDE reconstructions. Reduction of streaking and improved uniformity of object regions are demonstrated. 
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illustrate that the patch-based algorithm can lose some resolution, grouping some of the clay objects that are 
closely spaced. 

Figure 5 shows additional results obtained using simulated data from the FORBILD head phantom [32], 
where metal inserts have been added to the normal tissue and bone structures associated with the head 
phantom. The patch-based LOIS had significantly improved performance over the single-pixel LOIS, in spite 
of its reduced resolution because of the patch size. As the results indicate, the single-pixel LOIS had difficulty 
segmenting regions where metal artifacts contaminated the images. In contrast, the patch-based algorithm 
did a better job of reconstructing coherent regions, albeit at a loss of some resolution, which is seen by the 
loss of resolution of the little air holes in the right center of the images. 

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-

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.

Figure 5: Simultaneous segmentation/reconstruction using LOIS and patch-based LOIS algorithms on simulated data 
from the FORBILD phantom. The first picture shows the human-labeled segmentation of bone (yellow), metal (red), 
water (light blue) and air (dark blue) in the scene. The next picture shows the 135 KeV spectrum FBP reconstruction.  
The third picture shows the pixel-based LOIS performance, where some of the bone and air void structures near metal 
are heavily distorted. The right picture shows that the patch-based LOIS algorithm is more robust to these effects.
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tion from reconstructions such as SPDE, or even direct identification of metal masks in order to down weight 
information, as was done in LOIS [15]. 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 this year 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 6 demonstrates 
the results of using our discrete tomography algorithm on an extremely sparse angle tomography problem 
with only 8 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 dis-
cretization. Figure 7 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 recent 
papers (see Section IV.A.1, 2, and 6).

Figure 6: Comparison of results with only 8 projections: True is the true field; SART is a conventional thresholded recon-
struction based on the SART method; DART is the popular “Discrete Algebraic Reconstruction Tomography” method; 
and TOMO-SPL is our new method. Our new method produces nearly perfect reconstructions even from extremely 
limited data. 

Figure 7: Comparison of results on multi-level phantom with only 70-degree angular coverage and 20 dB SNR pro-
jections: 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  
method again produces nearly perfect reconstructions even from only a narrow angular range of projections.
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Note that our TOMO-SPL method 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 geometries which 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 this past year include the new approach for metal artifact reduction documented in Section 
IV.A.3. 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 sim-
ulated data as well as data obtained from the Imatron scanner with significant metal presence. Figure 8 
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 discussed previously. 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 reconstructed 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 an-
other case, reconstructed no value in that area.  

Figure 9 on the next page 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 im-
age with metal artifacts, a reconstruction using the linear interpolation scheme of [27], and the reconstruc-
tion provided by our algorithm. The results show that our algorithm recovers structures near metal regions 
more accurately than the alternatives. 

Figure 8: 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.od 
again produces nearly perfect reconstructions even from only a narrow angular range of projections.
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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 the paper noted in Section IV.A.5., 
is to simulate representative 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.  
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 10 on the next page shows a set of upper and lower bounds computed as a function of the number of 
bins that photon-counting detector measurements are grouped into. As the results indicate, when the counts 
are aggregated 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 re-
sponsibility around the nominal linear attenuation coefficients, but illustrate how the results of our research, 
as documented in our publication, can be used for performance prediction. We have compared the perfor-
mance predictions 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.

Figure 9: 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, then refills the sinogram through interpolation techniques. In contrast, our algorithm 
uses information from rays that pass through metal, and does an accurate reconstruction in the region. 
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E. 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 milestones still in progress include:
• The fusion of the artifact mitigation reconstruction and integrated labeling frameworks into a discrete 

tomography framework.
• Extending the SPDE framework to multi-energy sensing and from 2D to 3D.
• Computational acceleration of SPDE implementation for sparse aperture illumination using graphics 

processing unit (GPU) architectures.
• The fusion of the artifact mitigation reconstruction and integrated labeling frameworks into a discrete 

tomography framework.
• Incorporating dictionary-based representations for multi-energy tomographic inversion and material 

characterization.

F. Future Plans

The main themes of our proposed research in Years 5 and 6 are to mature the technology and to prepare it 
for transition. To that effect, the emphasis on the research is to develop the algorithms so they can be demon-
strated on realistic problems (i.e. 3-D, multi-spectral sensors, real-time computation). The above milestones 
are well-aligned with these challenges.   
Our plans for Year 5 are to continue to make progress on these milestones, including: (1) novel approaches 
for basis representations for multi-energy tomographic inversion that lead to improved material character-
ization; (2) extension and evaluation of our algorithms on 3-D scenarios; and (3) implementation on GPU 
architectures for accelerated computation. The work on discrete tomography needs to be extended to vec-
tor-valued nonlinear measurements typical of multi-energy techniques, and needs to be evaluated on data-
sets involving security examples.    
One theme in the above milestones is to incorporate machine learning methods directly into the tomographic 

Figure 10:  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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inversion process. A new direction which we aim to explore is the application of techniques in deep neural 
networks to tomographic inverse problems. Specifically, results in generative adversarial networks (GANs) 
[33] have shown a remarkable ability to learn complex mappings that simple regularization cannot capture. 
Our approach would be to formulate the tomographic inversion problem as follows:

where F(x) would be a trained neural network that mapped from artifact distorted images to clean images. 
In particular, we would focus on learning techniques to mitigate the formation of challenging metal-induced 
streaking in tomographic reconstruction. 
The biggest programmatic risk for this project is that the budget is very limited, and will barely support the 
effort of two graduate students and with no support for faculty. In addition, the progress made by graduate 
students on hard problems is difficult to schedule. 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 select-
ed 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 towards modifying the 
technology 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 
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

We are currently involved in transitioning selected results in multi-energy screening to prototype systems in 
collaboration with Astrophysics, Inc. The specific applications involve low-cost X-ray CT systems for cargo as 
well as checkpoint. This collaboration is on-going, and focuses on practical near-term applications.
A second transition opportunity that we are actively pursuing is to transition many of our algorithms into 
products that would be available as part of the Livermore Tomograpy Tools (LTT) [34]. We are currently in 
discussion with Livermore’s Nondestructive Characterization Institute to obtain permission to integrate se-
lected algorithms with the LTT toolbox, so that they can be evaluated on realistic datasets related to DHS and 
other Department of Defense (DoD) and Department of Energy (DoE) applications. 

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 
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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 
• Ronald Krauss and Robert Kleug, Department of Homeland Security, meet occasionally

IV. PROJECT ACCOMPLISHMENTS AND DOCUMENTATION 

A. Peer Reviewed Conference Proceedings 

1. Tuysuzoglu, Y. Khoo, W. C. Karl. “Variable Splitting Techniques for Discrete Tomography,” Proc. IEEE 
International Conference on Image Processing, Phoenix, Arizona, September 25-28, 2016.

2. Tuysuzoglu, Y. Khoo, W. Clem Karl, “Fast and robust discrete computational imaging,” in Computa-
tional Imaging, C. A. Bouman, K. Sauer, editors, Proc. of Electronic Imaging, San Francisco, CA, Janu-
ary 29-Feburary 2, 2017.

3. P. Babaheidarian. and D. A. Castañón, “A Randomized Approach to Reduce Metal Artifacts in X-Ray-
Computed Tomography,” Proc. 2017 IS&T International Symposium on Electronic Imaging, San Fran-
cisco, CA, January 29-Feburary 2, 2017.

4. P. Babaheidarian and D. A. Castañón, “Joint Segmentation and Material Recognition in Dual-Energy 
CT Images,” Proc. 2017 IS&T International Symposium on Electronic Imaging,} San Francisco, CA, 
January 29-Feburary 2, 2017.

5. T. Montgomery, W. C. Karl, D. A. Castañón, “Performance Estimation for Threat Detection in CT Sys-
tems,” Proc. SPIE, Vol. 10187, SPIE, Los Angeles, CA, April 9-13, 2017.

6. A. Tuysuzoglu, Y. Khoo, W. Clem Karl, U. Ghani, “Fast and Robust Discrete Computational Imaging”, 
in International Conference on Computational Photography 2017, Stanford University, Stanford, CA, 
May 12-14, 2017
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B. Other Conference Proceedings

1. David Castañón, “Future x-ray system concepts: Approaches and issues,” ADSA16, Boston, MA, May 
2017. 

C. Other Presentations 

1. Seminars 
a. A. Castañón, “Challenges and Results in Active Sensing,” CASIS workshop, May 2017, Livermore, 

CA.

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 2017 

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.

17
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4
2
0
0
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3

2
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4
6
1
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3
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Total # of Attendees 319
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Total # of Attendees 290
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Software Products Developed

Requests for Assistance or Advice from DHS
Publications Downloaded from Website
Website Page Views
Knowledge 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

Patents Awarded

News Articles

Inventions Disclosed (Submitted to Agencies by Researchers or 
Technology Transfer Office)
Patent Applications Filed

Members
Technology Transfer

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
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Strategic Reports

Outputs
Personnel

In Peer-Reviewed Technical Journals
In Peer-Reviewed Conference Proceedings

All Publications

Student Internships in Industry or Government

Workshops:

Doctoral Degrees Granted
Master's Degrees Granted

Short Courses
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Awareness and Localization  
of Explosives-Related Threats
A Department of Homeland Security Center of Excellence

Lead Partner: Northeastern University

Core Academic Partners:  
Boston University  •  Purdue University  •  University of Rhode Island

Academic Partners:
Duke University  •  Hebrew University of Jerusalem  •  Marquette University 
New Mexico State University  •  Rensselaer Polytechnic Institute  
Texas Tech University •  Tufts University  •  University of Notre Dame

This material is based upon work supported by the U.S. Department of Homeland Security, Science and 
Technology Directorate, Office of University Programs, under Grant Award 2013-ST-061-ED0001. The 
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 Captions: Upper Left - Dr. Jose Martinez-Lorenzo (ALERT R3 PI) demonstrates “On-the-Move” millimeter 
wave scanning technology to representatives from government and industry. Upper Right - Vladimir Villanueva-
Lopez (ALERT PhD Candidate), cooling the mid-IR detector of his Quantum Cascade Laser Spectroscopy 
system. Lower Left - Dr. Octavia Camps (ALERT R4 PI), Mengran Gou (ALERT PhD Candidate) and others 
demonstrate their “in-the-exit” video analytics-based security solution. Lower Right - An ALERT Graduate Stu-
dent generates TATP vapor from ALERT’s Safe Scent canine training aids (ALERT R1) as representatives from 
OPS15 and DetectaChem look on.

University of Puerto Rico at Mayagüez  •  Washington State University 
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