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CHAPTER 1: ARO MISSION AND INVESTMENT STRATEGY

This report is intended to be a single-source document describing the research programs of the U.S. Army
Research Office (ARO) for fiscal year 2011 (FY11; 1 Oct 2010 through 30 Sep 2011). This report provides:

* A brief review of the strategy employed to guide ARO research investments and noteworthy issues
affecting the implementation of that strategy

* Statistics regarding basic research funding (i.e., “6.1” funding) and program proposal activity

* Research trends and accomplishments of the individual ARO scientific divisions

I. ARO MISSION

The mission of ARO, as part of the U.S. Army Research Laboratory (ARL), is to execute the Army’s extramural
basic research program in these disciplines: chemical sciences, computing sciences, electronics, environmental
sciences, materials science, mathematical sciences, mechanical sciences, network sciences, life sciences, social
sciences, and physics. The goal of this basic research is to drive scientific discoveries and increase the general
store of scientific knowledge through high-risk, high pay-off research opportunities primarily with universities,
and also with industrial and governmental laboratories. ARO also ensures that the results of these efforts are
made available to the Army research and development community, for the pursuit of long-term technological
solutions for the Army.

II. ARO INVESTMENT STRATEGY

ARO emphasizes a general two-pronged investment strategy for ARO to meet its mission: requirements pull and
technology push.

A. Requirements Pull

The requirements pull strategy supports the National Security Strategy by following Joint Capabilities
Integration and Development System (JCIDS) processes, in which ARO promotes research in response to a wide
variety of published requirements and needs, including the Army Science and Technology Master Plan, Science
and Technology Challenge Areas, Training and Doctrine Command Warfighter Outcomes, and Quadrennial
Defense Review (QDR). This strategy can also be referred to as needs-driven research, which emphasizes long-
term efforts to improve existing capabilities or overcoming identified technology barriers.

B. Technology Push

ARO also invests heavily in discovery research targeted at extraordinarily novel and innovative science that may
not be focused on a specific application, but promises tremendous value across many technologies and
applications, some of which may be fundamentally new. This technology push strategy emphasizes opportunity-
driven research aimed at developing and exploiting scientific breakthroughs to produce revolutionary new
capabilities.



The scope of ARO research investment strategy is broad and decidedly long range, with system applications
often 10—15 years away, or more. The long-range focus of ARO’s investment strategy is designed to maintain
the Army’s overwhelming capability in the expanding range of present and future operations. However, there
have also been many research programs throughout ARO’s history that had spin-offs (i.e., transitions) to system
applications in much shorter times, and these are actively pursued to ensure that extramural basic research is
optimally contributing to the advancement of the current Warfighter’s capabilities.

C. Specific Strategies

More specifically, ARO employs the following strategies to fulfill its mission:
» Execute an integrated, balanced extramural basic research program

* Create and guide the discovery and application of novel scientific phenomena leading to leap-ahead
technologies for the Army

» Drive the application of science to generate new or improved solutions to existing needs
» Accelerate research results transition to applications in all stages of the research and development cycle

* Strengthen the research infrastructures of academic, industrial, and nonprofit laboratories that support the
Army

» Focus on research topics that support technologies vital to the Army's future force, combating terrorism
and new emerging threats

» Leverage the science and technology (S&T) of other defense and government laboratories, academia and
industry, and appropriate organizations of our allies

» Foster training for scientists and engineers in the scientific disciplines critical to Army needs

+ Actively seek creative approaches to enhance the diversity and capabilities of future U.S. research
programs by enhancing education and research programs at historically black colleges and universities,
and minority-serving institutions

III. IMPLEMENTING ARO INVESTMENT STRATEGY

As described in the previous section, ARO employs multiple strategies to fulfill its mission. A snapshot of the
ARO research programs is provided in this section, and each program is described further in CHAPTER 2:
PROGRAM DESCRIPTIONS AND FUNDING SOURCES.

A. Program Snapshot

The research programs managed by ARO range from single investigator research to multidisciplinary/multi-
investigator initiatives. A typical basic research grant within a program may provide funding for a few years,
while in other programs, such as research centers affiliated with particular universities, a group of investigators
may receive funding for many years to pursue novel research concepts. The programs for the Historically Black
Colleges and Universities and Minority Institutions (HBCU/MI) are aimed at providing infrastructure and
incentives to improve the diversity of U.S. basic research programs (see CHAPTER 2-IX). The National Defense
Science and Engineering Graduate (NDSEG) fellowship program is one mechanism through which ARO fosters
the training of a highly-educated workforce skilled in DoD and Army-relevant research, which is critical for the
future of the nation (see CHAPTER 2-X). ARO also has extensive programs in outreach to pre-graduate education
to encourage and enable the next generation of scientists (see CHAPTER 2-XI). In addition, ARO guides the
transition of basic research discoveries and advances to the appropriate applied-research and advanced-
development organizations. ARO is actively engaged in speeding the transition of discovery into systems, in



part through involvement in the development of topics and the management of projects in the Small Business
Innovation Research (SBIR) and Small Business Technology Transfer (STTR) programs (see CHAPTER 2-VIII).

B. Coordination for Program Development and Monitoring

The research programs and initiatives that compose ARO’s extramural research program are formulated through
an ongoing and active collaboration with a variety of Federal research organizations, including the:

* ARL Directorates:
— Computational and Information Sciences Directorate (ARL-CISD)
— Human Research and Engineering Directorate (ARL-HRED)
— Sensors and Electron Devices Directorate (ARL-SEDD)
— Survivability/Lethality Analysis Directorate (ARL-SLAD)
— Vehicle Technology Directorate (ARL-VTD)
— Weapons and Materials Research Directorate (ARL-WMRD)

* Research, Development, and Engineering Centers (RDECs) within the Research, Development and
Engineering Command (RDECOM)

* Army Medical Research and Materiel Command (MRMC)
* Army Corps of Engineers
* Army Research Institute for the Behavioral and Social Sciences

* Army Training and Doctrine Command

While the ARL Directorates and the RDECOM Centers are the primary users of the results of the ARO research
program, ARO also supports research of interest to the Army Corps of Engineers, MRMC, other Army
Commands, and DoD agencies. Coordination and monitoring of the ARO extramural program by the ARL
Directorates, RDECs, and other Army laboratories ensures a highly productive and cost-effective Army research
effort. The University Affiliated Research Centers (UARCs) and Multidisciplinary University Research
Initiative (MURI) centers benefit from the expertise and guidance provided by the ARL Directorates, RDECs,
and other DoD, academic, and industry representatives who serve on evaluation panels for each university
center.

The Office of the Secretary of Defense (OSD) research programs that are managed by ARO include the
University Research Initiative (URI) programs, and the Research and Educational Program (REP) for
HBCU/MIs. These programs also fall under the executive oversight of the Defense Basic Research Advisory
Group. Other members of this group include the Assistant Secretary of Defense for Research and Engineering
(ASD(R&E)), formerly known as the Director, Defense Research and Engineering (DDR&E), and
representatives from the Office of Naval Research (ONR), the Air Force Office of Scientific Research (AFOSR)
and the Defense Advanced Research Projects Agency (DARPA).



IV. ARO ORGANIZATIONAL STRUCTURE

The organizational structure of ARO mirrors the departmental structure found in many research universities.
ARO’s scientific divisions are aligned to a specific scientific discipline (e.g., chemical sciences), and supported
by a variety of divisions in the Operations Directorate (see FIGURE 1).
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ARO Organizational Structure. ARO’s scientific divisions fall under the Physical Sciences, Engineering
Sciences, and Information Sciences Directorates. Each scientific division has its own vision and research
objectives, as described further in CHAPTERS 3-12. *The RDECOM Acquisition Center executes the contracting
needs for ARO-funded research; however, as part of the Army Contracting Command, it also provides contracting

activities for RDECOM.



CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES

As described in the previous chapter, ARO pursues a variety of investment strategies to meet its mission as the
Army's lead extramural basic research agency in these disciplines: chemical sciences, computing sciences,
electronics, environmental sciences, materials science, mathematical sciences, mechanical sciences, network
sciences, life sciences, and physics. ARO implements these investment strategies through research programs and
initiatives that have unique objectives, eligibility requirements, and receive funding from a variety of DoD
sources. This chapter describes the visions, objectives, and funding sources of these programs, which compose
the overall ARO extramural research program.

The selection of research topics, proposal evaluation, and project monitoring are organized within ARO
Divisions according to scientific discipline (refer to the organizational chart presented in CHAPTER 1). ARO’s
Divisions are aligned with these disciplines, each with its own vision and research objectives, as detailed in
CHAPTERS 3-12. Each Division identifies topics that are included in the broad agency announcement (BAA).
Researchers are encouraged to submit white papers and proposals in areas that support the Division’s objectives.

I. OVERVIEW OF PROGRAM FUNDING SOURCES

ARO oversees and participates in the topic generation, proposal solicitation, evaluation, and grant-monitoring
activities of programs funded through a variety of DoD agencies, as discussed in the following subsections. A
summary of the funding sources and allotments for ARO managed or co-managed programs is provided at the
end of this chapter.

A. Army Funding

The majority of the extramural basic research programs managed by ARO is funded by the Army. These
programs are indicated below and are described in more detail later in this chapter.

* The Core (BH57) Research Program, funded through basic research “BH57” funds (see Section II).
* The University Research Initiative (URI), which includes these component programs:
— Multidisciplinary University Research Initiative (MURI) program (see Section IIT)
— Presidential Early Career Awards for Scientists and Engineers (PECASE; see Section V)
— Defense University Research Instrumentation Program (DURIP; see Section V)
» Two University Affiliated Research Centers (UARCs; see Section VI)

* The Small Business Innovation Research (SBIR) and Small Business Technology Transfer (STTR)
programs (see Section VIII)

ARO coordinates with the Office of the Secretary of Defense (OSD) in the management of Army-funded URI
programs (MURI, PECASE, and DURIP).



B. Office of the Secretary of Defense (OSD) Funding

The funds for a variety of programs managed or supported by ARO are provided by OSD. The objectives for
these programs are described in later sections of this chapter.

* Research and Educational Program (REP) for Historically Black Colleges and Universities and Minority
Institutions (HBCU/MI; see Section IX)

» National Defense Science and Engineering Graduate (NDSEG) Fellowships (see Section X)

* Youth Science Activities (see Section XI)

These activities are mandated by DoD’s Chief Technology Office, the Assistant Secretary of Defense for
Research and Engineering (ASDR&E), formerly known as the Director, Defense Research and Engineering
(DDR&E). Each of these OSD-funded programs has a different focus and/or different target audience. ARO has
been designated by ASDR&E as the lead agency for the implementation of REP for HBCU/MI activities on
behalf of the three Services. OSD oversees ARO management of the Army-funded URI and its component
programs (MURI, PECASE, and DURIP).

In FY10, the Defense Experimental Program to Stimulate Competitive Research (DEPSCoR) program officially
ended, as DoD no longer included this effort in fund requests for FY 10 and future year budgets.

C. Other Funding Sources

In addition to the Army- and OSD-funded programs described earlier in this section, ARO leverages funds from
other DoD sources (e.g., Defense Advanced Research Projects Agency [DARPA] and Defense Threat Reduction
Agency [DTRA]) to support a variety of external programs with specific research focuses. These joint programs
have research objectives in line with the investment strategies of both an ARO Division and the strategies of the
funding source or partner agency. Due to the unique nature of these cooperative efforts and their alignment with
a specific scientific discipline, each externally-funded effort is discussed within the chapter of the scientific
Division with which they align (see CHAPTERS 3-12).

II. ARO CoORE (BH57) RESEARCH PROGRAM

ARO’s Core Research Program is funded with Army basic research “BH57” funds and represents the primary
basic research funding provided to ARO by the Army. Within this program and its ongoing BAA, research
proposals are sought from educational institutions, nonprofit organizations, and commercial organizations for
basic research in electronics, physics, and the chemical, computing, environmental, life, materials, mathematical,
mechanical, and network sciences. The goal of this program is to utilize world-class and worldwide academic
expertise to discover and exploit novel scientific opportunities, primarily at universities, to provide the current
and future force with critical new or enhanced capabilities.

ARO Core Research Program activities fall under five categories, discussed in the following subsections:

(a) Single Investigator awards, (b) Short Term Innovative Research efforts, (c) Young Investigator Program,

(d) support for conferences, workshops, and symposia, and (e) special programs. A summary of the FY11 Core
(BHS57) Research Program budget is presented in Section XIII-B.

A. Single Investigator (SI) Program

The goal of the SI program is to pursue some of the most innovative, high-risk, and high-payoff ideas in basic
research. Research proposals within the SI Program are received throughout the year in a continually-open BAA
solicitation. All states are eligible to receive funding within this program, which focuses on basic research
efforts by one or two faculty members along with supporting graduate students and/or postdoctoral researchers.



B. Short Term Innovative Research (STIR) Program

The objective of the STIR Program is to explore high-risk, initial proof-of-concept ideas, typically within a nine-
month timeframe. Research proposals are sought from educational institutions, nonprofit organizations, or
private industry. If a STIR effort’s results are promising, the investigator may be encouraged to submit a
proposal within another program, to be evaluated for potential longer-term funding options, such as an SI award.

C. Young Investigator Program (YIP)

The objective of the YIP is to attract outstanding young university faculty members to Army research, to support
their research, and to encourage their teaching and research careers. Young investigators meeting eligibility
requirements may submit a YIP proposal. Outstanding YIP projects may be considered for the prestigious
PECASE award (see Section [V).

D. Conferences, Workshops, and Symposia Support Program

The ARO Core Program also provides funding for organizing and facilitating scientific and technical
conferences, workshops, and symposia. This program provides a method for conducting scientific and technical
conferences that facilitate the exchange of scientific information relevant to the long-term basic research
interests of the Army and help define research needs, thrusts, opportunities, and innovation.

E. Special Programs

Although the ARO SI, STIR, YIP, and conference-support programs constitute the primary use of BH57 funds,
the ARO Core Research Program also supports a variety of special programs. These special programs include
the Army-supported High School Apprenticeship Program (HSAP) and Undergraduate Research Apprenticeship
Program (URAP), which are part of the Youth Science Activities (see Section XI), funding for in-house staff and
research activities, and matching funds applied to the ARO Core-funded HBCU/MI program.

III. MULTIDISCIPLINARY UNIVERSITY RESEARCH INITIATIVE (MURI)

As described in Section I: Overview of Program Funding Sources, the MURI Program is part of the University
Research Initiative (URI) and supports research teams whose research efforts intersect more than one traditional
science and engineering discipline. A multidisciplinary team effort can accelerate research progress in areas
particularly suited to this approach by cross-fertilization of ideas, can hasten the transition of basic research
findings to practical applications, and can help to train students in science and/or engineering in areas of
importance to DoD.

In contrast with ARO Core program SI research projects, MURI projects support centers whose efforts intersect
more than one traditional research specialty, and are typically funded at $1.25 million per year for five years.
These “critical mass” efforts are expected to enable more rapid research and development (R&D) breakthroughs
and to promote eventual transition to Army applications.

Management oversight of the MURI program comes from the Research Office of ASDR&E to the Service
Research Offices (OXRs), where OXR program managers manage the MURI projects. The OXRs include ARO,
the Air force Office of Scientific Research (AFOSR), and the Office of Naval Research (ONR). OXR program
managers have significant flexibility and discretion in how the individual projects are monitored and managed,
while ASDR&E defends the program to higher levels in OSD and has responsibility for overall program
direction and oversight. Selection of Army research topics and the eventual awards are reviewed and approved
by ASDR&E under a formal acquisition process.



The following topics resulted in eight newly-funded Army MURI awards for FY11. The program managers
(PMs) and corresponding scientific division for each award are listed following the award titles.
1. Controlling the Abiotic/Biotic Interface, Dr. Jennifer Becker, Chemical Sciences and Dr. Stephanie
McElhinny, Life Sciences
2. Quantum Stochastics and Control, Dr. Harry Chang, Mathematical Sciences and Dr. TR Govindan,
Physics
3. Qubit Enabled Imaging, Sensing and Metrology, Dr. TR Govindan, Physics and Dr. Harry Chang,
Mathematical Sciences
4. Flex-Activated Materials, Dr. David Stepp, Materials Science and Dr. Douglas Kiserow, Chemistry

Game Theory for Adversarial Behavior, Dr. Purush Iyer, Network Sciences and Dr. Harry Chang,
Mathematical Sciences

6. Light Filamentation, Dr. Richard Hammond, Physics
7. Novel Free-Standing 2D Crystalline Materials (Oxides/Nitrides), Dr. Pani Varanasi, Materials Science
8. Value of Information for Distributed Data Fusion, Dr. Liyi Dai, Computing Sciences

In FY 11, the following topics were published in the FY12 MURI BAA in anticipation of future funding. The
PMs for each topic are listed following the topic titles.

9. Quantized Chemical Reactions of Ultracold Molecules, Dr. James Parker, Chemistry and Dr. Paul
Baker, Physics

10. 3D Topological Insulators with Interactions, Dr. Marc Ulrich, Physics and Dr. Pani Varanasi, Materials
Science

11. Translating Biochemical Pathways to Non-Cellular Environments, Dr. Stephanie McElhinny, Life
Sciences and Dr. John Prater, Materials Sciences

12. Revolutionizing High-Dimensional Data Integration for Microbial Forensics, Dr. Virginia Pasour,
Mathematical Sciences and Dr. Wallace Buchholz, Life Sciences

13. Predictive Models of Culture and Behavioral Effects on Societal Stability, Dr. Jeffrey Johnson, Life
Sciences, Dr. Virginia Pasour, Mathematical Sciences, and Dr. Bruce West, Information Sciences

14. Multivariate Heavy-Tailed Statistics: Foundations and Modeling, Dr. Harry Chang, Mathematical
Sciences and Dr. John Lavery, Mathematical Sciences

15. Novel Nanostructures for the Controlled Propagation of Electromagnetic Energy, Dr. Jennifer Becker,
Chemistry and Dr. Richard Hammond, Physics

16. Simultaneous Multi-synaptic Imaging of the Interneuron, Dr. Elmar Schmeisser, Life Sciences and Dr.
Dwight Woolard, Electronics

IV. PRESIDENTIAL EARLY CAREER AWARD FOR SCIENTISTS AND ENGINEERS (PECASE)

The PECASE program, also part of the URI program, attracts outstanding young university faculty members,
supporting their research, and encouraging their teaching and research careers. PECASE awards are the highest
honor bestowed by the Army to outstanding scientists and engineers beginning their independent careers. Each
award averages $200K/year for five years. PECASE awards are based in part on two important criteria:

(1) innovative research at the frontiers of science and technology (S&T) that is relevant to the mission of the
sponsoring organization or agency, and (ii) community service demonstrated through scientific leadership,
education, or community outreach.

Of the candidates nominated in FY 10 by ARO for consideration in the PECASE program, four investigators
were selected in FY'11 to receive PECASE awards. These awards began as “new start” projects in FY11 and are
listed in this section, with the project title followed by the principal investigator (PI), performing organization,



ARO PM and corresponding scientific division. Additional details for each of these projects can be found in the
corresponding scientific division’s chapter.

1. Precision Controlled Carbon Materials for Next-generation Optoelectronic and Photonic Devices.
PI: Professor Michael Arnold, University of Wisconsin — Madison
ARO PM: Dr. Michael Gerhold, Electronics Division

2. New Microstructures for Old Monomers: Syntheses of Gradient Pi-Conjugated Copolymers.
PI: Professor Anne McNeil, University of Michigan
ARO PM: Dr. Douglas Kiserow, Chemical Sciences Division

3. Nanofluidic Analysis of Protein Transport, Adsorption and Kinetics.
PI: Professor Sumita Pennathur, University of California - Santa Barbara
ARO PM: Dr. Stephanie McElhinny, Life Sciences Division

4. Single-nanoparticle Transducer.
PI: Professor Lan Yang, University of Washington
ARO PM: Dr. Dwight Woolard , Electronics Division

V. DEFENSE UNIVERSITY RESEARCH INSTRUMENTATION PROGRAM (DURIP)

DURIP, also part of the URI program, supports the purchase of state-of-the-art equipment that augments current
university capabilities or develops new university capabilities to perform cutting-edge defense research. DURIP
meets a critical need by enabling university researchers to purchase scientific equipment costing $50K or more
to conduct DoD-relevant research. In FY11, the Army awarded 62 awards at $10 million total, with the average
award being $160K.

VI. UNIVERSITY AFFILIATED RESEARCH CENTERS (UARCS)

The University Affiliated Research Centers (UARCs) are strategic DoD-established research organizations at
universities. The UARCs were formally established in May 1996 by DDR&E (currently ASDR&E), OSD in
order to advance DoD operations by pursuing leading-edge basic research and to maintain core competencies in
specific domains (unique to each UARC), for the benefit of DoD components and agencies. One DoD Service
or Agency is formally designated by ASDR&E to be the primary sponsor for each UARC. The primary sponsor
ensures the DoD UARC management policies and procedures are properly implemented. Collaborations among
UARGC: and the educational and research resources available at the associated universities can enhance each
UARC’s ability to meet the long-term goals of DoD.

ARO is the primary sponsor for two UARCs:

* The Institute for Soldier Nanotechnologies (ISN), located at the Massachusetts Institute of Technology
(MIT). The ISN is discussed further in CHAPTER 3: CHEMICAL SCIENCES DIVISION.

* The Institute for Collaborative Biotechnologies (ICB) located at the University of California, Santa
Barbara, with academic partners at MIT and the California Institute of Technology (Caltech). The ICB is
discussed further in CHAPTER 7: LIFE SCIENCES DIVISION.



VII. MINERVA RESEARCH INITIATIVE (MRI)

The Minerva Research Initiative (MRI) is a DoD-sponsored, university-based social science research program
initiated by the Secretary of Defense. It focuses on areas of strategic importance to U.S. national security policy.
It seeks to increase the intellectual capital in the social sciences and improve DoD’s ability to address future
challenges and build bridges between DoD and the social science community. Minerva brings together
universities, research institutions, and individual scholars and supports multidisciplinary and cross-institutional
projects addressing specific topic areas determined by DoD.

Minerva projects are funded up to a five-year base period with one five-year renewal option, with awards
ranging from small, single investigator grants for 2-3 years to large multidisciplinary projects for $1-2 million
per year for 5 years. The program is tri-service managed, with ARO managing projects dealing with the Baathist
regime in Iraq, vulnerability of political and social stability in Africa in the face of environment stressors, the
relation of the growth of science and technology with the defense transformation in China, and the effects of
energy issues on societies. ARO also provides managerial support to OSD for other parts of the program focused
on the defense universities.

VIII. SMALL BUSINESS INNOVATION RESEARCH (SBIR) AND SMALL BUSINESS
TECHNOLOGY TRANSFER (STTR) PROGRAMS

Congress established SBIR and STTR programs in 1982 and 1992, respectively, to provide small businesses and
research institutions with opportunities to participate in government-sponsored R&D. The DoD SBIR and STTR
programs are overseen and broadly administered by the Office of Small Business Programs within the Office of
the Under Secretary of Defense for Acquisition, Technology and Logistics. The Army-wide SBIR Program is
managed by RDECOM, while the Army-wide STTR Program is managed by ARO.

A. Purpose and Mission

The purpose of the SBIR and STTR programs is to (i) stimulate technological innovation, (ii) use small business
to meet Federal R&D needs, (iii) foster and encourage participation by socially and economically disadvantaged
small business concerns (SBCs) that are 51 percent owned and controlled by women, in technological
innovation, and (iv) increase private sector commercialization of innovations derived from Federal R&D,
thereby increasing competition, productivity, and economic growth. The STTR program has the additional
requirement that small companies must partner with an academic or other qualifying non-profit research
institutions to work collaboratively to develop and transition ideas from the laboratory to the marketplace.

B. Three-phase Process

The SBIR and STTR programs use a three-phase process, reflecting the high degree of technical risk involved in
funding research, and developing and commercializing cutting edge technologies. The basic parameters of this
three-phase process for both programs within the Army are shown in TABLE 1.



TABLE 1

Three-phase process of the SBIR and STTR programs. These programs employ a three-phase structure.
Phase | is an assessment of technical merit and feasibility, Phase Il is a larger R&D effort often resulting in a
deliverable prototype, and Phase Ill is a project derived from, extending, or logically concluding prior SBIR/STTR
work, generally to develop a viable product or service for military or commercial markets.

SBIR Contract Limits STTR Contract Limits

* 6 months, $70K — $150K max

Phase | * 4-month option (at Government’s * 6 months, $100K max
discretion), $50K max, to fund * No options
interim Phase II efforts

Phase ll * 2 years, $1 million max * 2 years, $750K
Ph " * No time or size limit * No time or size limit
ase * No SBIR set-aside funds * No STTR set-aside funds

1. Phase I. Phase I of the SBIR and STTR programs involves a feasibility study that determines the scientific,
technical, and commercial merit and feasibility of a concept. Each SBIR and STTR solicitation contains topics
seeking specific solutions to stated government needs. Phase I proposals must respond to a specific topic in the
solicitation, and proposals are competitively judged on the basis of scientific, technical, and commercial merit.
The Phase I evaluation and award process marks the entry point to the program and cannot be bypassed.

2. Phase II. Phase II represents a major research and development effort, culminating in a well-defined
deliverable prototype (i.e., a technology, product, or service). The Phase II selection process is also highly
competitive. Successful Phase I contractors are invited to submit Phase II proposals as there are no separate
Phase II solicitations. Typically 50% of Phase II proposals are selected for award. Phase II awards may also be
selected to receive additional funds as a fast track (Phase II-FT), Phase II Enhancement, or Commercialization
Pilot program (CPP).

3. Phase III. In Phase III, the small business or research institute is expected to obtain funding from the private
sector and/or non-SBIR/STTR government sources to develop products, production, services, R&D, or any
combination thereof into a viable product or service for sale in military or private sector markets.

C. Contract Awards

The Army receives Phase I and Phase II proposals in response to SBIR, STTR, CBD-SBIR and OSD-
SBIR/STTR topics that are published during specific solicitation periods throughout each fiscal year. Proposals
are evaluated against published evaluation criteria and selected for contract award. Contract awards in the SBIR
and STTR programs are made pending completion of successful negotiations with the small businesses and
availability of funds. The total funding for ARO-managed SBIR and STTR contracts awarded in FY11 and
funded by the Army, CBD, OSD and other sources with FY11 or FY 10 funding is shown in TABLE 2.



TABLE 2

Total Funding for ARO-managed SBIR and STTR contracts awarded in FY11. Total funding (FY11 and
FY10) for ARO-managed SBIR and STTR contracts, including Army, CBD, OSD, and other DoD funding
sources. Phase lll includes contracts deriving from, extending or completing ARO-managed Phase | or Phase Il
efforts, awarded at ARO and elsewhere within the DoD.

SBIR Contracts STTR Contracts

Phase | $2,704K $6,038K
Phase Il $4,936K $9,045K
Phase Il Enhancement $1,739K -
CPP $4,335K -
Phase Il $13,514K $99K
TOTAL $27,228K $15,182K

IX. HISTORICALLY BLACK COLLEGES AND UNIVERSITIES AND MINORITY INSTITUTIONS
(HBCU/MI) PROGRAMS

Programs for HBCU/MISs are a significant part of the ARO portfolio. Historically, total funding for the
HBCU/MI programs has collectively exceeded $38 million, but totaled approximately $57.2 million in FY'11,
including funding for programs that were programmed for FY 10 and were awarded in FY'11.

These programs are discussed in the following subsections, as is the ARO (Core) HBCU/MI Program, which is
part of ARO’s BAA.

A. ARO (Core) HBCU/MI Program

The ARO began its HBCU/MI program in 1980 with $0.5 million designed to encourage greater participation of
HBCUs and MIs in basic research. The initiative has continued and in recent years has been funded at $1.2
million annually. These funds are made available to the ARO scientific divisions as co-funding opportunities to
support HBCU/MI research proposals submitted under the ARO Core Program BAA. In FY11, the ARO
HBCU/MI program supported 18 grants and 4 conferences with a total value of approximately $2.1 million. The
HBCU/MI institutions funded under the ARO Core program were also afforded the opportunity to submit add-on
proposals to fund high school or undergraduate student research apprenticeships through HSAP/URAP. Seven
institutions were funded under HSAP/URAP in FY 11, totaling approximately $45K. Additional information
regarding HSAP/URAP can be found in Section XI: Youth Science Activities.

B. Partnership in Research Transition (PIRT) Program

The PIRT Program is established as the second phase of what was previously known as the Battlefield Capability
Enhancement Centers of Excellence (BCE). The program’s objective is to enhance the programs and capabilities
of a select number of high-interest scientific and engineering disciplines through Army-relevant, topic-focused,
near-transition-ready innovative research. Furthering ARL’s policy of advocating and supporting research at
HBCU s, and consistent with the stated mission of the White House Initiative on HBCUs, a secondary objective
of PIRT is “to strengthen the capacity of HBCUs to provide excellence in education” and to conduct research



critical to DoD national security functions. Funding for this program totals approximately $2.5 million per year.
A total of 22 research proposals were received from 12 HBCUs. Five awards were made during 2Q FY11.
Approximately $4 million (cumulative FY10 and FY11 funding) was awarded to support these selected Centers
of Excellence:

Center of Advanced Algorithms
Delaware State University, Dover, DE
Co-Cooperative Agreement Manager (Co-CAM): Dr. Dev Palmer, Engineering Sciences Directorate

Bayesian Imaging and Advanced Signal Processing for Landmine and IED Detection Using GPR
Howard University, Washington, DC
Co-CAM: Dr. Dev Palmer, Engineering Sciences Directorate

Extracting Social Meaning From Linguistic Structures in African Languages
Howard University, Washington, DC
Co-CAM: Dr. John Lavery, Information Sciences Directorate

Lower Atmospheric Research Using Lidar Remote Sensing
Hampton University, Hampton, VA
Co-CAM: Dr. Gorden Videen, Engineering Sciences Directorate

Nano to Continuum Multi-Scale Modeling Techniques and Analysis for Cementitious Materials Under
Dynamic Loading

North Carolina A&T State University, Greensboro, NC

Co-CAM: Dr. Joseph Myers, Information Sciences Directorate

C. DoD Research and Educational Program (REP) for HBCU/MI

ARO has administered programs on behalf of ASD(R&E) (formerly DDR&E) since 1992. During FY'10,
approximately $45 million was made available for new awards under the solicitation “Research and Educational
Program for Historically Black Colleges and Universities and Minority-Serving Institutions (HBCU/MI).” The
Research and Educational Program (REP) aims to: (i) enhance programs and capabilities in scientific and
engineering disciplines critical to the national security functions of the DoD, (ii) encourage greater participation
in DoD programs and activities, (iii) increase the number of graduates, including underrepresented minorities, in
the fields of science, technology, engineering and/or mathematics (STEM), and (iv) encourage research and
educational collaboration with other institutions of higher education directed toward advancing the state of the
art and increasing knowledge.

Under this program, qualifying institutions were able to submit proposals to compete for Centers of Excellence
(three focused on STEM education and three focused on STEM research) and approximately 25 basic research
grants. Proposals were received in late FY 10 and awards were made in 2Q FY11. Collectively, fifty-two grant
awards totaling approximately $45.7 million were made to 32 HBCUs; 19 HSIs and one other Minority
Institution. Six Centers of Excellence were awarded to:

DoD HBCU/MSI ED Center
University of Texas-Pan American, TX, Edinburg, TX
Co-Program Manager: Ms. Peggy Lacewell, Information Sciences Directorate

Central State University DoD Center of Excellence in STEM and STEM Education
Central State University, Wilberforce, OH
Co-Program Manager: Ms. Peggy Lacewell, Information Sciences Directorate

Jackson State University Center of Excellence in Science, Technology, Engineering, and Mathematics
Education

Jackson State University, Jackson, MS

Co-Program Manager: Ms. Peggy Lacewell, Information Sciences Directorate

The Center of Excellence in Infection Genomics
University of Texas — San Antonio, San Antonio, TX
Co-Program Manager: Dr. Micheline Strand , Physical Sciences Directorate



» Center of Excellence in Advanced Nanomaterials and Devices
Norfolk State University, Norfolk, VA
Co-Program Manager: Dr. Pani Varanasi, Engineering Sciences Directorate

» UPR-UGA Partnership for a Research Center for Excellence in Renewable Energy
University of Puerto Rico — Rio Piedras, Rio Piedras, PR
Co-Program Manager: Ms. Peggy Lacewell, Information Sciences Directorate

In 2Q FY11, Broad Agency Announcement WO11NF-11-R-0007 was issued for the FY11 DoD REP for
HBCU/MI. More than 160 proposals were determined to be eligible under the solicitation. It is anticipated that
awards totaling approximately $17 million will be made by 2Q FY12.

D. DoD Instrumentation Program for Tribal Colleges and Universities (TCUs)

As Congressional set-aside program for TCUSs, this instrumentation program aims to enhance science,
mathematics, and/or engineering education programs and/or research capabilities through the acquisition of
equipment and/or instrumentation that will augment existing facilities, enhance curricula, or help develop new
laboratories, programs and capabilities in these areas. This includes basic equipment for laboratory and
classroom use as well as sophisticated instruments and computers (including software) for advanced studies and
research important to DoD. Fifteen proposals were submitted in response to the solicitation published in 2Q
FY10. Thirteen were selected for awards totaling approximately $3.5 million. Awards were made in 1Q FY11.

E. Other DoD Programs

ARO was selected to administer the Congressionally-directed program “STEM Research and Veteran
Technology Workforce Development Initiatives” for an HBCU institution located in South Carolina. Funding
for this FY 10 statutory add totaled approximately $1.98 million and was awarded to Benedict College,
Columbia, SC in 3Q FY11.

In addition, the John H. Hopps Scholars Program at Morehouse College (funded in FY08) continued to serve
more than twenty scholars during FY11.

X. NATIONAL DEFENSE SCIENCE AND ENGINEERING GRADUATE (NDSEG)
FELLOWSHIP PROGRAM

The NDSEG Fellowship Program is an OSD-funded program administered by AFOSR, designed to increase the
number of U.S. citizens trained in disciplines of science and engineering important to defense goals. ARO
supports the NDSEG Fellowship Program along with ONR, AFOSR, and the DoD High Performance
Computing Modernization Program. NDSEG is a highly competitive fellowship awarded to U.S. citizens who
have demonstrated a special aptitude for advanced training in science and engineering, and who intend to pursue
a doctoral degree in one of fifteen scientific disciplines of interest to the military. NDSEG Fellowships last for
three years, and Fellows are provided full tuition and fees at any accredited university of choice, a monthly
stipend, and up to $1K/year in medical insurance.

With approximately $5 million available to the Army in FY'11, ARO selected 63 NDSEG Fellows from eleven
categories relevant to the Army fundamental research priorities. These awardees began their fellowships in the
fall of 2011. Each of ARO’s divisions reviewed the applications assigned to NDSEG topic categories within
their particular areas of expertise, and selected fellows whose doctoral research topics most closely align with the
Army’s missions and research needs. The number of Fellows chosen from each discipline was based on the
percentage of applicants who submitted topics in that category. The number of fellows chosen from each
scientific discipline for the FY11 NDSEG program is shown in TABLE 3.



TABLE 3

FY11 NDSEG fellows by discipline. The table displays the number of NDSEG Fellows chosen in FY11,
according to the eleven topic categories relevant to the designated Army research priorities.

Scientific Discipline NDSEG Fellows
P Selected in FY11
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XI. YOUTH SCIENCE ACTIVITIES

ARO Youth Science Programs are sponsored by the Army and have one purpose in common: to increase the
number of future adults with careers in science, technology, engineering, and mathematics. These programs
accomplish this through a variety of mechanisms, including: providing a work/study laboratory experience,
sponsoring tutorial classes during the summer, showcasing talented young high school scientists at symposia,
and student science fair support.

The Army’s programs for the youth of this nation collectively reach more than 100,000 high school students
throughout the United States, Puerto Rico, and DoD Schools of Europe and the Pacific. Students participating in
the programs during this past fiscal year were awarded more than $380K in college tuition scholarships,
students, teachers, and near-peer mentors were awarded more than $4 million in stipends for participation in
research programs, savings bonds totaling in excess of $30K, and expense-paid trips to international programs.

During the summer of FY11, 217 students served as interns and worked in university laboratories with selected
mentors though the High School Apprenticeship Program (HSAP), Undergraduate Research Apprentice Program
(URAP), and the Research and Engineering Apprenticeship Program (REAP). In FY11, 440 students engaged in
research experiences in military laboratories through the Science and Engineering Apprentice Program (SEAP)
and College Qualified Leaders (CQL) program, and 438 students participated in programs that offered
enrichment classes in engineering at universities through the UNITE program. Over 100 teams of fourth-eighth
grade students learned engineering and alternative energy concepts as they designed, built, and raced solar cars
through the Junior Solar Sprint (JSS) Northeastern Regional Championship. These programs are described
further in the following subsections.



A. Junior Science and Humanities Symposium (JSHS) Program

The JSHS Program promotes original research and experimentation in the sciences, engineering, and
mathematics at the high school level and publicly recognizes students for outstanding achievement. By
connecting talented students, their teachers, and research professionals at affiliated symposia and by rewarding
research excellence, JSHS aims to widen the pool of trained talent prepared to conduct R&D vital to our nation.
Forty-eight regional symposia are conducted throughout the U.S. and DoD schools in Europe and the Pacific.
Top student winners from each region are invited to attend the national symposium each year. Approximately
9,600 students participate in JSHS through submission of research papers in the regional and national symposia.

B. Research and Engineering Apprenticeship Program (REAP)

REAP is designed to offer high school students the opportunity to expand their background and understanding of
scientific research. While originally chartered as a program to identify and support under-represented students in
STEM, the program has been expanded to accept applications from all students seeking a first time experience in
research. This is accomplished by offering the student an internship during the summer months to participate in
a work/study atmosphere with a mentor in a laboratory setting. The experience serves to motivate the student
towards a career in STEM by providing a challenging science experience that is not readily available in high
school. In FY'11, 144 apprentices were placed at 53 hosting universities throughout the U.S.

C. UNITE Program

The UNITE Program is an aggressive and effective initiative that encourages and assists under-represented
students in preparing for entrance into engineering schools. High school students are provided the opportunity
during the summer months to participate in college-structured summer courses that provide hands on
applications, participation in lectures, problem solving as well as tours of laboratories and private and
governmental engineering facilities. The students are introduced to ways in which math and science are applied
to real-world situations and demonstrates how they are related to careers in engineering and technology. Nine
sites were funded in FY11 serving 438 students.

D. Army Awards Program (AAP)

The Army Awards Program provides Army sponsored special awards to students at regional, state, and the
International Science and Engineering Fair (ISEF). Each year, ROTC units, Recruiting Battalions, Army
Reservists, Army Corps of Engineers Personnel, and Army command/laboratory personnel serve as judges of
student projects at more than 275 science fair competitions held throughout the United States and Puerto Rico.
By participating in science fairs, the Army is able to encourage and stimulate talented students to consider
careers in science and technology while simultaneously exposing these students to Army R&D professionals.

E. Junior Solar Sprint (JSS) Program

The JSS Program provides 4™-8" grade students in the northeast an opportunity to learn engineering and
renewable energy concepts and apply them by building and racing solar cars. Students form teams in their local
communities, build solar cars with the help of trained mentors, and race them in local competitions. Top winners
from each local competition are invited to race in the Northeastern championship in Springfield, MA.

F. High School Apprenticeship and Undergraduate Research Apprenticeship Programs (HSAP/URAP)

HSAP/URAP funds the STEM apprenticeship of promising high school juniors and seniors, and undergraduates
to work in university-structured research environments under the direction of existing ARO-sponsored Pls
serving as mentors. In FY11, HSAP/URAP awards provided 73 students with research experiences at 31
different universities. ARO invested approximately $300K in the FY11 effort.



G. Science and Engineering Apprentice Program (SEAP) and College Qualified Leaders (CQL)

The U.S. Army sponsors high school and college student internships in research laboratories throughout the
Army. Students receive a stipend to spend their summer conducting meaningful research. ARO supports this
unique vehicle for hiring student apprentices using research funding from participating Army laboratories. In
FY'11, 173 high school students participated in SEAP and 267 college students participated in the CQL program.

H. Gains in the Education of Math and Science (GEMS)

The GEMS program provides middle and high school students with a unique hands-on science experience in an
Army laboratory. Students spend 14 weeks learning about Army research and conducting STEM experiments
guided by Army scientists and engineers. In FY11, 1,425 students participated at GEMS programs held at White
Sands Missile Range (WSMR), Army Research Lab (ARL) in Adelphi and Aberdeen Proving Ground, MD;
Walter Reed Army Institute of Research (WRAIR), Redstone Arsenal, and Engineer Research and Development
Center (ERDC) in Vicksburg, IL and Champaign, IL.

I. Youth Science Cooperative Outreach Agreement (YS-COA)

The YS-COA was awarded on 30 September 2010 to provide support and stimulation of STEM education and
outreach in conjunction with DoD and the Army. YS-COA brings together government and a consortium of
organizations working collaboratively to further STEM education and outreach efforts nationwide and consists
of twelve major components, including the existing ARO Youth Science portfolio (JSHS, REAP, UNITE, JSS,
and AAP), the Science and Engineering Apprentice Program (SEAP), College Qualified Leaders (CQL), Gains
in the Education of Mathematical Sciences and Science (GEMS), ECybermission Internship Program (ECIP),
ARL Intern Program, Teach the Teacher, and a strategic overarching marketing and metrics collection effort.

Virginia Polytechnic Institute and State University has led the consortium of non-profits and academic
institutions to execute a collaborative STEM education and outreach program focusing on these core objectives.

* Increase the number of STEM graduates to address the projected shortfall of scientists and engineers in
National and DoD positions

* Expand the involvement of students in ongoing DoD research

» Provide STEM educational opportunities for students at all stages of their K-12, undergraduate, graduate,
and post-graduate education

+ Entice students into college-level DoD programs

* Inform students about military or civil service career opportunities in STEM

XII. SCIENTIFIC SERVICES PROGRAM (SSP)

ARO established the SSP in 1957. This program provides a rapid means for the Army, DoD, OSD, all branches
of the military, and other federal government agencies to acquire the scientific and technical analysis services of
scientists, engineers, and analysts from small and large businesses, colleges and universities, academicians
working outside their institutions, and self-employed persons not affiliated with a business or university. Annual
assistance is provided through the procurement of short-term, engineering and scientific technical services in
response to user-agency requests and funding. Through the SSP, these individuals provide the government
sponsors with scientific and technical results and solutions to problems related to R&D by conducting well-
defined studies, analyses, evaluations, interpretations, and assessments in any S&T area of interest to the
government.



SSP services are administered and managed for ARO through the Battelle Chapel Hill Operations office located
in Chapel Hill, North Carolina on behalf of Battelle Memorial Institute (BMI), headquartered in Columbus,
Ohio. Battelle’s responsibilities include the selection of qualified individuals, universities, businesses, and/or
faculty to perform all tasks requested by ARO, and for the financial, contractual, security, administration, and
technical performance of all work conducted under the program. Over the past 37 years, BMI has administered
and managed over 13,000 tasks supporting critical scientific and technical needs in many agencies within the
federal government.

SSP awards tasks in a wide variety of technical areas, including mechanical engineering, computer sciences, life
sciences, chemistry, material sciences, and military personnel recruitment/retention. In FY11, in addition to the
more traditional use of the program, new tasks were initiated to support Warfighters and Combatant
Commanders engaged in the Global War on Terror, Operation Iraqi Freedom, and Homeland Security. In FY11,
there were a total of 106 new SSP tasks awarded and a modification of the scope and/or funding of 413 ongoing
tasks. A summary of the agencies served under this program and the corresponding number of FY11 new SSP
tasks is provided in TABLE 4.

TABLE 4
FY11 SSP tasks and sponsoring agencies.

. .. SSP
Sponsoring Organization

Army Research, Development and Engineering Command (RDECOM)
Army Research Laboratory (ARL) 10

Army Research Office (ARO) 3
Research, Development, and Engineering Centers (RDECs)
Army Missile RDEC (AMRDEC) 9
Army Material Systems Analysis Activity (AMSAA) 3
Armaments RDEC (ARDEC) 13
Communications-Electronics RDEC (CERDEC) 2
Natick Soldier RDEC (NSRDEC) 2
Space & Terrestrial Communications Directorate 1
Tank Automotive RDEC (TARDEC) 9
TOTAL: RDECOM 52
Army Medical Research and Materiel Command (MRMC)
Aeromedical Research Laboratory (AARL) 8
Medical Research Institute of Chemical Defense (ICD) 8
Medical Research Institute of Infectious Diseases (1ID) 1
Office of Research and Technology Applications (ORTA) 1
Walter Reed Army Institute of Research (WRAIR) 6
TOTAL: MRMC 24
Other DoD
Headquarters Department of Army (HQ DA) 2
Army Corps of Engineers 11
Navy 6
Air Force 6
TOTAL: Other DoD 25
Department of Health and Human Services (DHHS) 5

TOTAL FY11 SSP Tasks 106




XIII. SUMMARY OF PROGRAM FUNDING AND ACTIONS

A. FY11 Research Proposal Actions

The FY11 extramural basic research proposal actions according to each ARO Division are summarized in
TABLE 5, below.

TABLE 5

FY11 ARO Research Proposal Actions. The status of FY11 research proposals (i.e., proposals received within
the period 1 Oct 2010 through 30 Sep 2011) is listed based on proposal actions reported through 17 May 2012.
The table reports actions for extramural proposals in the 6.1 basic research categories only: Sl, STIR, YIP,

MURI, PECASE, and DURIP.
81 26 24 31

Chemical Sciences 0
Computing Sciences 37 9 6 22 0
Electronics 66 15 2 49 0
Environmental Sciences 38 13 2 23 0
Life Sciences 98 40 15 42 1
Materials Science 71 24 3 44 0
Mathematical Sciences 36 16 5 15 0
Mechanical Sciences 103 25 31 42 5
Network Sciences 60 20 14 25 1
Physics 65 18 7 40 0
Tech Integration and Outreach 1 0 1 0 0

TOTAL 656 206 110 333 7




B. Summary of ARO Core Program Budget

The ARO FY11 Core (BH57) Research Program budget is shown in TABLE 6, below.

TABLE 6

ARO Core (BH57) Program funding. The ARO Core Program FY11 Budget is listed according to each
scientific discipline (Division) or Special Program. The FY11 Budget by scientific discipline is reported based on
the ARO Director’s Budget as of 1 Apr 2012, while the FY11 Budget for special programs is reported based on
the Status of Funds Report as of 30 Sep 2011.

(RO e (k) Division or Program Title P
Program Type g Budget

Chemical Sciences $6,211,000
Computing Sciences $4,116,000
Electronics $5,690,000
Environmental Sciences $2,726,000
Life Sciences $6,345,000

Scientific Disciplines Materials Science $6,150,000
Mathematical Sciences $4,824,000
Mechanical Sciences $5,643,000
Network Sciences $4,800,000
Physics $5,900,000
SUBTOTAL: Core Program
Funding by Scientific Discipline $52,405,000
Senior Re1search Scientist Research $2.273,684
Programs
Nation'al Research (320uncil (NRC) $30,000
Associates Program

. HBCU/MI Program3 $949,752

Special Programs
HSAP/URAP $150,000
In-House Operations $15,797,404
SUBTOTAL: Core Program $19,250,840

Funding to Special Programs

TOTAL ARO Core (BH57) Program $71,655,840

'This total includes funding for ARL Fellows and unallocated Directorate Director funds.

2| addition to the FY11 allotment shown, FY10 funds were received or reallocated for
this category in FY11, as specified in TABLE 10.

®These HBCU/MI Program funds are allocated at the Directorate level, and are matched
with Division Core Program funds on a 1:1 basis.



C. Summary of Other Programs Managed or Co-managed by ARO

The FY11 allotments and funding sources for other ARO managed or co-managed programs (i.e, not part of the
ARO Core Program), are shown in TABLES 7-9.

TABLE 7

FY11 allotments for other Army-funded programs. These programs, combined with the ARO Core (BH57)
Program elements shown in TABLE 6, represent all of the Army-funded programs managed through ARO. The
FY11 allotment values shown here represent the status of funds on the last day of FY11: 30 Sep 2011.

Other Army-funded Program FY11 Allotment

Multidisciplinary University Research Initiative $52,328,206
Presidential Early Career Award for Scientists and Engineers $4,330,000
Defense University Research Instrumentation Program $10,066,976
University Research Initiative Support $2,379,000
University Research Initiative (unallocated)1 $4,087,317
MINERVA Program (Projects V72 and D55) $11,153,500
Strategic Technology Initiatives $100,000
Army Center of Excellence $956,000
HBCU/MI — PIRT Centers $2,678,000
Institute for Collaborative Biotechnologies (ICB) $9,327,000
Institute for Soldier Nanotechnologies (ISN) $10,113,000
Institute for Creative Technologies (ICT) $7,598,000
Board of Army Science and Technology (BAST)2 $1,029,000
Small Business Innovation Research (SBIR) $6,109,665
Small Business Technology Transfer (STTR)2 $10,147,648
ARO-W Ballston Lease $70,000
Youth Science Activities $4,238,000
Research In Ballistics (Project H43) $924,000
SBIR/STTR Support Services / Contract Support $1,193,000

TOTAL: Other Army-funded Programs $138,828,312

' Based on the status of funds on the last day of the fiscal year (30 Sep 2011), these
University Research Initiative funds had not yet been designated for use in a particular

URI program (e.g., MURI, PECASE, DURIP).

2n addition to the FY11 allotment shown, FY10 funds were received or reallocated in

FY11 for this category, as specified in TABLE 10.



TABLE 8

FY11 allotment for externally-funded programs. FY11 funds received from sources other than Army or OSD
are indicated below. The Other Customer Funds category includes funding from a variety of customer sources,
such as the Joint IED Defeat Organization (JIEDDO) and the Joint Project Manager, Nuclear, Biological, and
Chemical (JPMNBC). The FY11 allotment values shown here represent the status of funds on the last day of
FY11: 30 Sep 2011.

FY11
External Program Allotment

Defense Advanced Research Projects Agency (DARPA) $113,986,696
Scientific Services Program (SSP) $19,370,555
Other Army $35,687,422
National Security Agency (NSA) $16,150,185
Defense Threat Reduction Agency (DTRA) $8,021,740
Simulation and Technology Training Center $9,634,772
Joint Program Manager NBC Contamination Avoidance $9,451,787
Other Customer Funds (e.g., JIEDDO and JPMNBC) $56,163,248

TOTAL: External Programs  $268,466,405

TABLE 9
OSD direct-funded programs. These funds were allocated directly from OSD to the indicated program.

. FY11
OSD Direct-funded Programs Allotment

SBIR/STTR'? $0

Historically Black Colleges and Universities / Minority

Institutions (HBCU/MI) $20,090,000
Chemical and Biological Defense (CBD) Programs2 $3,405,786
CBD SBIR'? $127,052

TOTAL: OSD Direct Funding $23,622,838

' These SBIR/STTR funds are in addition to Army SBIR/STTR funds; see also
TABLES 2 and 7.

2|n addition to any FY11 allotments shown, FY10 funds were received or
reallocated in FY11 for this category, as specified in TABLE 10.



D. Summary of FY10 Funds Received or Reallocated for Use in FY11

TABLE 10

FY10 funds received or reallocated for FY11. In addition to the FY11 allocations listed in TABLES 6-9, these
programs were also supported through FY10 funds received or reallocated for use in FY11.

FY10 Funds
Program Category Received in FY11

NRC Associates Program (BH57 funds)* $259,688
BAST (Army funds) $204,015
Army SBIR (Army funds) $5,946,078
Army STTR (Army funds) $937,118
SBIR/STTR (OSD direct funds) $1,575,623
CBD Programs (OSD direct funds) $2,919,413
CBD SBIR (OSD direct funds) $1,797,362

TOTAL: FY10 Funds Received or

Reallocated in FY11 $13,639,297

*These NRC funds were FY10 carry-over reallocated for use in FY11.

E. Grand Total FY11 Allotment for ARO Managed or Co-managed Programs

TABLE 11

Summary of FY11 allotment for all ARO managed or co-managed programs. This table lists the subtotals
from TABLES 6-9 and the grand total FY11 allotment for all ARO managed or co-managed programs. These
totals do not include FY10 funds received or allocated in FY11 for certain programs (refer to TABLE 10).

Program Category A"FY11
otment
Core (BH57) Programs $71,655,840
Other Army-funded Programs $138,828,312
External Program Funds $268,466,405
OSD Direct-funded Programs $23,622,838

GRAND TOTAL.:

(all sources) $502,573,395







CHAPTER 3: CHEMICAL SCIENCES DIVISION

I. OVERVIEW

As described in CHAPTER 1: ARO MISSION AND INVESTMENT STRATEGY, the purpose of the Army Research
Laboratory (ARL) - Army Research Office (ARO) publication ARO in Review 2011 is to provide information on
the programs and basic research efforts supported by ARO in FY11, and ARO's long-term vision for
transitioning basic science research to enable new materials, devices, processes and capabilities for the current
and future Soldier. This chapter focuses on the ARO Chemical Sciences Division and provides an overview of
the scientific objectives, research programs, funding, accomplishments, and basic-to-applied research transitions
facilitated by this Division in FY11.

A. Scientific Objectives

1. Fundamental Research Goals. The ARO Chemical Sciences Division supports research to advance the
Army and nation’s knowledge and understanding of the fundamental properties, principles, and processes
governing molecules and their interactions in materials or chemical systems. More specifically, the Division
promotes basic research to uncover the relationships between molecular architecture and material properties, to
understand the fundamental processes of electrochemical reactions, to develop methods for accurately predicting
the pathways, intermediates, and energy transfer of reactions, and to discover and characterize the many
chemical processes that occur at surfaces and interfaces. The results of these efforts will stimulate future studies
and help keep the U.S. at the forefront of chemical sciences research. In addition, these efforts are expected to
lead to new approaches for synthesizing and analyzing molecules and materials that will open the door to future
studies that are not feasible with current knowledge.

2. Potential Applications. In addition to advancing world-wide knowledge and understanding of chemical
processes, research in the Chemical Sciences Division will provide the scientific foundation to create
revolutionary capabilities for the future warfighter. In the long term, results from the Chemical Sciences
Program may lead to materials with new or enhanced properties to protect the Soldier from ballistic, chemical,
and biological threats. The development of new computational methods may allow the structure and properties
of notional (i.e., theoretical) molecules to be calculated before they are created, providing a significant cost
savings to the Army. In addition, chemical sciences research may ultimately improve Soldier mobility and
effectiveness through the development of light-weight and small power sources, renewable fuel sources, and new
energetic materials with improved methods for ignition, detonation, and control.

3. Coordination with Other Divisions and Agencies. To effectively meet the Division’s objectives, and to
maximize the impact of potential discoveries for the Army and the nation, the Chemical Sciences Division
coordinates and leverages efforts within its Program Areas with Army scientists and engineers, the Office of
Naval Research (ONR), and the Air Force Office of Scientific Research (AFOSR). In addition, the Division
coordinates with other ARO Divisions to co-fund research, identify multidisciplinary research topics, and to
evaluate the merit of research concepts. For example, interactions with the ARO Life Sciences Division include
developing research programs to investigate materials for use in chemical and biological defense and to
understand the biotic/abiotic interface. The Chemical Sciences Division also coordinates efforts with the
Materials Science Division to pursue the design and characterization of novel materials through new synthesis
and processing methods, the evaluation of bulk mechanical properties, and molecular-level studies of materials
and material properties. Research in the chemical sciences also complements research in the Physics and
Electronics Divisions to investigate the dynamics of chemical reactions and how chemical structure influences
electrical, magnetic, and optical properties. The creation of new computational methods and models to better
understand molecular structures and chemical reactions is also an area of shared interest between the Chemical



Sciences and Mathematical Sciences Divisions. Research in the Chemical Sciences Division is also coordinated
with research in the Environmental Sciences Division, in which new methods and reactions are being explored
for detecting, identifying, and neutralizing toxic materials. These interactions promote a synergy among ARO
Divisions, providing a more effective mechanism for meeting the long-term needs of the Army.

B. Program Areas

To meet the long-term program goals described in the previous section, the Chemical Sciences Division engages
in the development, identification, evaluation, funding, and monitoring of a variety of research projects. The
Division has identified several sub-disciplines, also called Program Areas, that provide a framework for the
identification, evaluation and monitoring of research projects. In FY 11, the Division managed research within
these four Program Areas: (i) Polymer Chemistry, (ii) Molecular Dynamics, (ii) Electrochemistry, and

(iv) Reactive Chemical Systems. As described in this section and the Division’s Broad Agency Announcement
(BAA), these Program Areas have their own long-term objectives that collectively support the Division’s overall
objectives.

1. Polymer Chemistry. The goal of this Program Area is to understand the molecular-level link between
polymer architecture, functionality, composition, and macroscopic properties. Research in this program is
expected to lead to the design and synthesis of new polymeric materials that give the Soldier improved protective
and sensing capabilities, and capabilities not yet imagined. This Program Area is divided into two research
Thrusts: (i) Synthesis: Molecular Structure and Composition, and (ii) Properties: From Molecular to
Macroscopic. Within these Thrusts, high-risk, high payoff research efforts are identified and supported to pursue
the program’s long-term goal. Efforts in the Synthesis Thrust focus on developing new synthetic approaches for
preparing novel polymers with potentially interesting properties, the design of new polymerizable monomers,
and the design and synthesis of polymers with specific responses that are designed into the polymeric material at
the molecular level. Research in the Properties Thrust is exploring how changes in molecular structure and
composition impact macroscopic properties, focuses on the design of polymer molecular architecture (e.g.,
location of functional groups) to generate unique and well-defined morphologies, and characterizes molecular-
level, multicomponent transport in complex systems.

While these research efforts focus on high-risk, high payoff concepts, potential long-term applications for the
Army include light-weight, flexible body armor, materials for clothing that are breathable but also provide
protection from toxins, fuel cell membranes to harness renewable energy, and damage-sensing and self-healing
materials for vehicles, aircraft, and other DoD materiel. In addition, the efforts in this program may ultimately
lead to new, dynamic materials such as photohealable polymers that can be used as a repairable coating and
mechanically- or thermally-responsive polymers and composites that can convert external forces to targeted
internal chemical reactions (i.e., to convert external force to internal self-sensing and self-repair).

2. Molecular Dynamics. The primary goal of this Program Area is to determine the pathways and
intermediates for fast reactions of molecules in gas- and condensed-phases at high temperatures and pressures,
and to develop theories that are capable of accurately describing and predicting these phenomena. In the long
term, these studies may serve as the basis for the design of future propellants, explosives, and sensors. This
Program Area is divided into two research Thrusts: (i) Dynamics and (ii) Theory. These Thrusts guide the
identification, evaluation, and monitoring of high-risk, high-payoff research efforts that can collectively meet the
program’s overall goal. The Dynamics Thrust supports research on the study of energy transfer mechanisms in
molecular systems, while the Theory Thrust supports research to develop and validate theories for describing and
predicting the properties of chemical reactions and molecular phenomena in gas and condensed phases.

The research supported by this Program Area will likely enable many future applications for the Army and
general public. These applications include more efficient and clean combustion technology, the development of
new tools to study condensed phases of matter, the capability to accurately predict the properties of theoretical
molecules, and the development of novel molecules for use in energy storage.

3. Electrochemistry. The goal of this Program Area is to understand the basic science that controls reactant
activation and electron transfer. These studies may provide the foundation for developing advanced power
generation and storage technology. This Program Area is divided into two research Thrusts: (i) Reduction-
oxidation (Redox) Chemistry and Electrocatalysis, and (ii) Transport of Electroactive Species. These Thrust



areas guide the identification, evaluation, and monitoring of high-risk, high payoff research efforts to pursue the
program’s long-term goal. The Redox Chemistry and Electrocatalysis Thrust supports research efforts to
discover new spectroscopic and electrochemical techniques for probing surfaces and selected species on those
surfaces, while the Transport of Electroactive Species Thrust identifies and supports research to uncover the
mechanisms of transport through polymers and electrolytes, to design tailorable electrolytes based on new
polymers and ionic liquids, and also explores new methodologies and computational approaches to study the
selective transport of species in charged environments.

The research in this Program Area will likely lead to many long-term applications for the Army, the nation, and
the world. These applications include the discovery and use of new mechanisms for the storage and release of
ions that are potentially useful in future power sources, including new battery or bio-fuel concepts. In addition,
studies of electroactive species may enable the development of multifunctional materials that simultaneously
have ionic conductivity, mechanical strength, and suitable electronic conductivity over a considerable
temperature range, while exposed to aggressive chemical environments.

4. Reactive Chemical Systems. The goals of this program are to explore absorption, desorption, and the
catalytic processes occurring at surfaces, and to investigate the structure and function of supramolecular
assemblies (7.e, complexes of molecules held together by noncovalent bonds). Specific objectives include the
discovery of new synthetic approaches to create self-assembled systems and the incorporation of catalytically or
biologically active species into these systems. Through the study of these processes and structures, the program
seeks to develop a molecular-level understanding of catalytic reactions, functionalized surfaces, and organized
assemblies that could lead to future materials for protection and sensing. This Program Area is divided into two
research Thrusts: (i) Surfaces and Catalysis and (ii) Organized Assemblies. Within these Thrusts, high-risk,
high-payoff research efforts are identified and supported to pursue the program’s long-term goals. The Surfaces
and Catalysis Thrust supports research efforts on understanding the kinetics and mechanisms of reactions
occurring at surfaces and interfaces. Research in the Organized Assemblies Thrust explores the properties and
capabilities of self-assembled structures, including their functionality, and how to control assembly under
different conditions.

This program supports research that will likely lead to many long-term applications for the Army and the general
public. These potential long-term applications include the development of stimuli-responsive materials for
Soldier protection, the chemical sensing of hazardous materials, and the controlled release of reactive species for
hazardous material destruction.

C. Research Investment

The total funds managed by the ARO Chemical Sciences Division for FY11 were $48.6 million. These funds
were provided by multiple funding agencies and applied to a variety of Program Areas, as described here.

The FY11 ARO Core (BH57) program funding allotment for this Division was $5.9 million. The DoD Multi-
disciplinary University Research Initiative (MURI), the Defense University Research Instrumentation Program
(DURIP), and the Presidential Early Career Award for Scientists and Engineers (PECASE) program provided
$7.2 million to projects managed by the Division. The Division also managed $6.5 million of Defense Threat
Reduction Agency (DTRA) programs, $8.0 million of Defense Advanced Research Projects Agency (DARPA)
programs, and $3.0 million provided by other DoD agencies. The Small Business Innovative Research (SBIR)
and Small Business Technology Transfer (STTR) programs provided $1.7 million for contracts in FY11. The
Institute for Soldier Nanotechnologies received $12.6 million in FY11. Finally, $3.7 million was provided for
awards in the Historically Black Colleges and Universities and Minority Institutions (HBCU/MI) Programs,
which encompasses OSD-matched funding for active BH57-funded (Core) HBCU/MI projects, DoD-funded
Partnership in Research Transition (PIRT) projects, DoD-funded Research and Educational Program (REP)
projects, and/or DoD-funded Instrumentation awards to Tribal Colleges and Universities (TCU).



II. RESEARCH PROGRAMS

ARO participates in the identification and management of projects within many research programs that are
supported with funds from a variety of DoD sources. For a detailed description of the purposes and goals for
each of these programs, refer to CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. Unless otherwise
noted, the following sub-sections identify the research awards managed by this Division that began in FY 11
(i.e., “new starts”), categorized by program type.

A. ARO Core (BHS7) Program

As discussed in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES, the Army provides funds for the
ARO Core (BH57) research program. The primary goal of the Core program is to support high-risk, high-payoff
basic research projects. These projects include single investigator (SI) grants, Short Term Innovative Research
(STIR) grants, and conferences and workshops (the largest of which are discussed in the following section).
Research projects are identified by a variety of means, including discussions with potential investigators, which
may lead to white papers and proposal submissions. Proposals are selected for funding within each ARO
Division (i.e., scientific discipline) that take advantage of scientific opportunities that address Army needs and
interests with long-term, high-risk ideas. These funds constitute a key mechanism for the Army's support of
fundamental research efforts. Selected projects are discussed later (see Sections I1I-V) with a focus on recent
scientific accomplishments, technology transitions, and anticipated accomplishments.

B. Workshops and Symposia

1. Coatings Workshop (Arlington, VA: 16 December 2010). This was a follow-up workshop to the 2009
Control of Coatings Properties for Hazard Containment Workshop (held in the UK). Many of the participants
from the UK workshop and new participants representing academic, government, and industry organizations
presented the current state of their coatings related research, including challenges and strategies to overcome
these and other technical obstacles. In addition, an overview was provided by the JPM-Decon on various coating
concepts and potential integration into future systems. During the course of the day, a variety of key challenges
were identified, stimulating prospective basic research focus areas in the understanding of chemical agent
resistant coating (CARC), responsive materials, fundamental adsorption and diffusion, and novel coatings
including peelable, passive, and active coatings.

2. Workshop on Advanced Energetic Materials Synthesis (College Park, MD; 3-5 April 2011). This
workshop brought together leading synthetic chemists from the USA and Europe to discuss current challenges in
the area of synthesis of advanced energetic materials. Approximately thirty scientists participated and
represented both academic and government institutions. The most promising emerging chemistries and
technology challenges for synthesis of advanced energetic materials were discussed. The participants provided
recommendations for speeding up transition paths from lab scale to production while minimizing costs. The
workshop clearly demonstrated that the energetic materials focus in the DoD during the past 5 years has been
driven by near-term needs to meet environmental needs and support insensitive munitions requirements. The
workshop clearly demonstrated the need for underpinning basic research that will lead to the development of the
next generation of high-performance energetic materials.

3. 31* Free Radicals Symposium (Port Douglas, Australia; 24-29 July 2011). Molecular free radicals play a
vital role as intermediates in diverse chemical reactions including those involved in combustion, detonation,
chemical synthesis, and even atmospheric and interstellar phenomena. The International Free Radicals
Symposium was established to bring together scientists at the frontier of research in a wide variety of areas of
free radical chemistry with particular emphasis on the spectroscopic identification, characterization and
dynamics of radicals. Topics covered included combustion, atmospheric chemistry, spectroscopy, chemical
kinetics, molecular ions, ultracold radicals, and reaction dynamics. Many topics addressed by the symposium are
central in determining the inherent roles that radicals play in processes such as detonation, deflagration, and
combustion; all of which are of interest to the Army.



4. Flow Battery Workshop (Arlington, VA; 8-9 August 2011). The focus of the workshop was to discuss
DoD needs and relevant research for high energy density storage devices to support small footprint, self-
sufficient operations around the world. Flow batteries may be an important contributor in addressing this need.
The goals of the workshop were to understand the state of the art across several different flow battery
technologies (including the challenges and limitations for each), to explore the near-term R&D opportunities for
flow batteries to overcome their respective challenges, and to identify basic research needs that can contribute to
flow batteries. In addition to high energy density, key considerations are safety, cycle life, charge/discharge
rates, ruggedness, transportability, scalability, and manufacturability. Attendees included technical
representatives from ARL, industry, university professors, National Laboratory researchers, DARPA, the
intelligence community, and Department of Energy (DOE). Five speakers from industry, four from academia,
and two from national laboratories gave technical presentations.

5. Chemical/Biological Filtration and Materials Strategies Working Groups (Arlington, VA: 13-15
September 2011). These working groups provided a forum for academic and government experts in chemical
and biological materials development to provide the Soldier with enhanced capabilities for future CB protective
equipment. Many of the PIs participating in these groups are contracted through ARO, and in some cases, are
co-funded by the Edgewood Chemical and Biological Center (ECBC) and ARO. The Chemical/Biological
Filtration Strategies Working Group was the fourth in its series. This year’s focus included identifying,
characterizing, and engendering surface chemistry in substrates; development of novel nanostructured porous
materials for toxic chemical removal; and sorbent maturation for ammonia. This was the first year for the
Materials Strategies Working Group and included overviews of the current and prospective respirator programs,
including current research on dry adhesives, anti-fog coatings, air management concepts, and improved seal
developments. Novel materials development progress on nanomaterials, nanosensors, and MEMS, was also
presented.

C. Multidisciplinary University Research Initiative (MURI)

The MURI program is a multi-agency DoD program that supports research teams whose efforts intersect more
than one traditional scientific and engineering discipline. The unique goals of the MURI program are described
in detail in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. These projects constitute a significant
portion of the basic research programs managed by the Chemical Sciences Division; therefore, all of the
Division’s active MURIs are described in this section.

1. Molecular and Optical Properties of Nanophotonic Materials. This MURI began in FY06 and was
awarded to a team led by Professor Eric Van Stryland at the University of Central Florida. This MURI is
exploring the molecular structure of materials that display properties of high-speed nonlinear optics (NLO).

The field of NLO has enabled breakthrough developments in laser design, controlling light, and remote sensing.
The goal of this MURI is to discover the structural components required for creating a new generation of
materials that exhibit large NLO-absorption properties. If successful, this fundamental knowledge could be used
in the future to create a new generation of nanophotonic materials that control light at or below nanometer
wavelengths, which has the potential to revolutionize the telecommunications industry by providing high-speed
interference-free devices on a microchip. In addition, these materials could lead to improved visible-imaging
applications (e.g., microscopy) and protective devices that will absorb high-energy light (e.g., visors to protect
the Soldier from sunlight or high-powered lasers, without interfering with visibility at dawn or dusk).

2. Mechanochemical Transduction. This MURI began in FY07 and was awarded to a team led by Professor
Jeffrey Moore at the University of Illinois, Urbana-Champaign. This research is co-managed by the Chemical
Sciences and Materials Science Divisions. The MURI is exploring mechanical-to-chemical energy conversion
(i.e., mechano-chemical transduction), including the design, synthesis, and characterization of a revolutionary
new class of compounds that could potentially convert mechanical energy to catalyze chemical reactions.

The use of polymers and polymer composites in construction materials, microelectronic components, adhesives,
and coatings is well established. Polymer composites can form strong materials for use in civil and government
engineering, such as siding materials or armor. Unfortunately, these polymeric materials commonly crack when
subjected to mechanical stress (damage), and these cracks can occur deep within the structure where detection is
difficult and repair is almost impossible. These cracks are a visible manifestation of the chemical changes (e.g.,



breaking of bonds) that occur at the molecular level when the structure is damaged. This MURI team is
investigating the direct and reversible transduction between mechanical and chemical energy, and the potential to
ultimately exploit this process in the design and synthesis of new materials. To meet this goal, the team of
investigators is designing, synthesizing, and characterizing revolutionary new class of mechano-responsive
molecules, called mechanophores, that is designed to respond to mechanical stress with pre-designed chemical
reactions. Based on these results from this project, future molecules could be designed to convert mechanical
stress (e.g., structural damage) to useful chemical reactions. If this research is successful, applied research
efforts in the future could use the results of this MURI to construct polymer composites that automatically alert
the user to when and where a structure has sustained damage, and then self-repair after damage.

3. Molecular Design of Novel Fibers using Carbon Nonotubes. This MURI began in FY(09 and was awarded
to a team led by Professor Horacio Espinosa at Northwestern University. The focus of this MURI is to
understand the molecular properties required for preparing strong fibers using polymers and double-walled
carbon nanotubes (DWCNT).

The chief objectives of this research are to (i) develop a model system for predicting the molecular properties
necessary for preparing new, high-strength fibers, and (ii) to prepare novel fibers composed of double-walled
carbon nanotubes and polymers. The team will use multiscale computer simulations to bridge atomistic

(i.e., electronic structure methods and reactive force fields), coarse-grain, and continuum scales to explore and
understand DWCNT-polymer interactions, crosslinking effects (bond-breaking mechanisms), and the impact of
architecture on fiber strength, elasticity, and toughness. The investigators will use the results to predict fiber
precursor properties necessary for optimum strength. The team will use predictive models to develop chemical
vapor deposition techniques for producing highly-aligned DWCNT mats with optimized density and surface
chemistry. The mats will serve as precursors for fiber formation. These materials will be characterized using in
situ and ex situ microscopy (i.e., assayed during and after reaction completion). The fundamental scientific
knowledge uncovered through this research may lead to new approaches for designing and preparing high-
strength, flexible fibers that are directly relevant to lighter-weight and flexible personnel armor.

4. Ion Transport in Complex Organic Materials. This MURI began in FY'10 and was awarded to a team led
by Professor Andrew Herring at the Colorado School of Mines. This MURI team is investigating the interplay of
chemical processes and membrane morphology in anion exchange.

Ion transport in complex organic materials is essential to many important energy conversion approaches.
Unfortunately, ion transport is poorly understood in terms of its relationship to water content, morphology, and
chemistry. While a great deal of research has focused on proton exchange membranes, little work has been
performed with anion exchange membranes. This MURI team is studying the fundamentals of ion transport by
developing new polymer architectures (e.g., polymer membranes) using standard and novel cations. These new
polymer architectures and aqueous solutions containing representative cations will serve as a model system for
studies of anion transport and its relationship to polymer morphology. In the longer term, the design and
synthesis of robust, thin alkali-exchange membranes, combined with an improved understanding of ion exchange
gained through the characterization of these membranes, could enable the development of new classes of fuel
cells. If the MURI team can characterize the fundamental processes of ion exchange across these polymer
membranes, future fuel cells using similar membranes could harness alkali exchange, resulting in inexpensive,
durable, and flexible-source power for the Army and commercial use.

5. Peptide and Protein Interactions with Abiotic Surfaces. This MURI began in FY 11 and was awarded to a
team led by Professor Zhan Chen at the University of Michigan, Ann Arbor. This MURI is exploring the
processes that occur at biological/abiological interfaces.

The objective of this research is to develop a systematic understanding of biological/abiological interfaces and
how to design systems for predicted biological structure and function. The MURI team is using a combination
of modeling and experimental techniques to understand the interactions of peptides and proteins covalently
immobilized on abiotic surfaces. Specifically, the team will be investigating two peptides and one enzyme, with
a variety of surfaces, such as self-assembled monolayers, chemically functionalized liquid crystalline films, and
chemical vapor deposited polymers. The immobilized biological species will be characterized to determine not
only structure but also activity. The investigators will utilize systematic modifications of the surface to probe the
effect of chemical composition, morphology, and hydrophobicity on biological structure and function. The role
of water will also be probed to determine how hydration affects not only immobilization, but also structure and



function. If successful, these studies could enable the incorporation of nanostructured abiotic/biotic materials in
applications such as sensing, catalysis, coatings, drug delivery, prosthetics, and biofilms.

D. Small Business Innovation Research (SBIR) — New Starts

Research efforts within the SBIR program have a more applied focus relative to efforts within other programs
managed by ARO, as is detailed in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES.

1. Direct Ethanol Fuel Cell System. Two Phase I SBIR contracts were awarded to Lynntech, Inc., and
Tremont Technology, LLC, to develop an alkaline direct ethanol fuel cell (DEFC) capable of converting ethanol
fuel into electricity in an efficient, small, lightweight, portable power system. Ethanol offers an attractive fuel-
source alternative because it can be produced in large quantities from biomass and is less toxic than methanol.
Direct ethanol fuel cells have recently been receiving increased attention in the literature; however, previous
studies in acidic media have demonstrated only 2 or 4 electrons are generated per ethanol molecule rather than
the 12 that are possible when ethanol is fully oxidized, resulting in poor system efficiencies. The recent
development of alkaline membranes that conduct hydroxyl ions (OH-) makes alkaline membrane fuel cells very
attractive largely due to more facile kinetics for both fuel oxidation and oxygen reduction reactions. The rapid
kinetics makes the use of catalysts with lower noble metal contents feasible and potentially enables the cleavage
of carbon-carbon bonds at low temperatures. The ultimate goal of these projects is to develop a high-efficiency
alkaline DEFC system with a power density over 150 mW/cm?, and a system energy density over 1000 Wh/kg.
If successful, this research will provide a system that can significantly increase fuel utilization and fuel cell
performance, with lower cost and improved safety.

2. Highly-sensitive Plasmonic Nanosensors for Chemical Warfare Agents. Two Phase I SBIR contracts
were awarded to Real Time Analyzers, Inc., and MKS Technology, Inc., to develop a prototype sensor based on
the phenomenon of localized surface plasmon resonance (LSPR) for the real-time detection of chemical warfare
agents (CWAs) at ultra-low concentrations. Recent developments in the study of LSPR in metallic nanodots
have shown a possible path toward greatly improved sensitivity of optical sensors based on metal nanoparticle
arrays. LSPR, a phenomenon that occurs when light incident on metal nanoparticles induces the conduction
electrons to oscillate collectively with a resonant frequency, causes nanoparticles to absorb and scatter light with
an extremely high intensity. Research has shown that when molecules adsorb onto a plasmonic nanoparticle, the
local electromagnetic fields around the particle can enhance the Raman scattering by as much as 10" for a single
molecule. This phenomenon, known as surface-enhanced Raman scattering (SERS), results in a highly specific
and sensitive method for molecular identification. The ultimate goal of these SBIR efforts is to develop highly-
sensitive and selective sensors that will be able to detect a specific CWA simulant at a vapor-phase concentration
equal to or less than 0.0001 mg/m3 in a response time of less than one minute. If successful, these sensors may
be used to support chemical demilitarization efforts and provide protection for personnel in battlefield
environments.

3. Spore Viability Detection System. Two Phase I CBD-SBIR contracts were awarded to Physical Optics
Corporation and Triton Systems, Inc., to develop a system to rapidly and quantitatively identify the presence of
spores. Current fielded biological indicator systems are rapid and offer on-site detection, however they are only
qualitative. There is a current need for a bio detection system to rapidly assess the efficacy of decontamination
products for inactivating Bacillus anthracis spores on environmental surfaces in a quantitative manner. The goal
of these SBIR contracts is to use spore strips made of different materials that are inoculated with Bacillus
thuringiensis spores combined with a handheld device to quantitatively determine remaining viable spores.
Prototype systems will be developed and validated using quantitative viability tests of the decontaminated spores
attached to the spore strips. If successful, this research may lead to a rapid, NIST-certified, quantitative bio-
indicator system for decontamination and Soldier protection.

4. Low-power Organophosphate Detector. A Phase II Chemical Biological Defense SBIR (CBD-SBIR)
contract was awarded to Lynntech, Inc., to develop and validate a nerve agent detection system that requires little
to no operating power. Chemical nerve agents pose a significant threat to the military and civilians. In the case
of a hazardous material release, the exact identification of the active agent could enable faster and more effective
medical and environmental responses. The ultimate goal of this SBIR project is to develop an inexpensive,
reliable, resilient sensor for detecting and identifying specific nerve agents. This project continues efforts



initiated in a Phase I project and will expand the understanding of the key recognition elements in various nerve
agents, pesticides, and simulants to develop a sensor for accurately and selectively identifying a given agent.
This type of detector could ultimately be used to identify a particular agent to which a warfighter or first-
responder has been exposed, leading to the use of targeted measures for protection, decontamination, and
treatment.

E. Small Business Technology Transfer (STTR) — New Starts

In contrast to many programs managed by ARO, the STTR program focuses on developing specific applications,
as is described in CHAPTER 2: PROGRAM DESCRIPTIONS AND FFUNDING SOURCES.

1. Biomimetic Membranes for Direct Methanol Fuel Cells. Three Phase I STTR contracts were awarded to
Giner, Inc., Lynntech, Inc., and Oceanit Laboratories, Inc. to develop new biomimetic membranes with chemical
stability and reduced methanol crossover to enable micro direct methanol fuel cells (DMFCs). Current
methanol-fueled polymer electrolyte based fuel cells suffer from methanol cross over, which reduces overall
system efficiency and necessitates the use of diluted methanol solutions decreasing the system specific energy.
Biomimetic membranes with ion channels either inspired by natural systems or membranes with channels from
organisms offer several potential advantages, including improved conductivity and selective permeability. At the
same time, bioderived systems represent several challenges including: chemical stability, dehydration,
integration of bioderived materials into synthetic membranes, and the challenges of orienting and aligning pores
to allow their use in thicker, mechanically robust membranes. The goal of these SBIR projects is to prepare and
validate mechanically-robust biomimetic membranes that have conductivities on par with Nafion-based
counterparts with reduced methanol crossover, and are chemically stable when exposed to high methanol
concentrations. The membranes will be integrated into a fuel cell. If successful, this research may lead to new
lightweight power sources with high energy density for powering electronic devices or recharging batteries.

2. Methanol Electrolyzer for Hydrogen Generation. A Phase I STTR contract was awarded to Lynntech, Inc.
to develop an advanced direct methanol fuel cell (DMFC) that utilizes methanol electrolysis to produce
hydrogen. A current method for generating hydrogen from methanol, called thermal reforming, requires
operation at high temperatures, which increases the system complexity and thermal signature. Current DMFC
methods suffer from reduced efficiency and yield over time. Methanol electrolysis offers a potential low-
temperature approach to generate hydrogen efficiently from methanol, circumventing the high-temperature
requirement of thermal reforming and the current limitations of DMFCs. The ultimate goal of this SBIR contract
is to demonstrate methanol electrolysis using advanced electrocatalysts, characterizing the products, and
demonstrating a method for integrating the electrolyzer into a fuel cell system. If successful, this research may
lead to a new generation of methanol fuel cell systems that can directly convert methanol to electrical power,
providing a low-weight system for powering electronic devices or recharging batteries.

3. Sensitive and Shape-Specific Molecular Identification. A Phase I STTR contract was awarded to Ryon
Technologies, Inc., to develop a compact and portable instrument that couples mass spectrometry and Rydberg
spectroscopy to provide a complete “fingerprint” of a molecule. Mass spectrometers (MS) are powerful and
widely used tools for molecular analysis in chemical and pharmaceutical industries, for environmental analysis,
in forensic labs, and in basic research. However, the standard instruments have two primary drawbacks for
application in-the-field: their large size and their inability to rapidly identify isomers and conformers of
molecules of interest. In recent years it has been shown that excited electronic (Rydberg) states could distinguish
among molecular shapes (isomers) for several different atomic compositions. Laser-induced Rydberg spectra
may provide “fingerprints” that, when joined with MS molecular mass spectra, would enable unambiguous
identification of molecular structures (isomers) and further, different molecular shapes (conformers) of the same
isomer. If successful, this research will enable a major advance in selectivity for threat identification in the field
with minimal sample consumption, and at reduced instrument footprint and cost.

F. Historically Black Colleges and Universities and Minority Institutions (HBCU/MI) — New Starts

The HBCU/MI and related programs include the (i) ARO (Core) HBCU/MI Program, which is part of the ARO
Core BAA, (ii) Partnership in Research Transition (PIRT) Program awards, (iii) DoD Research and Educational



Program (REP) awards for HBCU/MI, and (iv) DoD Instrumentation awards for Tribal Colleges and Universities
(TCU). The FY11 new starts within these programs are described here, while the missions of each of these
programs were described CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES.

1. DoD REP Awards. As described in more detail in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING
SOURCES, REP awards aim to enhance or increase the programs, capabilities, and graduates in scientific and
engineering disciplines in universities serving underrepresented minorities. In FY11, the Chemical Sciences
Division managed seven new REP projects, totaling $3.6 million. The equipment purchased with this award is
promoting research in areas of interest to ARO, such as investigating methods for the adsorption and sensing of
organophosphates, and exploring protein conformational dynamics and aggregation.

G. Presidential Early Career Award for Scientists and Engineers (PECASE) — New Starts

The PECASE program provides awards to outstanding young university faculty members to support their
research and encourage their teaching and research careers. For additional background information regarding
this program, refer to CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES.

1. New Microstructures for Old Monomers: Syntheses of Gradient Pi-Conjugated Copolymers. The
objective of this PECASE, led by Professor Anne McNeil at the University of Michigan, Ann Arbor, is to create
novel organic materials with useful properties by developing a fundamental understanding of the relationship
between material structure and bulk properties.

Organic pi-conjugated polymers are the active components in emerging military technologies, such as
fluorescent sensors for chemical agents, solar cells for operation in the field, and artificial muscles.
Unfortunately, the widespread exploitation and application of these polymers has not materialized due to the
current lack of diversity in polymer structure and properties and the inability to control morphologies of polymer
blends. The investigator aims to overcome these limitations by generating a new class of pi-conjugated
copolymers that have gradient microstructures and unique properties. The ability to tailor properties by simply
altering the monomer sequence will provide a powerful new design strategy for preparing the next generation of
organic materials that can have unique and tunable optical, electronic and physical properties, including phase-
compatibilization. This research, if successful, will have a significant impact on current and future applications
utilizing pi-conjugated materials, such as controlled, nanostructured thin films for use as fluorescent sensors that
warn the Soldier of chemical or biological threats, lightweight solar-to-electrical energy converters for light-
weight power generation in the field, films for shielding from electromagnetic interference, and as a component
of artificial muscles.

H. Defense University Research Instrumentation Program (DURIP)

As described in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES, the DURIP program supports the
purchase of research equipment to augment current university capabilities or to develop new capabilities for
conducting cutting-edge research relevant to long-term Army needs. In FY11, the Chemical Sciences Division
managed ten new DURIP projects, totaling $1.2 million. The university laboratory equipment purchased with
these awards is promoting research in areas of interest to ARO, including studies of electrocatalysts, dynamic
combinatorial chemistry and the gas-phase decomposition of energetic materials, and the interactions between
metals, support materials, and chemisorbed gases within carbon silica materials.

I. University Affiliated Research Center (UARC): Institute for Soldier Nanotechnologies (ISN)

The ISN, located at the Massachusetts Institute of Technology (MIT), carries out fundamental, multidisciplinary,
nanoscience research that is relevant to the Soldier. Nanoscience research creates opportunities for new
materials, properties, and phenomena as material properties (e.g., color, strength, conductivity) become size
dependent below a critical length scale of about 500 nanometers. The research performed at the ISN falls into
five Strategic Research Areas (SRAs): (i) Light Weight, Multifunctional Nanostructured Fibers and Materials,
(i1) Battle Suit Medicine, (iii) Blast and Ballistic Protection, (iv) Chemical and Biological Sensing, and (v)



Nanosystems Integration. Each SRA is further divided into research themes. Detailed descriptions of each SRA
and its corresponding themes are available at the ISN program website (http://mit.edu/isn/research/index.html).

In FY'11, the ISN supported 50 faculty, 110 graduate students, and 40 postdoctoral fellows across 12 departments
at MIT. The ISN program is unique in that it currently has 17 industrial partners positioned to receive promising
technical results and work to bring new products and capabilities to the Soldier, as well as a mechanism for
additional industry partners to join and leave the Institute, depending on needs and activities. A U.S. Army
Technical Assessment Board and an Executive Steering Board annually review the ISN research portfolio,
assessing the goals of the various projects and research results. The ISN and its industry partners are well-
situated to perform basic and applied research in response to Soldier needs now and in the future. A total of
$12.6 million of program funds was allocated to the ISN in FY11, which was the fourth_year of a contract that
was renewed in FYOQ7 for a five-year period. Of these FY11 funds, $9.5 million was allocated for 6.1 basic
research and $3.1 million was allocated for eight applied research projects, including two new projects.

J. Joint Science and Technology Office for Chemical and Biological Defense

Traditionally ARO has been a strong partner with the Chemical Biological Defense (CBD) Program. The
Reactive Chemical Systems Program manages several basic and applied research efforts for the CBD program.
The goal of this program is to develop technologies for protection of the warfighter from chemical and biological
agents. Basic research efforts in the areas of biomimetic catalysts, bio/abio interfaces, and mass transport and
diffusion are aligned with and enhance the Army basic research program. Research in this program includes
fundamental surface chemistry, molecular recognition, and enzyme stabilization. ARO also manages the Decon
Enabling Sciences program, which strives to accelerate the transition of fundamental research to the
development of decontamination and chemical detection technologies.

K. DARPA Biofuels Alternative Feedstocks

The Biofuels Alternative Feedstocks program is developing affordable alternatives to petroleum-derived JP-8
without using algae and cellulosic biomass. DARPA seeks to develop and demonstrate a technology that can
enable the production of JP-8 at less than $3 per gallon at a moderate-scale facility (<50 Mgal/yr). The
Electrochemistry Program manages this effort on behalf of DARPA.

L. DARPA Limits of Thermodynamic Storage of Energy

DARPA is soliciting innovative proposals to develop revolutionary new approaches to portable energy sources.
DoD is critically dependent on portable electronics and, by extension, portable energy sources such as batteries.
However, the actual energy output of state-of-the-art battery technologies, such as the BA5590 LiSO, primary
and BB2590 Li-ion secondary systems, fall short of their projected energy capacity under load, limiting the
operation of DoD electronic systems that use these batteries to as little as 20% of theoretical capability. This
operational inefficiency increases the number of batteries Soldiers must carry in the field and also limits
implementation of hybridization and distributed power concepts for DoD ground, aerial, and maritime vehicle
platforms. The DARPA Limits Of Thermodynamic Storage of Energy program seeks to address inefficiencies in
energy extraction by developing technologies that are capable of delivering the full run time out of a state-of-the-
art portable energy source. This DARPA program is managed through the Division’s Electrochemistry Program.

M. Fuel-cell Based Squad Battery Charger Quick Reaction Fund

Current military operations rely heavily on batteries to power portable equipment. Providing batteries to the
individual Soldier has become a major logistical challenge to the modern Army. While significant progress has
been made in developing alternate power supplies, including prototype individual fuel cells, batteries are
expected to remain the primary power source for the individual Soldier for the foreseeable future. If quiet,
compact, lightweight and energy-dense chargers were available in sizes appropriate for small-unit operations,
then Soldiers could continue using batteries, but reduce their weight burden by a factor of two or more by



replacing primary batteries with rechargeable batteries and a high-efficiency battery charger operating on liquid
fuels. To address the need for portable battery chargers sized for small squad operation, Protonex Technology
Corporation is developing a prototype 125W portable generator based on solid oxide fuel cells. This generator
uses low-sulfur kerosene as a fuel and is capable of operating both as a battery charger or directly powering
equipment. With a mass of <7 kg, the battery charger fits in a backpack. Using high energy-density kerosene
fuel, the charger-based system could save more than 60% of the weight of current solutions. When used to
power equipment directly, the fuel cell system saves more than 80% of the weight of the primary batteries.
Within this program, Protonex built and delivered prototype systems to both the Army and Navy for testing and
evaluation. This Quick Reaction Fund Program is managed through the Chemical Sciences Division,
Electrochemistry Program and is coordinated with the ARL Sensors and Electron Devices Directorate (ARL-
SEDD), the Communications-Electronics Research, Development, and Engineering Center (CERDEC), and
ONR.



III. SCIENTIFIC ACCOMPLISHMENTS

This section identifies fundamental research discoveries, results, and accomplishments that originated from
research efforts funded and/or monitored by the Chemical Sciences Division.

A. Electrostatic Control of Protein-Surface Interactions
Professor Lauren Webb, University of Texas-Austin, Single Investigator Award

The overall goal of the current project by the Webb laboratory is to create surfaces that mimic the biological
electrostatic mechanisms of natural protein interfaces. Peptide functionalized gold surfaces are being
investigated to control protein orientation at surfaces, and to ultimately reproduce protein function at a non-
biological surface. An azide-terminated self-assembled monolayer and an a-helical peptide containing two
nitrile groups a known distance apart are reacted via click chemistry to produce a peptide that is chemically
tethered to the surface at two points (see FIGURE 1).
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FIGURE 1

Surfaces mimicking biological electrostatic mechanisms of natural protein interfaces. (A) The schematic
displays the surface functionalization route, while (B) FTIR spectra indicates Ns-terminated surface (red), Ns-
terminated surface reacted with nitrile (blue), and Ns-terminated surface reacted with a-helical peptide (black).

Analytical techniques including X-ray photoelectron spectroscopy, ellipsometry, and grazing incidence angle
reflection-absorption infrared spectroscopy (GRAS-IR) are used to determine the chemical composition of the
resulting surface. GRAS-IR is also used to monitor the disappearance of the azide, quantifying the extent of
reaction/functionalization; the relative intensity of the amide peaks is indicative of the relative orientation of the
peptides. Data has shown that the peptides are randomly oriented and/or unstructured. In order to further
address this preliminary finding, current research is focused on optimization of the surface-bound azides,
modifying the distance between the reactive nitrile groups on the peptide, and overall reaction conditions. The
ability to precisely control peptide orientation and conformation on abio surfaces is critical to many areas of
DoD relevance including sensing, protective materials, coatings, drug delivery, and prosthetics.

B. Nanoscale Probing of Electrical Signals in Biological Systems Using Carbon Surfaces
Professor Ryan O Hayre, Colorado School of Mines, PECASE Award

Professor Ryan O’Hayre and colleagues have been studying dopant/catalyst combinations to understand the
fundamental electrochemical properties that may ultimately enhance the performance of direct-methanol fuel
cells. A potential long-term application of this research is the development of a next-generation fuel cell catalyst
system purposely “engineered” using dopant-mediated growth and stabilization. This “dopant engineering
approach” is based on the observation that the activity and stability of a nanoparticulate catalyst supported on a
high-surface area electrode material (such as a carbon nanotube support) can be enhanced by purposely doping,
or chemically modifying, the support surface. In other words, the chemistry of a support surface influences the
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behavior of the overlying catalyst nanoparticles. Prior results revealed dramatic increases in catalytic activity for
methanol-oxidation and oxygen-reduction reactions when Pt catalysts were supported on nitrogen-doped carbon
materials instead of on pure carbon materials. Building on these prior results, the investigators have been
quantifying dopant-induced catalytic effects to determine whether these effects can be extended to other dopant
and catalyst systems. In comparison to a conventional approach using a non-modified carbon support, the
dopant-engineering approach employs heterovalently-doped carbon support materials decorated by catalyst
nanoparticles. The dopant atoms can influence the size, density, distribution, and perhaps even the activity of the
overlying catalyst nanoparticles.

In FY11, the researchers examined nitrogen, argon, and fluorine doping of PtRu-alloy catalysts, and
demonstrated significant durability enhancement effects from the nitrogen-doping approach. After cycling of
potential PtRu/HOPG substrates, the investigators found that the coverage of the metal phase changes
dramatically and that these changes vary greatly depending on the implantation dosage of dopant. Analysis of
the results revealed that despite nearly constant initial coverage, all samples show a significant decrease in
catalyst coverage after cycling (see FIGURE 2).

FIGURE 2

Metal phase coverage dependent on implantation dosage of dopant. Transmission electron micrographs
representative of sputtered PtRu deposited on HOPG substrates (A) precycled, demonstrating coverage and
range of nanoparticle sizes, and (B) postcycled, demonstrating changes in the coverage, particle size, and
formation of agglomerations. The sputter deposition method was found to result in catalyst deposition without
preference to nitrogen/defect sites; therefore, significant loss of the metal phase is expected for all the samples.
Within each category (A-B), dosages of (1) 0.0 x 10", (2) 1.3 x 10", and (3) 4.7 x 10" ions cm™ (0, 15, and 45 s)
were employed.

The loss in coverage area is particularly severe for the low-nitrogen dose sample (see FIGURE 2, dosage row 2).
The low-nitrogen dose retained less than 10% of its initial catalyst coverage after cycling. Intriguingly, the high-
dose sample (see FIGURE 2 dosage row 3), previously used as an optimum implantation condition in prior Pt/N-
HOPG studies, also appeared to provide the optimum durability performance for this PtRu/N-HOPG study. This
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sample retained 40% of its original coverage after cycling. The difference in the loss for various implantation
doses however can be directly related to the amount and speciation of the nitrogen introduced during
implantation.

Professor O’Hayre has successfully utilized a model catalyst system to explore the effect of nitrogen doping on
the durability of PtRu nanoparticle catalysts. Magnetron sputtering of the PtRu enabled deposition of the metal
nanophase without preference to defect sites or nitrogen functionalities, in contrast to electrodepostion routes,
which result in preferential deposition on defects/nitrogen sites. The sputtering conditions resulted in high metal
coverages in the range of 3440% with particle sizes in the range of 2-3 nm. While all samples were somewhat
ruthenium-rich, the behavior and morphology were consistent across the series of samples independent of the
nitrogen implantation dose. After potential cycling, the coverage and morphology of the metal phase changed
dramatically and were shown to be greatly dependent on the implantation dosage. The undoped (only carbon
sites) and low-dosage samples (oxygen and nitrogen sites are present, nitrogen concentration is low) showed
significant coverage loss and substantial morphological changes and had an overall negative effect on PtRu
nanoparticle stability. Highly N-doped samples, on the other hand (oxygen and nitrogen sites are present,
nitrogen concentration is high), showed less coverage loss and minimal morphological changes. The optimum
stability of the PtRu nanoparticles was obtained with an implantation dosage of 4.7 x 10'® ions cm™. In
summary, these observations may ultimately enable the development of catalysts for low-temperature direct-
alcohol fuel cells, which are attractive because of the higher energy densities and improved logistics of alcohol
fuels compared to primary batteries.

C. Embedded density functional theory methods for modeling of reactions in complex systems
Professor Thomas Miller, I1I, California Institute of Technology, STIR Award

Computational modeling of chemically reactive systems in the condensed phase faces extraordinary challenges
from the perspective of electronic structure theory. Target applications include accurate prediction of organic
crystal structure, metal dendrite formation at electrolyte/electrode interfaces, and the chemical decomposition of
crystalline high energy density materials. These problems combine large system sizes with subtle but important
intermolecular interactions, and in many cases, they involve multiple dynamic timescales and electronically non-
adiabatic effects. The development of new methods to perform reliable, on-the-fly electronic structure
calculations at a computational cost that makes feasible the simulation of long-timescale dynamics in large
systems remains the central challenge in theoretical chemistry.

The goal of this research project is to develop a first-principles electronic structure approach that (i) avoids the
computational cost of conventional density functional theory (DFT) and wavefunction methods, (ii) allows for
the seamless molecular dynamics simulation of chemical reactions without introducing the parameterization
demands and system specificity of reactive force fields, and (iii) allows for the multi-level partitioning of the
electronic structure calculation, while providing a systematically improvable treatment of the interactions
between the partitions and without introducing interfaces between spatial domains. The approach is to employ
an exactly embedded DFT method. Embedded DFT (e-DFT) offers a multi-scale approach to electronic structure
calculations in which the interactions between subsets of a system are evaluated in terms of the subset electronic
densities. The major weakness of e-DFT has been a lack of a quantitative non-additive kinetic potential
(NAKP), which arises from partitioning a system into subsystems. This term, which is typically largest for cases
in which the subsystem densities are strongly overlapping, is a significant source of error in many e-DFT
calculations, and it generally limits the method to applications in which the subsystem densities involve
nonbonded or weakly interacting molecular groups.

A recent breakthrough by Professor Miller has resulted in the development of a formally exact protocol for
calculating the NAKP contribution in e-DFT calculations. The result is that the new e-DFT method, which uses
the exact NAKP, is equivalent to standard Khon-Sham DFT. This method is referred to as embedded density
functional theory (exact embedding), or e-DFT-EE. Use of e-DFT-EE makes e-DFT much more useful for
simulating molecular dynamics in large systems. For example, consider the dissociation of the water dimer,
(H,0),. The system consists of the dimer and the subsystems are the individual water molecules. The potential
energy curve for dissociation was calculated via e-DFT using the new e-DFT-EE method and two popular
approximate kinetic energy functionals: TF or LC94 (see FIGURE 3).



35.0

=120p,
300 * E100f]
| @ 8.0
(%]
250 ¢ = 6.0
S ‘.1-_ 3 40
= 200F | 2 20 gro=
s [ ]
xg ¥ W oo =g %%
=, |Fﬁ - 1 1 1 1 1 1 1
> 150+ W -03 -0.2 -0.1 0.0 0.1 02 0.3
g . A Distance (A)
c 100F ‘, . e———®
W N e —r "
T ] ) e
50F & \‘:::W@ "
-
0.0+ l....‘. 4
1 1 1 1 1 1
25 3.0 3.5 4.0 4.5 5.0
Ro-o (A)

FIGURE 3

Potential energy curves for (H,0), dissociation. The water dimer dissociation curve was obtained using e-
DFT-EE (red), e-DFT-TF (green), and e-DFT-LC (blue). Also shown is the reference KS-DFT result (black), which
is graphically indistinguishable from the e-DFT-EE curve. Inset, the curves are shifted vertically to align the
energy minima and horizontally to align the equilibrium distances.

The potential energy curves shown in FIGURE 3 reveal that e-DFT-EE and KS-DFT are in quantitative
agreement, and that use of approximate NAKPs results in significant error even for small systems with non-

covalent interactions. These results establish e-DFT-EE as a promising methodology for performing accurate,
first-principles molecular dynamics calculations.

D. Stimuli Responsive Amphiphilic Colloidal Assemblies
Professor S. Thayumanavan, University of Massachusetts-Amherst, Single Investigator Award

Professor Thayumanavan’s effort focuses on the design and synthesis of responsive amphiphilic assemblies.
These supramolecular assemblies act in a “catch and release” mechanism such that the micellar assembly acts as
a host for small guest molecules and releases the guests in response to an external stimulus (see FIGURE 4).

External
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—
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Micellar assembly with

Release of guest molecules
encapsulated guests

upon break-up of the micelle
FIGURE 4

Micellar assembly response to stimulus. The schematic illustrates the release of guest molecules due to
stimuli-responsive disassembly.

Because the hydrophilic-lipophilic balance (HLB) of the system dictates the formation of micellar assemblies,
molecules are specifically designed in which a trigger (change in pH, redox, temperature) disrupts the HLB
causing disassembly and guest release. To illustrate this concept, a self-assemblying, micelle-forming
amphiphilic dendron with cleavable hydrophobic moieties has been synthesized (see FIGURE 5). A hydrophobic
guest molecule can be encapsulated within the micelle in aqueous conditions. Upon photochemical irradiation,



the amphiphilic dendron is cleaved, the micelle disassembles, and the guest molecule is released. Stimuli-
responsive systems have the potential to impact many areas of military and civilian importance such as drug
delivery, self-healing materials, and self-cleaning systems.
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FIGURE 5

Self-assemblying, micelle-forming amphiphilic dendron. (A) the model reaction of photochemical cleavage
and (B) spectroscopic evidence for release of non-covalently encapsulated dye molecule with increasing
irradiation time.

E. Composition and Properties of Novel Polymers Containing Metal Ligands in Side Chain
Professor Greg Tew, University of Massachusetts — Amherst, Single Investigator Award

Professor Tew’s laboratory previously discovered that metal-containing monomers that are polymerized into
block copolymers form morphologies for which the metals segregate into nanostructured domains leading to
ferromagnetic materials. Interestingly, when the same polymer composition was used to prepare a homopolymer
with no structure, the film showed no magnetism. Professor Tew’s current research builds on these discoveries,
with the goal of understanding how the observed ferromagnetic behavior depends on nanostructured self-
assembly and monomer chemistry.

In FY11, Professor Tew successfully prepared novel block copolymers that are pre-programmed with the
necessary chemical information to micro-phase separate and deliver room temperature ferromagnetic properties.
The importance of the nanostructured elements is demonstrated by comparison with the homopolymer, which
yields only paramagnetic materials, despite the fact that it is chemically identical and has a higher loading of the
magnetic precursor (see FIGURE 6). Exploring the phase morphology of the block copolymer confirms the role
of the nanostructure and also provides insight into the role confinement plays in the magnitude of the magnetic
response. The in situ generation densely functionalizes the surface of the magnetic elements, rendering them
oxidatively stable. Nanostructured magnetic materials remain important for many advanced applications, thus
new methods for their fabrication are critical. However until now, it has proven challenging to couple self-
assembly to the generation of magnetic materials in a simple, straight-forward manner.
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FIGURE 6

Chemical structure of the block copolymer and homopolymer. A larger-area TEM image (background)
reveals the cylindrical block copolymer morphology with cobalt-rich cylinders and the homopolymer, which is
unstructured but contains small (~4 nm) cobalt particles following heat treatment. Both images show a zoomed
TEM inset as well as a photograph of the resulting magnetic powder. The block copolymer is clearly a room
temperature ferromagnetic material while the homopolymer shows no room temperature attraction to the
magnetic bar. This material is only paramagnetic at room temperature. The block copolymer’s phase
morphology is shown on the left image as a function of coercivity. The cylindrical phase has the highest
coercivity followed by the inverted cylindrical phase and then the lamellar phase.

F. Mechanistic Studies of Li+ Catalysis of Radical Reactions
Professor Josef Michl, University of Colorado — Boulder, Single Investigator Award

The objective of this project is to understand structural and mechanistic effects on catalytic solutions of the
lithium salt LiCB;;Me, in solvents with low polarity, such as benzene and 1,2-dichloroethane.

More specifically, Professor Michl and his colleagues have been studying the remarkable effect of a polar
additive (sulfolane) on the LiCB,;Me,, catalysis of radical polymerization of isobutylene in 1,2-dichloroethane
initiated with azo-z-butane at 80 °C. In FY11, the research team found that at concentrations that are effective
(about 10%), solutions of LiCB{;Me,; in 1,2-dichloroethane are colloidal, and dynamic light scattering suggests
that the aggregates present are 100 - 200 nm. This size does not change perceptibly as sulfolane is added, but
most other properties change dramatically. The conversion of the monomer to a polymer and the polymer
molecular weight are essentially zero in the absence of sulfolane, rise to a sharp maximum when the molar ratio
of sulfolane to LiCB;;Me;, reaches about 0.15, and then drop precipitously at higher sulfolane concentrations.
Although there is clear evidence that the catalysis is due to a complexation of the isobutylene monomer to Li",
the exact nature of the Li" containing species involved in the complex is not known. Apparently, the
concentration of this active species is maximized at a sulfolane molar ratio of 0.15. At present, it is not clear if
this species is present in the inside or on the surface of the colloidal particles of LiCB|;Me,, or if it is present
outside of the particles.

A fundamental mechanistic understanding of Li+ catalysts may ultimately unable the design of novel polymer
architectures and new kinds of polymer structures and compositions. In addition, these studies may lead to more
efficient synthesis of commercial polymers by reducing the pressure and temperature required for preparing
polymers, such as low-density polyethylene.

G. Exploring Photoluminescence (PL) Properties of Single-walled Carbon Nanotubes
Professor Michael Strano, Massachusetts Institute of Technology, ISN (UARC)

Professor Strano has been exploring the properties of single-walled carbon nanotubes (SWNT) to provide the
basis for a trace-sensing platform. In FY'10, the research team applied diameter confinement and the large aspect
ratios of SWNT to detect single ions. In FY11, the investigators extended this approach to utilize the



photoluminescence (PL) properties of SWNTs in the detection of nitroaromatic compounds. By wrapping
nanotubes with the bombolitin-II peptide, conformational changes in the peptide can be elicited from the peptide
upon binding of a nitroaromatic (see FIGURE 7). These conformational changes can be detected as a change in
the fluorescence intensity and/or a spectral shift. In addition, different nanotube chiralities can demonstrate
differences in their spectral responses to different analytes. It was found that the variances in chiral-specific
intensity changes and wavelength shifts for different analytes generate distinct fingerprints among these analytes.
Professor Strano has confirmed unique spectral signatures for the binding of six nitroaromatic analytes from
eight chirally-distinct SWNT species via their segregation on a principal components analysis plot.

FIGURE 7

Energy-minimized structure of nanotube-wrapped bombolitin 1. Conformational changes in the peptide were
detected upon binding of a nitroaromatic. [Heller D.A., et al., PNAS 2011; 108: 8544-8549]

The bombolitin/SWNT-based platform was also used to monitor individual binding events of single analyte
molecules. For this analysis, a dual-channel microscope was used to split immobilized SWNT PL images into
distinct short- and long-wavelength channels. Addition of RDX to SWNT/bombolitin results in concomitant
long-wavelength increases and short-wavelength decreases in intensity (see FIGURE 8). From this, discretized
single-molecule adsorption and desorption events over time were observed; corresponding intensity traces of
individual nanotubes demonstrated anti-correlated steps where intensity increases in long-wavelength emissions
are coupled to intensity decreases in short-wavelength emissions and vice versa. These findings can provide the
basis for a sensing platform with high specificity and sensitivity toward the detection of explosive compounds.
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FIGURE 8

Long-wavelength increases and short-wavelength decreases in intensity result from addition of RDX to
SWNT/bombolitin. The plot is a time trace of the intensity of a single (7,5) SWNT/bombolitin 1l PL fit by an
iterative error minimization. The addition of 9 mM RDX occurred at time 100 s (red arrow). [Heller D.A., et al.,
PNAS 2011; 108: 8544-8549]



F. Radical Reactions in the Decomposition of Energetic Materials
Professor Laurie Butler, University of Chicago, Single Investigator Award

The fundamental reaction mechanisms important in the explosion of energetic materials involve highly reactive
radical intermediates whose reactions propagate the detonation process. The chemical mechanism by which an
energetic material releases energy begins with an initial chemical reaction which may or may not be exothermic,
followed by a complicated sequence of elementary reactions that sum to the net exothermic reaction. The
objective of this project is to reveal the key elementary reactions of the radical intermediates, formed when
energetic molecules undergo decomposition. Professor Butler has been measuring product branching fractions
and internal energies of chemical radicals formed in these reactions via a crossed laser-molecular beam apparatus
coupled to a time-of-flight mass spectrometer. The work is currently focused on the study of unimolecular
decomposition reactions relevant to the energetic molecule 1,3,3-trinitroazetidine (TNAZ). Previous work by the
Nobel laureate Y. T. Lee' involving the infrared multiphoton dissociation of TNAZ within the ground electronic
manifold led to a postulated reaction mechanism (see FIGURE 9).

Professor Butler’s experiments are aimed in part at testing and validating this postulated mechanism. To develop
a predictive description for the thermal decomposition of TNAZ, experiments were initiated that allow direct
access to two intermediates relevant to the dissociation pathways of TNAZ. An intermediate with a C-C+(NO2)-
C moiety results from initial C-NO2 fission in TNAZ. When the initial step in TNAZ dissociation is C-NO2 bond
fission, a radical species is created with the unpaired electron density formally on the C atom, but delocalized
over the NO2 moiety. In order to generate a locally analogous radical under collision-free conditions, C-Br
photofission of 2-nitro-2-bromopropane was used. This results in the H;C-C+(NO,)-CHj; radical, which is
available to cleanly test predictions in the next step of the decomposition mechanism. Another probable initial
decomposition step involving HONO elimination, which results in a radical with a C-C(NO,)=C moiety, was
considered. HBr elimination from 2-nitro-2-bromopropane generates 2-nitropropene, with a C-C(NO,)=C
moiety similar to that formed upon HONO elimination from TNAZ.
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FIGURE 9

Proposed mechanism for thermal decomposition of TNAZ. Previous work by Y. T. Lee led to this postulated
reaction mechanism.

Photodissociation of the carbon-bromine bond in 2-nitro-bromopropane produces H;C-C+(NO,)-CHj; radical. In
order to guide experiments, G4 composite calculations for several different product channels were conducted and

! Studies of Initial Dissociation Processes in 1,3,3-Trinitroazetidine by Photofragmentation Translational Spectroscopy, D. S. Anex, J. C.
Allman, and Y. T. Lee, in Chemistry of Energetic Materials, Ed. by G. A. Olah and D. R. Squire (Acad Press, New York, 1991), pp. 27-54.



a potential energy diagram was produced (see FIGURE 10). RRKM calculations predict that the HONO
elimination channel should dominate when one takes into account the vibrational energy distritubtion of H;C-
C¢(NO,)-CH;. The momentum matched co-fragment to HONO elimination, H;C-C=CH, was detected in the
imaging apparatus using 10.5 eV photoinoization. The resulting m/z 41 image, corresponding to this radical, was
fit with a two-step dissociation mechanism based on observed translational energy distributions of the initially
formed CH;C(NO,)CHj; or CH3C(NO,)CH,. The portion of m/z 41 data due to HONO dissociation was
identified by requiring the velocities to the two secondary products to be momentum matched (see FIGURE 11).

These results revealed that branching into the HONO elimination channel is comparable to the C-N fission
channel forming CH;C+CHj; and NO,. The investigator is continuing to more fully map out branching channels

and energy thresholds for this TNAZ model system.

34.6 OH+H,C=C(NO)CH,
_+“ HONO + H,CCCH,

~.53
Nem= NO, + H,CCH=CH,

“}1 37.2
399 M, ____---- we—— H,CC(Q)CH, + NO
FIGURE 10

Possible dissociation channels of the H3C-C+(NO2)-CH3 radical intermediate. Photodissociation of the
carbon-bromine bond in 2-nitro-bromopropane produces H3zC-C+(NO;)-CHs radical. The potential energy
diagram was produced using G4 composite calculations for several different product channels.
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FIGURE 11
Velocity map imaging signal at m/z 41. The contribution assigned to the dissociation of the CH3-C+(NO2)-CH3

radical to HONO + H3C-C=CH2 is shown in the blue solid line, based on the distribution of energies partitioned
into recoil energy in the right frame.



IV. TECHNOLOGY TRANSFER

ARO Scientific Divisions seek to identify promising scientific breakthroughs and facilitate the transition of
cutting-edge research concepts and data to potential applications. This section describes basic research results,
observations, and/or theories that transitioned to external organizations and customers.

A. Adsorption Effects on Photoluminescence of Metal Oxide Nanoparticles
Investigator: Professor James Whitten, University of Massachusetts-Lowell, Single Investigator Award
Recipient: ECBC

The objective of this research is to investigate the use of photoluminescent metal oxides to chemisorb molecules
of interest towards their application as residual life indicators. XPS and UPS are used to confirm adsorption of
gases, and photoluminescence experiments determine changes in fluorescence upon adsorption of gases. It has
been successfully demonstrated that photoluminescence changes occur in nanoparticulate ZnO, CeO2, and
Zr(OH), upon exposure to hydrogen chloride, sulfur dioxde, and nitrogen dioxide gases. Exposure of only 35
ppm of sulfur dioxde to ZnO resulted in distinct changes in the photoluminescence spectra (see FIGURE 12).

Most recently, metal oxide nanoparticles mixed with the currently used filtration media are being tested for PL
measurements, and algorithms are being developed to correlate PL changes to residual capacity. This novel
approach to measuring residual life of filters is being transitioned to the ECBC Filtration team for further studies.
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FIGURE 12

PL changes due to exposure of nano-ZnO to 35 ppm wet SO,. Exposure of only 35 ppm of sulfur dioxde to
ZnO resulted in distinct changes in the photoluminescence spectra

B. Electrochemical Models Reveal Unexpected Atomic Interactions in Proton Transfer
Investigator: Professor Stephen Paddison, University of Tennessee - Knoxville, Single Investigator Award
Recipient: 3M Corporation, Fuel Cell Components Group

The objectives of this single investigator project were to develop a multi-scale modeling approach for studying
polymer electrolyte membranes (PEMs), to elucidate microscopic proton transport mechanisms, and to design a
modeling protocol capable of predicting actual rates of proton diffusion.

Professor Paddison successfully developed a new multi-scale modeling approach that has already provided
innovative design guidelines for the next generation of fuel cells. Fuel cells that convert liquid fuels to
electricity could provide cleaner, quieter power to military bases than today’s diesel generators. Alternatively,



when configured as portable power systems, fuel cells such as the one shown in FIGURE 13 could reduce the
weight of the batteries that are carried by soldiers by 60% compared with current solutions, or by more than 80%
when used to power equipment directly. Today’s fuel cell technology requires components that are more robust,
work in a wider range of ambient conditions, and can be manufactured at lower cost. A major limitation in
meeting these needs is the performance of PEMs. To address this need, Professor Paddison’s research focused
on characterizing the properties of PEMs, in part through developing new multi-scale modeling approaches.

FIGURE 13

Electrochemical modeling may improve future battery systems. This portable power system was developed
from a previous ARO-funded project. The electrochemical models developed through this research may enable
improved PEMs for fuel cells, ultimately enhancing the performance of portable battery-charging systems.

PEMs allow protons to permeate from one side of the cell to the other, thereby generating current. To understand
this process, researchers must characterize the atomic-scale interactions between the protons and the polymer, as
well as identify the mechanisms affecting the macroscale morphology of the polymer. The investigator has been
approaching this problem using carbon nanotube (CNT) scaffolds to mimic the molecular environment of a PEM
(see FIGURE 14). In this case the CNTs were functionalized with perfluorosulfonic acid (-CF,SO;H) groups,
which are typical for PEMs, and hydrated with water molecules. Unexpectedly, the results of this model
revealed that under certain conditions, hydrogen bonding occurred between the protons and CNT-bound fluorine
atoms. This previously-undiscovered interaction influences the way that protons move through the membrane,
and thus contributes to the effectiveness of the PEM.

FIGURE 14

CNT scaffolds used to mimic and model PEM environment. The researchers used large-scale molecular
dynamics simulations to successfully predicted changes in morphology for different PEM chemistries. More
specifically, model systems comprising carbon nanotubes decorated with PEM functional groups were used to
study the effects of hydration, confinement, and hydrophobicity on proton interaction and transport.



While the newly-discovered atomic-scale interactions are interesting, the immediate value of this effort was the
application of these results to a larger-scale molecular dynamics model that can predict changes in polymer
morphology and the distribution of water molecules under different hydration conditions. The atomic-scale
modeling results were used to improve the accuracy of the input properties for this larger scale model, and thus
improve the accuracy of the results. Using this model, the researchers successfully predicted the morphological
properties and water distribution in three common PEM types (see FIGURE 15). After these results were verified
experimentally, this new model transitioned to a commercial PEM developer (3M Corp.) to potentially improve
the next generation of fuel cells.

Modeling polymer
conformation and morphology

Modeling H,O molecule distribution,
segregation, and morphology

Modeling influence of
= molecular interactions on
macroscopic properties

FIGURE 15

Predicting morphological properties and water distribution in PEMs. Based on the newly-developed CNT-
based molecular model, scientists were able to use large-scale molecular dynamics simulations such as the one
illustrated here to successfully predict the phase segregation, morphology, and distribution of water molecules for
different PEM chemistries. Understanding these properties are critical in understanding how molecular
interactions influence the performance of the PEM.

C. Understanding Morphology-property Relationships in Novel Metallopolymers
Investigator: Professor Stuart Rowan, Case Western Reserve University (CWRU), Single Investigator Award
Recipient: ARL-WMRD

Professor Rowan’s laboratory previously discovered a new class of supramolecular metallo polymers that exhibit
photo-induced healing. The goal of Professor Rowan’s current research project is to fully understand the
mechanism for healing and how it depends on factors such as polymer composition, polymer entanglements, and
the metal salts and ligands that are responsible for the supramolecular assembly of the ditopic macromonomers.

A series of metallo-polymers previously synthesized in Professor Rowan’s laboratory have transitioned to ARL-
WMRD for further study. Professor Stuart Rowan (CWRU) and Dr. Rick Beyer (ARL-WMRD) are conducting
collaborative research to understand the relationship between morphology and properties in a series of these
novel metallo-polymers. These materials have properties expected to have a significant impact on technologies
needed by the Warfighter.

This collaborative research led to the recent discovery of a relationship between long-range order and self-
healing efficiency. A transmission electron microscopy (TEM) image of a sample containing Zn®", revealed that
at 80% of the equimolar amount, the metal can form the metal-ligand bonds needed for supramolecular assembly



(see FIGURE 16). Interestingly, using only 80% of the equimolar amount resulted in a morphology where grains
of well-ordered lamellae are surrounded by sizable regions in which the material appears microphase separated
but disordered. The materials exhibiting these partially-ordered morphologies exhibited substantially better self-
healing characteristics than those with much better long-range order, counter to our expectations. This behavior
is not yet well-understood, will continue to be explored through this collaborative research. The results were
recently published in Nature®, with a second manuscript accepted for publication in Macromolecules®.

FIGURE 16

TEM micrograph of 3¢[Zn(NTf.).]o.s reveals the lamellar morphology, with regions of microphase
separated but the material disordered. [Burnworth, et al., Nature 2011, 472, 334-338]

D. Air Purification: Nanostructured Media for Individual Protection
Investigator: Professor Krista Walton, Georgia Tech University, PECASE Award
Recipient: ECBC

This effort focuses on the synthesis, characterization, and modeling of metal-organic frameworks (MOFs) with
molecule-specific adsorption properties. Previous water stability experiments confirmed the importance of
metal-oxygen or metal-nitrogen coordination. Recently, Professor Walton has investigated how ligand
functionality affects the MOF stability. A variety of ligand functionalized MOFs were synthesized using BDC

isostructures (see FIGURE 17).
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FIGURE 17
Ligand-functionalized MOFs. These ligand-functionalized MOFs were synthesized using BDC isostructures.

The investigator characterized each of the materials using powder X-Ray diffraction (PXRD), pore volume, BET
surface area, and thermal stability. Water vapor isotherm data indicate that the Zn-TMBDC-DABCO and Zn-
ADC-DABCO isostructures are the most stable (see FIGURE 18). These data revealed that linker

2 M. Burnworth, L. Tang, J. R. Kumpfer, A. J. Duncan, F. L. Beyer, G. L. Fiore, S. J. Rowan, & C. Weder. “Optically
Healable Supramolecular Polymers.” Nature 2011, 472, 334-337. DOI: 10.1038/nature09963.

SR Kumpfer, J. J. Wie, J. P. Swanson, F. L. Beyer, M. E. Mackay, & S. J. Rowan. “Influence of Metal Ion and Polymer
Core on the Melt Rheology of Metallo-Supramolecular Films.” Submitted to Macromolecules.



functionalization can also impact water vapor adsorption and overall MOF stability. Stable, down-selected
structures will be further investigated by the ECBC Filtration group towards development of nanostructured
media for the use in air purification devices.
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Characterization of ligand-functionalized MOFs. Water vapor isotherm results revealed that (A) Zn-ADC-
DABCO and (B) Zn-TMBDC-DABCO isostructures are the most stable.

E. Exactly Embedded Density Functional Theory
Investigator: Professor Thomas Miller, 111, California Institute of Technology, Single Investigator Award
Recipient: ARL-WMRD, University College Cardiff Consultants Ltd., and research laboratories worldwide

The objective of the research project leading to this transition is to identify and validate a fundamentally new
way to accurately calculate the properties of chemically reacting systems. More specifically, the investigator is
pursuing a new method, based on embedded density functional theory (e-DFT), that avoids the computational
cost of DFT, and allows for seamless molecular dynamics simulation of chemical reactions.

e-DFT offers a multi-scale approach to electronic structure calculations in which the interactions between subsets
of a system are evaluated in terms of the subset electronic densities. A recent breakthrough by Professor Miller
has overcome a severe weakness of e-DFT: the lack of a quantitative non-additive kinetic potential (NAKP),
which arises from partitioning a system into subsystems. This term, which is typically largest for cases in which
the subsystem densities are strongly overlapping, was a significant source of error in many e-DFT calculations.
The new method, which incorporates an exact NAKP, is termed e-DFT-EE and will pave the way for the
seamless molecular dynamics simulation of chemical reactions without introducing artificial parameterization.
Also, e-DFT-EE allows for the multi-level partitioning of the electronic structure calculation, while providing a
systematically improvable treatment of the interactions between the partitions without introducing interfaces
between spatial domains. In addition, e-DFT-EE has been implemented in the commercially-available MolPro
quantum chemistry package (licensed via University College Cardiff Consultants, Ltd.), enabling DFT methods
to model reactive systems containing thousands of atoms and making the new methodology available in over 500
research laboratories worldwide.



V. ANTICIPATED ACCOMPLISHMENTS

The nature of basic research makes it difficult to predict a timeline for scientific discovery; however, some ARO-
funded research efforts are on the verge of important achievements. This section describes selected scientific
accomplishments predicted to emerge during the next fiscal year.

A. Biologically Patterned Amyloid Scaffolds for Multifunctional and Multi-scale Materials
Professor Timothy Lu, Massachusetts Institute of Technology, Young Investigator Program (YIP) Award

Professor Lu is designing and making multi-functional biological nanowire scaffolds with intricate patterning
capabilities (see FIGURE 19). Ultilizing curli fibers (amyloid fibers produced from E. coli), nanoscale patterning
will be carried out in synthetic gene circuits, ultimately leading to fiber scaffolds that can be used to direct the
organized patterning of multiple biomaterials, inorganic materials, and enzymes. The functionalizable sites on
the curli fibers will be mapped, with a focus on maintaining fiber formation. Nanoscale patterning of these
functionalized fibers will then be done in synthetic gene circuits. Several proof-of-concept patterns will be
developed. Once patterning of single scaffolds have been obtained, multifunctional nanowires will be created by
direct fusion of heterologous domains to curli subunits; co-secretion of heterologous domains and curli subunits
followed by attachment using protein-protein interactions; and synthesis and release of curli scaffolds followed
by heterologous domain attachment. These novel, multi-functional scaffolds and materials are critical towards
the development of self-healing materials, drug delivery, energy storage, and biosensors.
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FIGURE 19

Bacterial amyloid scaffolds. The schematics illustrate the overall approach used for the development of
bacterial amyloid nanowires as multifunctional scaffolds for nanomaterials.

B. Preparation of Polarized Molecular Targets by IR Stimulated Raman Adiabatic Passage
Professor Richard Zare, Stanford University, Single Investigator Award

In almost all experiments to date, polarized molecules are prepared in specific vibrational, v, rotational, J, and
magnetic sublevel, M, states so the final-state is a superposition of unequally populated M sublevels. Professor
Zare and his colleagues are engaged in a radically different approach for preparing oriented and aligned
molecules. The investigators approach is not based on preparing different populations of M sublevels, but
instead on locking together in a coherent manner the phase relations between the different M sublevels, causing
the ensemble of vibrationally-excited molecules to be synchronized so that in the vector model the angular
momentum vectors J all precess in the same way about the quantization axis. It is anticipated that in FY'12, the
investigators will construct specialized equipment from infrared laser sources (quantum cascade lasers), that will
allow for transfer of nearly all the population in the ground rovibrational level, (v=0, J-2) to the final vibrational
level (v=2,]) by causing the molecule to climb in a coherent manner the v=0—v=1—v=2 vibrational ladder in a
process that is called infrared stimulated Raman adiabatic passage (IR STIRAP). These polarized molecules will
provide a unique potential for new experiments from collision processes to quantum computing.



C. Understanding Ion Transport under Alkaline Conditions in Polymeric Materials
Professor Andrew Herring, Colorado School of Mines (MURI)

Professor Herring and colleagues are investigating the interplay of chemical processes and membrane
morphology in anion exchange. Ion transport in complex organic materials is essential to many important
energy conversion approaches. Unfortunately, ion transport is poorly understood in terms of its relationship to
water content, morphology, and chemistry. While a great deal of research has focused on proton exchange
membranes, little work has been performed with anion exchange membranes. This MURI team is exploring the
fundamentals of ion transport by developing new polymer architectures (e.g., polymer membranes) using
standard and novel cations. These new polymer architectures and aqueous solutions containing representative
cations will serve as a model system for studies of anion transport and its relationship to polymer morphology.

The MURI team has successfully synthesized polystyrene-block-poly (vinylbenzyltrimethylammonium
tetrafluoroborate) (PS-b-[PVBTMA][BF4]) via sequential atom transfer radical polymerization (ATRP) of
styrene and vinyl-3/4-benzyl trimethyl ammonium tetrafluoroborate. Polystyrene-b-poly
(vinylbenzyltrimethylammonium hydroxide) (PS-b-[PVBTMA][OH]) was subsequently prepared by ion
exchange with hydroxide. The MURI team has also synthesized tris(2,4,6-trimethoxyphenyl)polysulfone-
methylene quaternary-phosphonium-hydroxide (TPQPOH), a phosphonium-based hydroxide exchange
membrane (HEM) which will be characterized in the following year (see FIGURE 20). TPQPOH shows high
conductivity (45 mS/cm and is tough, flexible, and stable in alkaline solution. The ability of TPQPOH to self-
crosslink provides added control over its mechanical properties and water uptake.

It is anticipated that in FY 12, the MURI team will characterize TPQPOH using small angle X-ray scattering,
NMR, and IR to determine the chemical and physical properties. In addition, new functional block copolymers
will be synthesized through combinations of anionic polymerization and nitroxide mediated radical
polymerization. Anionically-polymerized polybutadiene is produced with high 1,4-content and then converted to
a nitroxide functional chain end by substitution with 2,2,6,6-tetramethyl-1-(2-bromo-1-phenylethoxy) piperidine.
The nitroxide functional macroinitiator is used to polymerize a mixture of isomers of vinylbenzyl chloride to
produce a block of poly(vinylbenzyl chloride). The block copolymer is solution cast into films and then reacted
with trimethylamine to convert the benzyl chloride pendent groups into benzyltrimethylammonium groups,
making polybutadiene-blockpoly(vinylbenzyltrimethylammonium chloride) (PB-b-PVBTMA [Cl])).
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FIGURE 20

Structure of TPQPOH. TPQPOH was synthesized by the MURI team in FY11. In FY12, new functional block
copolymers will be synthesized. The new compounds, along with TPQPOH, will be extensively characterized in
FY12 using Small Angle X-Ray scattering, liquid and solid state NMR, and IR to determine their chemical and
physical properties. In addition, the chemical stability and conductivity at varying relative humidity will be
determined. These results will then be applied to the theory and modeling of anion transport at multiple length
scales.



D. Molecularly-defined Porous Thin Film From Cyclic Peptide-Polymer Conjugates
Professor Ting Xu, University of California - Berkeley, Single Investigator Award

The objective of this project is to synthesize peptide-polymer conjugates and prepare films with precise pore
sizes, shapes, and surface chemistry. The ultimate goal is to develop an understanding of the effects of polymer
composition and peptide-polymer assembly on film properties.

In FY12, it is anticipated that the research team take advantage of newly designed cyclic peptide nanotubes by
investigating their co-assembly with a commercially available triblock copolymer, Kraton, (polystyrene-block-
polyethylene/butylene-block-polystyrene; SEBS). SEBS can be readily processed into thin films, and
preliminary results revealed that cylindrical microdomains can be oriented normal to the surface

(see FIGURE 21). The investigator will synthesize peptide-polymer conjugates using PS or alkyl-based
polymers, and the co-assembly of cyclic peptide-polymer conjugates and SEBS in thin films will be investigated.
Initial studies on the co-assembly will be carried out on flat Si substrate, and assemblies of cyclic peptide-
polymer conjugates/SEBS blends on commercial membranes will be prepared. If successful, these studies may
provide a versatile approach to modify existing commercial membranes to control transport for a variety of
applications of interest to Army.

FIGURE 21

SEBS can be processed into thin films. This atomic force microscopy image of a 100 nm SEBS thin film
reveals hexagonally packed cylinders oriented normal to the surface. Image size: 1.5 x 1.5 um?

E. Thin Film Morphology of Block Copolymers with Strong Surface Associations
Professor Michael Hickner, Pennsylvania State University, Single Investigator Award

The objective of this research is to determine how the phase behavior and surface interactions of ion-containing
block copolymer thin films coated on solid substrates are influenced by the ion type, the functional groups, and
the properties of the polymer chain, thin film processing, and the solid surface chemistry.

In FY'12, it is anticipated that Professor Hickner and his research team will synthesize new block copolymers
with high ion conductivities and order them on surfaces. Previous research has shown that ion-containing block
copolymers tend to have a significant number of grain boundary defects (see FIGURE 22), likely due to kinetic
trapping during solvent casting of dense films. The strong attraction of ion-containing polymers to surfaces will
facilitate ordering of the phases over longer length scales than can be achieved in the bulk. The structure and
transport properties of these highly ordered materials will be characterized to probe the limits of fast transport in
these systems. Understanding how surface ordering and orientation controls the transport of water and other
small molecules and ions may enable the design of new polymer membranes for energy storage, water treatment,
and chemical protection applications.



FIGURE 22

lon-containing block copolymer showing grain boundaries in a bulk sample. Dark features highlight the
ionic channels in these materials. Surface-ordering of these structures will be used to create defect-free
structures over large length scales, which may lead to greatly increased ion transport.

D. Novel Colloidal and Dynamic Interfacial Phenomena in Liquid Crystalline Systems
Professor Nicholas Abbott, University of Wisconsin-Madison, Single Investigator Award

Professor Abbott’s research focuses on the fundamental understanding of the interfacial phenomena between
liquid crystalline phases and amphiphiles or nanoparticles. Experiments will be carried out to determine and
control the dynamic and equilibrium phase behaviors of amphiphiles at liquid crystalline/aqueous interfaces and
nanoparticle/liquid crystalline interfaces. Manipulation of the phase behavior will be attempted by varying the
liquid crystal (LC) composition, including the chemical composition, size of LC chain length, and LC phase

(see FIGURE 23). The ordering of silica nanoparticles will be controlled by varying the LC composition. The
fundamental knowledge gained through the proposed experiments will lead to a comprehensive understanding on
how to control interfacial properties and dynamics. This research has broad potential impact in the development
of hybrid materials for use in stimuli responsive materials, tunable plasmonic metamaterials, sensors, and
protective materials.
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FIGURE 23

Phase separation of monolayer of phospholipid. (A,c) polarized light micrographs and (B,D) fluorescent
micrographs of the labeled phospholipid reveal the phase separation of a monolayer of phospholipid at the
interface between a LC and aqueous phase. In the isotropic phase (A-B), the fluorescence image shows a
uniform distribution of lipid; upon inducing LC order (c-D), the lipid phase separates (D), which also leads to
patterned orientations of the LC (C).
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CHAPTER 4: COMPUTING SCIENCES DIVISION

I. OVERVIEW

As described in CHAPTER 1: ARO MISSION AND INVESTMENT STRATEGY, the purpose of the Army Research
Laboratory (ARL) - Army Research Office (ARO) publication ARO in Review 2011 is to provide information on
the programs and basic research efforts supported by ARO in FY11, and ARO’s long-term vision for
transitioning basic science research to enable new materials, devices, processes and capabilities for the current
and future Soldier. This chapter focuses on the ARO Computing Sciences Division and provides an overview of
the scientific objectives, research programs, funding, accomplishments, and basic-to-applied research transitions
facilitated by this Division in FY11.

A. Scientific Objectives

1. Fundamental Research Goals. The principal objective of the ARO Computing Sciences Division is to
provide increased performance and capability for processing signals and data, extract critical information and
actionable intelligence to enhance the warfighters’ situation awareness, improve decision making, and improve
weapon systems performance. The Division supports basic research efforts to advance the Army and nation’s
knowledge and understanding of the fundamental principles and techniques governing intelligent and trusted
computing systems. More specifically, the goal of the Division is to promote basic research to establish new
computing architectures and models for intelligent computing, to create novel data fusion and extraction
techniques for efficient information processing, and to build resilient computing systems for mission assurance.
The results of these research efforts will stimulate future studies and help to keep the U.S. at the forefront of
computing sciences research.

2. Potential Applications. In addition to advancing worldwide knowledge and understanding of computing
science, the research efforts managed in the Computing Sciences Division will provide the scientific foundation
to create revolutionary capabilities for the future warfighter. This program identifies and addresses the Army's
critical basic research problems in the computing sciences where progress has been inhibited by a lack of novel
concepts or fundamental knowledge. The transformation of the Army to the Future Force will require
investment in science and technology, especially computing and information science. Computing science is
pervasive in nearly all Army systems, particularly Command, Control, Communications, Computing,
Intelligence, Surveillance, and Reconnaissance (C4ISR) systems. The number of information sources on the
battlefield will grow rapidly; computing and information science research must provide the technology to
process this in real-time and ensure that Soldiers and commanders do not experience information overload that
could adversely affect their ability to make decisions. Also, in spite the increased complexity of future
battlefield information systems, dependence on them will only increase, therefore they must be extremely
reliable and secure. For this reason, computing science is a key technology underpinning the Future Force. The
research topics described here are needed to provide the Future Force the information processing, computing,
security, and reliability needed to achieve the vision of future Army operations. Research in this program has
application to a wide variety of developmental efforts and contributes to the solution of technology-related
problems throughout the Army’s Future Force operational goals.

3. Coordination with Other Divisions and Agencies. The Division’s research investment strategy is
coordinated with partner disciplines and computer scientists at ARO, other directorates within ARL, other Army
agencies, and related programs in other DoD and Federal agencies. The Division research portfolio is supported
by Army basic research Core funding with substantial additional resources from the Director Defense Defense
Research and Engineering (DDR&E), including the Multidisciplinary University Research Initiative Program
(MURI), and from other agencies, such as the Defense Advanced Research Projects Agency (DARPA), the
Department of Homeland Security (DHS), and the National Security Agency (NSA).



To effectively meet Division objectives and to maximize the impact of potential discoveries for the Army and the
nation, the Computing Sciences Division frequently coordinates and leverages efforts within its Program Areas
with Army scientists and engineers and with researchers in other DoD agencies. In addition, the Division
frequently coordinates with other ARO Divisions to co-fund awards, identify multi-disciplinary research topics,
and evaluate the effectiveness of research approaches. For example, interactions with the ARO Life Sciences
Division include promoting research to investigate effective human computer communication mechanism. A
successful research outcome may lead to a revolutionarily new way for human communications. The Division
also coordinates efforts with the Network Sciences Division to explore new techniques for robust and resilient
mobile ad hoc networks, to establish adversarial models for effective cyber defense, and to investigate
fundamental principles for trusted social computing. These interactions promote a synergy among ARO
Divisions and improve the goals and quality of each Division’s research areas. Each of the Program Areas
within the Division balances opportunity-driven research with high risk, high-payoff scientific exploration and
needs-driven efforts that look for solutions to the near-term needs of the warfighter.

B. Program Areas

To meet the long-term program goals described in the previous section, the Computing Sciences Division
engages in the ongoing identification, evaluation, funding, and monitoring of a variety of research projects. The
Division has identified several sub-disciplines, also called Program Areas, which provide a framework for the
evaluation and monitoring of research projects. In FY11, the Division managed research efforts within these
three Program Areas: (i) Information Processing and Fusion, (ii)) Computational Architectures and Visualization,
and (iii) Information and Software Assurance. As described in this section and the Division’s Broad Agency
Announcement (BAA), these Program Areas have their own long-term objectives that collectively support the
Division’s overall objectives.

1. Information Processing and Fusion. The goal of this Program Area is to understand the fundamental
principles and to establish innovative theories for data processing, information extraction, and information
integration toward real-time situational awareness and advanced targeting. There are five Thrusts for this
Program Area: (i) Mathematical Image Processing, (ii) Image Understanding, (iii) Data and Information Fusion,
(iv) Target Acquisition and Tracking, and (v) Brain-computer Interfaces. With the pervasive availability of
unmanned systems in future military operations, advanced sensing will be of critical importance to the future
force. This program emphasizes mathematical methodologies underlying automated sensing and scene
understanding. Research efforts support the development of novel algorithms for robust video-based tracking
under challenging urban environments. Also supported is research on area monitoring using a network of
cameras and other sensing modalities. Potential applications include detection of improvised explosive devices
and persistent surveillance. There is also a new research initiative on brain signal understanding for brain-
computer interfaces using both minimally invasive and non-invasive imaging modalities.

The increased capability of electronic systems and the proliferation of sensors are generating rapidly increasing
quantities of data and information to the point that system operators and commanders are overwhelmed with data
and saturated with information. An area of increasing importance is data and information integration or fusion,
especially fusion of data from disparate sensors and contextual information. Research activities address several
basic issues of data fusion, including information content characterization of sensor data, performance modeling,
and the value of information.

2. Computational Architectures and Visualization. The two main Thrusts of this Program Area are
Computational Architectures (CA) and Visualization (V). The goal of the CA Thrust is to discover new effective
architectures, computational methods, and software tools for future computing systems with special emphasis on
the effect that the technological shift to heterogeneous, multi-core processors will have on newly-developed
systems. The goal of the V Thrust is to make very large simulations and the visualization of massive data sets
more computationally efficient and more interactive for the user. An overarching theme for both Thrusts is the
efficient managing and processing of massive data sets. This is due to the fact that the Army’s ability to generate
data of all types from the battlefield to the laboratory far outpaces the Army’s ability to efficiently manage,
process, and visualize such massive amounts of information. The CA Thrust attempts to address this issue by
investigating innovative architectural designs of both hardware and software components and their interfaces.



The V Thrust addresses the issue by investigating innovative algorithms to render massive data sets and/or
massive geometric models and to perform large scale simulations of importance to the Army.

The long-term payoffs of the CA Thrust for the Army include new computer modeling and design concepts (or
paradigms) as well as software libraries that take advantage of these new multi-core processors and that are
scalable (usable on large-scale complex problems and able to handle massive amounts of data) and accurate
(precise enough to predict and detect phenomena of interest) for both the laboratory and the battlefield. A payoff
associated with the V Thrust is the development of more efficient, interactive, and physically realistic battlefield,
training, and scientific simulations.

3. Information and Software Assurance. The goal of this Program Area is to understand the fundamental
principles of robust and resilient systems that can enable the corresponding functions to be sustained under
adversarial conditions. The studies guided by this program will enable and lead to the design and establishment
of trustworthy computing and communication, regardless of threat conditions. The ARO program on
Information Assurance currently has two major Thrust areas: (i) Highly Assured Tactical Information and (ii)
Resilient and Robust Information Infrastructure. The goal of the Highly Assured Tactical Information Thrust is
to gain new scientific understandings for trustworthy tactical communications and for establishing fundamental
principles and models for robust and resilient tactical information processing. The Resilient and Robust
Information Infrastructure Thrust promotes research efforts on cyber situation awareness theory and framework,
which combines intrusion prevention, detection, response, and recovery together and establishes fundamental
scientific principles for building mission-sustaining information systems (e.g., software/hardware,
computing/communication systems).

Within these research areas, high-risk, high pay-off research efforts are identified and supported to pursue the
program’s long-term goal. Research in the Resilient and Robust Information Infrastructure Thrust is focused on
exploring and establishing resilient computing and survivability principles, and understanding system trade-off
among performance, resiliency, and, survivability. The Highly Assured Tactical Information Thrust may lead to
the development of novel situation awareness theories and techniques to obtain an accurate view of the available
cyber-assets, to automatically assess the damage of attacks, possible next moves, and impact on cyber missions,
and also model the behavior of adversaries to predict the threat of future attacks on the success of a mission.
Information assurance for the individual Soldier and for the systems that the Army must employ in the next few
years is of paramount importance to the defense of this nation. The Objective Force must have unprecedented
situational awareness (including enemy and friendly awareness) at all times. It follows then, from the Army
perspective, that information assurance must address the delivery of authentic, accurate, secure, reliable, timely
information, regardless of threat conditions, over heterogeneous networks consisting of both tactical (mobile,
wireless) and fixed (wired) communication infrastructures. As the Army places more reliance on winning the
information war and providing the Soldier with highly automated and sophisticated tools, there must be an
increased and improved awareness of the vulnerabilities that these systems possess. Ubiquitous, mobile,
wireless, scalable, high-speed, and highly-assured information processing systems will be placed in areas of
usage never imagined in the past. Attacks on these systems will occur from hostile forces in times of war and
times of peace.

C. Research Investment

The total funds managed by the ARO Computing Sciences Division for FY11 were $22.6 million. These funds
were provided by multiple funding agencies and applied to a variety of Program Areas, as described here.

The FY11 ARO Core (BH57) program funding allotment for this Division was $3.1 million. The DoD Multi-
disciplinary University Research Initiative (MURI), the Defense University Research Instrumentation Program
(DURIP), and the Presidential Early Career Award for Scientists and Engineers (PECASE) program provided
$9.4 million to projects managed by the Division. The Small Business Innovation Research (SBIR) and the
Small Business Technology Transfer (STTR) programs provided $2.7 million for awards in FY11. Finally, $7.4
million was provided for awards in the Historically Black Colleges and Universities and Minority Institutions
(HBCU/MI) Programs, which encompasses funding for active BH57-funded (Core) HBCU/MI projects, DoD-
funded Partnership in Research Transition (PIRT) projects, DoD-funded Research and Educational Program
(REP) projects, and/or DoD-funded Instrumentation awards to Tribal Colleges and Universities (TCU).



II. RESEARCH PROGRAMS

ARO participates in the identification and management of projects within many research programs that are
supported with funds from a variety of DoD sources. For a detailed description of the purposes and goals for
each of these programs, refer to CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. Unless otherwise
noted, the following sub-sections identify the research awards managed by this Division that began in FY 11
(i.e., “new starts”), categorized by program type.

A. ARO Core (BHS7) Program

As discussed in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES, the Army provides funds for the
ARO Core (BH57) research program. The primary goal of the Core program is to support high-risk, high-payoff
basic research projects. These projects include single investigator (SI) grants, Short Term Innovative Research
(STIR) grants, and conferences and workshops (the largest of which are discussed in the following section).
Research projects are identified by a variety of means, including discussions with potential investigators, which
may lead to white papers and proposal submissions. Proposals are selected for funding within each ARO
Division (i.e., scientific discipline) that take advantage of scientific opportunities that address Army needs and
interests with long-term, high-risk ideas. These funds constitute a key mechanism for the Army's support of
fundamental research efforts. Selected projects are discussed later (see Sections I1I-V) with a focus on recent
scientific accomplishments, technology transitions, and anticipated accomplishments.

B. Workshops and Symposia

1. ARO Workshop on Hardware Security (11-12 April 2011, Arlington, VA). The aim of this workshop was
to provide a deeper understanding of the hardware-oriented security and trust problem. Currently, many
researchers in academia and industry are investigating various aspects of the problem such as IC authentication,
hardware trust, IP security and trust, physically un-clonable functions, watermarking, IC metering, un-trusted
foundry, and hardware cryptography. The workshop provided a forum to discuss the above challenging issues
and current solutions, in addition to helping provide a detailed roadmap for researchers as well as ARO.

2. Workshop on Frontiers in Computer Vision (Cambridge, MA; August 20-24, 2011). Computer vision
began with the goal of building machines that can see like humans and perform perception for robots, but the
idea has broadened since inception. Applications such as image database searches via the internet,
computational photography, security, assistive systems, medical image processing, biological imaging, vision for
graphics, biometrics, document analysis, vision for nanotechnology, and analysis of videos, were completely
unanticipated, and other applications arise as computer vision technology continues to develop. The objective of
this ARO/NSF workshop was to explore frontiers of computer vision, articulate a national computer vision
agenda, and provide a roadmap for computer vision research. Specifically, the workshop (i) identified the future
impact of computer vision on the nation’s economic, social, and security needs, (ii) outlined scientific and
technological challenges to address, and (iii) drafted a roadmap to address those challenges.

3. Triangle Computer Science Distinguished Lecture Series (Research Triangle Park, NC; throughout
FY11). The Triangle Computer Science Distinguished Lecture Series is jointly administered by the Computer
Science departments at Duke University, North Carolina State University, and the University of North Carolina -
Chapel Hill. Nine distinguished lecturers are invited to the Research Triangle Park (RTP) area each year. The
lecturer presents a talk at one of the three universities and the talk is transmitted over NC-REN, a statewide
microwave video and digital network that links eleven research and educational institutions. NC-REN sites are
located in Research Triangle Park and at each host department thus encouraging participation by not only faculty
and students but local computer professionals from industry as well. The broadcasts are also electronically
recorded and stored for later viewing. The lecturer spends at least two days in RTP and visits all three
universities. This lecture series has been extremely successful in attracting leading researchers in computer
science to the RTP area. The series has promoted and continues to promote collaboration between the three
sponsoring universities, interaction with local industry, and to publicize Army interests to a wide audience.



C. Multidisciplinary University Research Initiative (MURI)

The MURI program is a multi-agency DoD program that supports research teams whose efforts intersect more
than one traditional scientific and engineering discipline. The unique goals of the MURI program are described
in detail in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. These awards constitute a significant
portion of the basic research programs managed by the Computing Sciences Division; therefore, all of the
Division’s active MURIs are described in this section.

1. Sensor Network Structure for Dependable Fusion. This MURI began in FY(07 and was awarded to a team
lead by Professor Shahi Phoha at the Pennsylvania State University. The goal of this research is to develop
theoretical foundations and validation to address: (i) proliferation of multi-source sensor data due to DoD’s
tactical shift to network-centric warfare, (ii) urban area monitoring demands for fighting the asymmetric warfare,
and (iii) collaboration needs of future military devices or systems.

The emphasis of these studies is on network science, which enables construction of sensor networks to support
dependable information fusion. The research is based on fundamental concepts of space-time neighborhoods in
the vicinity of events, symbolization, nonlinear filtering, and computational geometry to formulate rigorous
mathematical methods and algorithms to capture the causal dynamics of distributed information fusion processes
in urban sensor networks. These studies could potentially lead to robust and resilient sensor networks for
monitoring a given urban area in support of defense missions.

2. Brain-to-muscle Communication. This MURI began in FY08 and is led by Professor Gerwin Schalk at
Albany Medical College. The objective of this MURISs is to understand the mechanisms of brain nerve-to-
muscle signaling so that brain signals can be exploited to provide an accurate, real-time assessment of the user’s
intentional focus, eye movements, and imagined speech. This MURI is co-managed by the Life Sciences
Division, and examines similar, but complementary concepts as the Life Sciences Division MURI project led by
Professor Michael D’Zmura (see CHAPTER 7: LIFE SCIENCES DIVISION).

This MURI focuses on three research areas: (i) the methods and algorithms for decoding brain signal recordings
of brain cortical activity during covert speech, (ii) communication of covertly-spoken thought using an
augmented-reality audio system with a spatialized speech channel, and (iii) exploitation of brain signals for
interface design and the development of algorithms using only non-invasive recordings. This research could
potentially lead to a silent, brain-based communication and orientation system to provide a communication
channel between humans and computers and improved human-computer interfaces.

3. Principles for Robust and Resilient Tactical Mobile Ad-hoc Networking Systems (MANETs). Two
MURISs in this topic area began in FY08, with one research team led by Professor Vigil Gligor at the University
of Maryland and the other led by Professor Prasant Mohapatra at the University of California, Davis. The goal
of these MURIs is to use insights from multiple disciplines, such as network science, engineering, mathematical
science, and systems theory to develop the analytical models, tools, and mathematical representations for
assessing, prescribing, analyzing, and predicting the behavior of robust and resilient mobile ad hoc networks
under a total threat spectrum, and to provide security, robustness and resilience for tactical MANETs.

These efforts focus on addressing one of the main research challenges of the Computing Sciences Division,
Information and Software Assurance Program, Highly Assured Tactical Information Thrust. The research teams
will investigate: (i) mathematical representations and tools for modeling and analysis of resilient and robust
MANETS, (ii) theories that explain the MANET layered architecture and cross layer interaction (both intentional
and unintentional), (iii) theories that elucidate the relationships and understanding of the trade-offs between
fragility and robustness, (iv) interaction of networks, particularly, MANETS, low energy wireless sensor
networks, and wired communications networks, and (v) design of MANET survivability algorithms and
architecture, resilient management mechanisms, threat spectrum analysis for information applications on
MANETSs, fault tolerant and attack resilient communication protocols, survivability requirements engineering,
and security and trustworthiness in MANETs.

The team led by Professor Gilgor is using a research approach based on the fundamental principles of active
protocol monitoring for performance, stability and adversary handling, of employing communication channel
diversity for robust end-to-end operation in the face of failures and deliberate attacks, and of exploiting cross-
layer interaction for predicting the effects of performance changes caused by layer-specific failures and attacks



on end-to-end MANET operation. Design and analysis techniques found in network theory, statistics, game
theory, cryptography, economics and sociology, and system theory are used to develop, design and analyze
models, tools, and mathematical representations for predicting performance and prescribing resilient, secure
MANETs.

The team led by Professor Mohaptra is developing a cross layer architecture that provides comprehensive
security and resilience. Depending on the services desired the new architecture will be able to adaptively
provide the right trade-offs between performance, security and fault-resilience. The team currently undertakes
three parallel but inter-coupled tasks geared towards (i) performing measurements via real deployments and
enhancing understanding of layer dependencies and vulnerabilities in mobile ad hoc networks, (ii) building
analytical models to characterize the behavioral nuances of these networks, and (iii) designing new cross layer
protocols that protect against vulnerabilities and provide the desired robustness.

4. Cyber Situation Awareness. Two MURLISs in this topic area began in FY09, with one research team led by
Professor Richard Kemmerer at the University of California, Santa Barbara, and the second team led by
Professor Peng Liu at the Pennsylvania State University. The goal of these projects is to explore cyber situation
awareness theories and frameworks that may support effective defense against cyber attacks, and to develop new
algorithms and systems that can assist human analysts' cognitive situation awareness processes and decision
making.

Complete situation awareness leads to effective defense and response to cyber attacks, especially those launched
by adversaries with state sponsorship. The ability to extract critical information and build intelligence leads to a
better capability in attack prevention, detection and response and in sustaining critical functions and services.
The team will focus their research in the following key areas: (i) situation (knowledge and semantics)
representation and modeling that support multi-level abstraction and transformation of data to intelligence, (ii)
information fusion that can effectively combine raw and abstracted intelligence of different confidence levels to
support optimal response, (iii) uncertainty management and risk mitigation through probabilistic
hypotheses/reasoning and sensitivity control, which uses multi-level statistical analysis to manage incomplete
and imperfect situation information, (iv) leverage cognitive science understandings to automate human analysts'
cognitive situation-awareness processes (to recognize and learn about evolving situations, to create automated
hypothesis generation, and to reason in both pre-attack planning and post-attack response), (v) develop a new
framework unifying perception, comprehension, and projection functions and integrating situation recognition,
impact assessment, trend analysis, causality analysis, and situation response together, (vi) establish advanced
mathematic models for quantitative analysis and assessment of system assurance, and (vii) rapid repair, recovery
and regeneration of critical services and functions as part of automatics response to attacks.

In this research, novel situation awareness theories and techniques will be investigated to obtain an accurate view
of the available cyber-assets and to automatically determine the assets required to carry out each mission task. A
proposed situation awareness framework that ties together cyber assets, cyber configuration, attack impact, threat
analysis and situation visualization under cyber mission is illustrated in FIGURE 1.
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FIGURE 1

Cyber situation framework for attack analysis, prediction, and visualization. This framework incorporates
cyber assets, cyber configuration, attack impact, threat analysis, and situation visualization.

5. Principles of Object and Activity Recognition Using Multi-Modal, Multi-Platform Data. This MURI
began in FY09 and was awarded to a team lead by Professor Richard Baraniuk at Rice University to gain a
fundamental understanding of opportunistic sensing and to create a principled theory of opportunistic sensing
that provides predictable, optimal performance for a range of different sensing problems through the effective
utilization of the available network of resources.

There are four focus areas in this research focusing on developing a theory of sensing that can provide:

(1) scalable sensor data representations based on sparsity and low dimensional manifolds that support
dimensionality reduction through compressive sensing, (ii) scalable data processing for fusing image data from
multiple sensors of potentially different modalities for activity detection, classification, and learning, (iii)
opportunistic optimization, feedback, and navigation schemes for multiple mobile sensor platforms that
adaptively acquire data from new perspectives to continuously improve sensing performance, and

(iv) experimental validation on real-world inputs, such as multi-camera video, infrared, acoustic, and human
language.

6. Value-centered Information Theory for Adaptive Learning, Inference, Tracking, and Exploitation.

This MURI began in FY'11 and was awarded to a team lead by Professor Alfred Hero III at the University of
Michigan. The objective of this MURI effort is to lay the foundation for a new information theory that applies to
general controlled information gathering and inference systems and accounts for the value of information. The
theory will be built on a foundation of non-commutative information theory, free probability theory, differential
geometric representations of information, and the theory of surrogate information measures. This theory will
result in improving our understanding of the fundamental limits of performance and create better algorithms for
extracting and exploiting information in distributed sensor systems.

In this effort, research will focus on multiple-modality multiple-sensor fusion problems that use consensus
fusion, contextual graphical models, gossip algorithms, and likelihood maps to aggregate information for
tracking, surveillance, and other tasks. Topics of interest include resource management in adversarial
environments, mobile sensors, and multistage mission planning. Emphasis is placed on creating a powerful
theory of actionable information that accounts for value of information and the economic costs of deploying or



maneuvering sensors to achieve a particular mission objective. The research approach comprises of three inter-
related research themes that collectively address the most critical research challenges in distributed sensing.
These thrusts are: (i) information-driven structure learning and representation, (ii) distributed information
fusion, and (iii) active information exploitation for resource management. An end-to-end framework will be
created that will result in better raw sensor data acquisition and processing, more accurate multi-target tracking,
and improved fusion.

D. Small Business Innovation Research (SBIR) — New Starts

Research efforts within the SBIR program have a more applied focus relative to efforts within other programs
managed by ARO, as was discussed in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES.

1. LurelID: A Scalable, Highly Accurate Anti-Phishing Filter. A Phase I SBIR contract was awarded to
Odyssey Research Associates, Inc. to develop and commercialize LurelD: an automated tool for real-time
detection and elimination of phishing attacks. Phishing is an increasing danger to the military and other
organizations that must prevent information leakage. Targeted phishing (spear-phishing) and even regular
phishing attempts evade regular spam detectors because phishing attacks are designed to look like legitimate e-
mail. Furthermore, spam detectors expect high false positive rates and force users to periodically analyze
rejected messages. The SBIR project will develop high-accuracy, low-latency automatic identification and
mitigation techniques to detect and stop phishing attacks. A successful R&D outcome will lead to new
capabilities to be able to rapidly identify and stop suspicious emails with a high confidence.

2. Robust and Efficient Anti-Phishing Techniques. Two Phase I SBIR contracts were awarded to Altusys
Corporation and Wombat Security Technologies to establish robust and efficient anti-phishing techniques.
Phishing emails have become a significant threat to mission success, civilian infrastructure, and civilian
enterprise success. The SBIR project will develop high-accuracy, low-latency automatic identification and
mitigation techniques to detect and stop phishing attacks. A successful R&D outcome will lead to new
capabilities to be able to rapidly identify and stop suspicious emails with a high confidence.

3. Angler: Phishing Prevention and Defense Framework. A Phase I SBIR contract was awarded to
Pikewerks Corporation to research and develop automated system for preventing and protecting against phishing
and spear phishing attacks across a broad spectrum of user and email interaction. The SBIR project will develop
high-accuracy, low-latency automatic identification and mitigation techniques to detect and stop phishing
attacks. A successful R&D outcome will lead to new capabilities to be able to rapidly identify and stop
suspicious emails with a high confidence.

4. Preventing Sensitive Information and Malicious Traffic from Leaving Computers. Two Phase I SBIR
contracts were awarded to Siege Technologies, LLC and RAM Laboratories, Inc. to develop a system to prevent
sensitive information and malicious traffic from leaving computers. The ability to mitigate information leakage
from enterprise networks is a critical capability for both the military and commercial sectors. Without such
capabilities, a single compromised host has the ability to transfer large amounts of sensitive information out of
the network. This project will research and develop real-time, automatic identification and mitigation techniques
to detect and stop unauthorized information leakage as well as unwanted and malicious traffic emanating from a
computer at all time and locations. New techniques and implementations will be developed to monitor
applications and user activities on a computer in order to detect and stop outgoing data and traffic that is not
intended or authorized by the user or security policies.

5. Enforcing Hardware-Assisted Integrity for Secure Transactions from Commodity Operating Systems.
A Phase I SBIR contract was awarded to Secure Command, LLC to develop a secure hardware-assisted
switching system as a form of a Tailored Trustworthy Space (TTS) that will allow users to switch between an
untrusted operating system and a trusted operating system on the same machine, on demand, with a very short
switching time. With the increased reliance on personal computers for everyday activities, operating systems
and applications have increased in both size and complexity. There is a need to ensure the integrity and trust for
the entire software stack, including the underlying operating system. This project will research and develop real-
time, automatic identification and mitigation techniques to detect and stop unauthorized information leakage as
well as unwanted and malicious traffic emanating from a computer at all time and locations. New techniques and



implementations will be developed to monitor applications and user activities on a computer in order to detect
and stop outgoing data and traffic that is not intended or authorized by the user or security policies.

6. Gyrus: Preventing Sensitive Information and Malicious Traffic from Leaving Computers. A Phase I
SBIR contract was awarded to Security Axioms, Inc. to develop a system, Gyrus, which will stop malware from
communicating with another host, thus preventing the malware from fulfilling its malicious goals such as
information theft and sending out attack traffic. This project will research and develop real-time, automatic
identification and mitigation techniques to detect and stop unauthorized information leakage as well as unwanted
and malicious traffic emanating from a computer at all time and locations. New techniques and implementations
will be developed to monitor applications and user activities on a computer in order to detect and stop outgoing
data and traffic that is not intended or authorized by the user or security policies.

E. Small Business Technology Transfer (STTR) — New Starts

In contrast to many programs managed by ARO, the STTR program focuses on developing specific applications,
as was described in CHAPTER 2: PROGRAM DESCRIPTIONS AND FFUNDING SOURCES.

1. Analysis of Target Surface Characterization. A Phase II STTR contract was awarded to Spectral Sciences,
Inc., in partnership with Professor Alexei Maradud at the University of California, Irvine, to develop an extended
Laser Radar (LADAR) capability for characterizing and classifying surface material and texture by exploiting
multispectral polarimetric LADAR signatures utilizing the Bidirectional Reflectance Distribution Function
(BRDF). This innovation will unify waveband spectra, polarization, tomographic reconstruction, and material
science with LADAR-based remote target classification. The key features of the capabilities to be developed in
this project include BRDF modeling, a database of target and ground materials, range profile simulation, and
material inversion algorithms.

2. A System to Analyze Facial Features to Enable Operator Condition Tracking (AFFECT). A Phase II
STTR award was made to Charles River Analytics in partnership with Professor Mark Frank, University of
Buffalo to design and demonstrate a system, the Analyze Facial Features to Enable Operator Condition Tracking
(AFFECT) system, for non-contact classification of Stress, Anxiety, Uncertainty, and Fatigue (SAUF) in
interface applications. The AFFECT system combines classification techniques with a multi-dimensional,
temporal data model of novel visible and thermal features to enable automatic, non-invasive detection of SAUF
conditions in a subject. The development of this technology will in turn enhance training, workflow, and overall
effectiveness of the Soldier and analysts.

3. Dynamically Programmable and Adaptive Multi-band Compressive Imaging System. A Phase I STTR
award was made to Bridger Photonics Inc. in partnership with Dr. Amit Ashok, University of Arizona, to develop
a passive multi-band compressive sensor for imaging and object recognition applications. Multi-band systems
offer enhanced discrimination capability and the ability to perform in adverse conditions (e.g., night, smoke,
fog). Compressive sensing is ideally suited to multi-band imaging systems as it offers improved performance
while reducing size, weight and power, as well as hardware and data bandwidth requirements. Compressive
sensing is particularly beneficial when some of the desired spectral bands lie outside of the visible spectrum as
focal plane arrays, especially in the mid-wave and long-wave IR bands, have poor performance and high costs.
This project aims to develop an advanced compressive sensing algorithm for operating any compressive, multi-
band imager, and ultimately to design a prototype system and determine its feasibility.

4. Interactive Acoustic Simulation in Urban and Complex Environments. Two Phase I STTR contracts
were awarded to Impulsonic, Inc. (in partnership with Professor Dinesh Manocha at the University of North
Carolina, Chapel Hill), and to EE Boost, Inc. (in partnership with Professor Tian Xiao at North Carolina State
University), to develop efficient acoustic simulation technologies that can model large urban and complex
environments. These projects will address deficiencies in current state-of-the-art outdoor acoustics prediction
methods that are restricted, slow, or limited to simple environments. No existing method can simultaneously
model atmospheric acoustical phenomena, surface interactions with terrain and obstacles, and moving sound
sources; therefore, these projects aim to develop novel hybrid acoustics prediction techniques to model complex
urban and outdoor environments.



F. Historically Black Colleges and Universities and Minority Institutions (HBCU/MI) — New Starts

The HBCU/MI and related programs include the (i) ARO (Core) HBCU/MI Program, which is part of the ARO
Core BAA, (ii) Partnership in Research Transition (PIRT) Program awards, (iii) DoD Research and Educational
Program (REP) awards for HBCU/MI, and (iv) DoD Instrumentation awards for Tribal Colleges and Universities
(TCU). The FY11 new starts within these programs are described here, while the missions of each of these
programs were described CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES.

1. DoD REP Awards. As described in more detail in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING
SOURCES, REP awards aim to enhance or increase the programs, capabilities, and graduates in scientific and
engineering disciplines in universities serving underrepresented minorities. In FY11, the Computing Sciences
Division managed six new REP projects, totaling $2.8 million. The equipment purchased with these awards is
promoting research in areas of interest to ARO, including efforts to investigate compressive sensing and ultra-
wideband radar technology for detection and imaging, to investigate virtual interfaces and characteristics with
respect to human responses with these interfaces, and to explore the use of mobile sensing platform to enhance
security of wireless sensor networks.

2. DoD TCU Instrumentation Awards. As described in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING
SOURCES, the TCU program aims to enhance science, mathematics, and/or engineering education programs
and/or research capabilities through the acquisition of equipment and/or instrumentation that will augment
existing facilities, enhance curricula, or help develop new laboratories, programs, and capabilities in these areas.
In FY'11, the Computing Sciences Division managed one new TCU project. The equipment purchased with
these awards is promoting education and research in areas of interest to ARO, including equipment for training
faculty in multimedia techniques.

G. Presidential Early Career Award for Scientists and Engineers (PECASE) — New Starts

No new starts were initiated in FY'11.

H. Defense University Research Instrumentation Program (DURIP)

As detailed in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES, the DURIP program supports the
purchase of research equipment to augment current university capabilities or to develop new capabilities for
conducting cutting-edge research relevant to long-term Army needs. In FY11, the Computing Sciences Division
managed seven new DURIP projects totaling $1.4 million. The university laboratory equipment purchased with
these awards is promoting research in areas of interest to ARO, including resilient wireless communication
systems, large scale modeling, simulation, and visualization of complex dynamics and phenomena, multi-robot
collaboration, opportunistic sensing, and new techniques for providing cyber-security to both data networks and
telecommunication infrastructure.

I. Congressionally-directed Cyber-security Laboratory (CyLab) at Carnegie Mellon University (CMU)

The CMU CyLab combines the efforts of more than 40 researchers and 100 students from the College of
Engineering, the School of Computer Science and H. John Heinz III School of Public Policy and the CERT
Coordination Center. In the area of information assurance, current research is carried out under six themes: (i)
Resilient and Self-Healing Systems, (ii) User Authentication and Access Control, (iii) Software Measurement
and Assurance, (iv) Information Privacy, (v) Threat Prediction Modeling, and (vi) Business and Economics of
Information Security. The CMU CyLab is working closely with ARO to discover breakthrough technologies that
can secure and protect the computing and communication capabilities of the Army. Successful results from these
research efforts will contribute to the development of a highly assured, efficient, and survivable information
system for future combat forces.



J. Congressionally-directed Cyber-Threat Analytics (Cyber-TA) Research Consortium

The mission of the consortium is to explore and develop advanced capabilities to defend against large-scale
network threats and to create new technologies to enable next-generation privacy-preserving digital threat
analysis centers. Currently, the consortium is led by SRI International, a non-profit research institute. The
consortium consists of nine universities, two non-profit research organizations, and three small businesses, with
more than 20 researchers participating. The project thrusts focus on: (i) privacy-preserving schemes for
internet-scale collaborative sharing of sensitive information and security log content, (ii) real-time Malware-
focused alert correlation analyses, including contributor-side correlation applications with repository-side
reassembly, and (iii) new threat-warning dissemination schemes to rapidly inform large-scale multi-enterprise
environments of new attack patterns and malware mitigation strategies that take advantage of the collaborative
data correlation analysis. The researchers have already developed cutting-edge technologies and new tools that
have been deployed to protect DoD information infra-structure. Most recently they developed effective analysis
tools and counter-measures against the latest wave of intelligent attacks, such as the Conficker computer worm.

K. Congressionally-directed Secure Open Source Institute (SOSI)

A national center was established at North Carolina State University in FYO0S8 to carry out research and develop
trustworthy open source systems, techniques, and tools. The goal of the center is to develop a new computing
architecture called a Secure Virtual Computing Architecture (SVCA) that will provide on-demand and secure
delivery of a generalized computing environment (from a plain desktop, to classroom sized group of users, to
cluster of servers, to high-performance computing) to an authenticated and authorized user located anywhere in
the world. The system will be engineered such that there is mutual trust between the system, user data, and the
users themselves. Several industry partners (e.g., Red Hat, IBM, Cisco, Nortel) are collaborating with
researchers to facilitate technology transfers and conduct joint research. The researchers at the center have
recently focused on developing cost effective security solutions for virtual computing and cloud computing.



III. SCIENTIFIC ACCOMPLISHMENTS

This section identifies fundamental research discoveries, results, and accomplishments that originated from
research efforts funded and/or monitored by the Computing Sciences Division.

A. Sparse Representation of Multimodality Sensing Databases for Data Mining and Retrieval
Professor Alfred Hero, University of Michigan, Single Investigator Award

Professor Hero has utilized spatiotemporal analysis using information theory to investigate two new information
theoretic methods for image and video representation: Fisher Information Non-linear Embedding of Video
(FINE-V) manifolds and Shrinkage Optimized Directed information Assessment of Video (SODA-V) for human-
interaction-based indexing and retrieval. These information theoretic representations capture video features by
exploiting intrinsic geometric structure of the associated joint probability distributions. Unlike classical model-
free discriminant models these information representations are sensitive to non-linear and time varying structure
that exists in the full feature probability distributions. Furthermore, unlike model based approaches a minimum
of model assumptions are required: the joint distributions are estimated directly from the data and parsimony is
achieved by dimensionality reduction (FINE-V) or shrinkage (SODA-V). As a result, the new information
theoretic representations naturally handle high dimensionality features without brittle models, reduce the effect
of nuisance parameters, have as good or better performance than competing methods, and simplify theoretical
analysis of accuracy. The significance of a simplified accuracy analysis is that the analysis is used to both
predict performance for benchmarking and also to specify automated procedures for selecting optimum tuning
parameters, thereby eliminating the need for human intervention in implementation.

FINE-V has been tested to indexing and retrieval of videos in a database. By performing the FINE-V embedding
of similarities between the embedded trajectories of two or more videos, the videos can be compared using curve
distance measures such as geodesic Haussdorf. In this embedded space one can quickly and accurately identify
frames in a pair of videos that contain common information: these will correspond to points of intersection or
near intersection of the two curves. It has been demonstrated that this novel approach outperforms traditional
approaches to video indexing and retrieval with real world data. The new SODA-V framework was validated for
human-interaction-based indexing and retrieval of videos with impressive results. SODA is an information
measure that is specifically designed to extract “causal” relations between objects over time. As physical
phenomena unfold over time in a video they generate events whose mutual dependency is directed and
asymmetric: past events influence future events but not conversely (see FIGURE 2).
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FIGURE 2

Utilizing SODA-V to extract “causal” relations between objects over time. SODA-V (DI) is an information
measure specifically designed to extract relations between objects over time, as illustrated by purposeful human
behavior that generates highly complex non-linear patterns of directed dependency.



Among all such phenomena, purposeful human behavior generates some of the most highly complex non-linear
patterns of directed dependency. Model-free information theoretic approaches have been previously proposed to
discriminate complex human activity patterns but have only had limited success. SODA-V is a very different
measure of information that is more sensitive to strongly directed non-linear dependencies in observable
behavioral events. The SODA-V approach is conceptually simple, is of low implementation complexity, and
selects tuning parameters automatically and in an optimal manner. It has been demonstrated that SODA-V
performance on indexing/retrieval tasks and activity clustering tasks is superior to the state of the art for videos
containing human interactions (see FIGURE 3).
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FIGURE 3

SODA-V captures strongly causal events. SODA-V is more sensitive to strongly directed non-linear
dependencies in observable behavioral events. SODA-V performance on indexing/retrieval tasks and activity
clustering tasks is superior to the state of the art for videos containing human interactions.

B. Physics-based Approaches to Visual Scene Analysis
Professor Todd Zickler, Harvard University, Single Investigator Award

Most cameras capture three spectral measurements (red, green, blue) to match human trichromacy, but there is
additional information in the visible spectrum that can be exploited by vision systems. Hyper-spectral images
provide a dense spectral sampling at each pixel and have proven useful in many domains, including remote
sensing, medical diagnosis, and biometrics. These images may also be able to simplify the analysis of everyday
scenes. When developing vision systems that acquire and exploit hyper-spectral imagery, investigators aim to
exploit knowledge of the underlying statistical structure. By modeling the inter-dependencies that exist in the
joint spatio-spectral domain, it should be possible to build, for example, more efficient systems for capturing
hyper-spectral images and videos, and better tools for visual tasks such as segmentation and recognition. Unlike
previous analyses that have separately considered the spectral statistics of point samples, Professor Zickler has
analyzed the statistics of large number of real images. The spatial and hyper-spectral dimensions are jointly used
to uncover additional structure. Different choices of spatio-spectral bases for representing hyper-spectral image
patches have been evaluated. The researchers discovered that a separable basis for image representation is
appropriate, and characteristics of the statistical properties of the coefficients in this basis have been established.
The basis was found to be sparse and inter-dependent, which establishes the physical foundation of the
compressive sensing research for hyper-spectral image representation and analysis.

C. Interactive Computational Algorithms for Acoustic Simulation in Complex Environments
Professors D. Manocha and M. Lin, University of North Carolina - Chapel Hill, Single Investigator Awards

The objectives of these projects are to develop new interactive algorithms for acoustic simulation for analyzing
wave propagation in complex environments. This research could offer fundamental scientific capabilities for
solving wave/sound propagation problems in highly complex, vast domains for seismology, geophysics,



meteorology, geomagnetism, urban planning, and immersive training. The research efforts include the
development of accurate numerical methods for the wave equation, fast solutions based on sound field
decomposition or geometric propagation, and development of hybrid numeric/geometric solutions. They will
also develop parallel algorithms that can exploit the parallel capabilities of current multi-core CPUs and many-
core GPUs for fast computations.

In FY11 these researchers developed efficient and accurate simulations of sound propagation in 3D. An order of
magnitude performance gain was achieved compared to standard Finite Difference implementations by
exploiting the known analytical solution of the Wave Equation in rectangular domains combined with ray tracing
techniques from computer graphics. In addition, a high performance supercomputer facility is not required. The
researchers were able to efficiently implement their techniques on a desktop computer which has not been
previously accomplished for sound propagation in large complex urban scenes (see FIGURE 4). Acoustic
scientists at the U.S. Army Corps of Engineers (USACE) have also collaborated in this research. The USACE
researchers are interested in developing fast algorithms for sound field computations for situations where neither
prior low-frequency nor high-frequency methods are appropriate, and when there is some randomness in the
propagation, but not enough that the problem can be modeled using a random scattering theory.
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FIGURE 4

Sound simulation in a cathedral. The dimensions of this scene are 35m x 15m x 26m and it contains 11.9
million simulation cells. Numerical sound simulation for a 2 second long impulse response on this complex
scene was performed on a desktop computer in 15 hours, taking 1.5GB of memory. A commonly used approach,
Finite-Difference Time-Domain (FDTD) method, would take 2 weeks of computation and 25GB of memory for this
scene.

D. Realistic Simulation of Environments of Unlimited Size in Immersive Virtual Environments
Professor Eric Bachmann, Miami University, Single Investigator Award

Immersive virtual environments (VE) hold great promise for training, education, research, and entertainment.
Unlike “desktop VEs” or “CAVEs,” immersive VEs treat the user’s body as an input device, and thus fully
incorporate body-based sources of information. The incorporation of body-based information provides an
intuitive and natural interface and has been shown to be critical for allowing users to maintain their orientation in
the environment. To date, however, immersive VEs have had difficulty simulating large-scale environments
because they typically have a limited tracking area. A popular method of overcoming the physical space



constraints of current immersive VEs is by developing and implementing a computer algorithm known as
redirected walking (RDW). RDW works by imperceptibly rotating the virtual scene around the user’s viewpoint
so that the user’s real body is continually directed away from the tracking space boundaries (see FIGURE 5).

FIGURE 5

A virtual environment utilizing RDW. Test subject in RDW comparison study performed at Miami University’s
Huge Immersive Virtual Environment (HIVE) VE facility.

In FY11, Professor Bachmann and his collaborator, Professor David Waller, have implemented and analyzed
these algorithms with the purpose of determining their relative benefits. Several generalized candidate RDW
algorithms have been proposed in the literature, including by these researchers. Perhaps more significant than
any specific numbers related to the performance of various algorithms, the comparison study has lead to the
understanding that determining the minimum area required in order to successfully perform RDW is more
complex than previously thought. Prior to this work, experimenters have focused on the ability of users to detect
RDW rotations while engaged in no other tasks. Commonly, the threshold values have been combined with a
typical speed of movement in order to determine a minimum curve radius onto which a redirected user could be
steered. This has been inferred to be the minimum area required for RDW. The results of the algorithm study
indicate the area required to successfully accommodate users performing unconstrained navigation tasks is also
highly dependent on the steering algorithm and the behavior of the individual user. Given that users performing
unconstrained navigation may change their direction and speed of movement at any moment, it is not possible to
steer them precisely in some pre-established pattern. Rather, the steering instructions can only be thought of as
guidance which must be continuously updated based on the ever changing movement goals of the user.

E. Situation Knowledge Reference Model
Professor Pen Liu, Penn State University, MURI Award

In both military operations and the commercial world, cyber situation awareness (SA) is a key element of
mission assurance. The critical cyber SA needs to perform attack damage and impact assessment and to identify
asset and task prioritization go beyond the initial stage of intrusion detection and attack graph analysis. The
MURI team led by Professor Liu has proposed an interconnected cross-layer situation knowledge reference
model (SKRM) to address the unique cyber SA needs of real-world missions. SKRM provides a new insight into
how to break the “stovepipes” created by isolated situation knowledge collectors and how to gain “stitched-
together” big-picture awareness. The cross-layer situation knowledge reference model (SKRM) enables an
important set of cyber SA analytics. For instance, top-down cross-layer analysis helps identify mission assets
(see FIGURE 6). Bottom-up cross-layer analysis can be carried out to evaluate mission impact. A comprehensive
damage assessment can be performed through U-shape analysis. In addition cross-layer Bayesian networks
could be constructed to reason about uncertainty. SKRM can be used to classify mission assets and generate
“asset maps,” enable the exploration of different mitigation plans, provide insights into how to recover from
network intrusions, and help gain essential knowledge representation for cognitive engineering.
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Interconnected cross-layer situation knowledge reference model (SKRM) for cyber-SA research. The
cross-layer situation knowledge reference model (SKRM) enables an important set of cyber SA analytics, and
can be used to classify mission assets and generate “asset maps,” enable the exploration of different mitigation
plans, provide insights into how to recover from network intrusions, and help gain essential knowledge
representation for cognitive engineering.

In FY11, the team demonstrated that SKRM is the key enabler for mission asset identification and mission
impact analysis, two SA capabilities beyond intrusion detection and attack graph analysis. In particular, the team
has developed novel methods that use SKRM to perform cross-layer top-down mission asset identification and
bottom-up mission impact assessment. Compared to the existing methods, the new methods are more
systematic, less error-prone, and can be executed in a more automated way.

F. Proximity-based secure system Using Ambient Wireless Signals
Professor Wade Trappe, Rutgers University, Single Investigator Award

Professor Trappe, in collaboration with the AT&T Security Research Center, has made an important discovery
regarding how to use information surrounding a wireless channel to solve the traditional key establishment
problem. Instead of transmitter and receiver probing the channel to each other, he examines the problem of
whether a third party can assist two devices in close proximity to establish keys with each other. An example of
where such a problem might arise is in forming secure associations between mobile wireless devices that meet
for the first time and lack a prior trust relationship. A new system called Clique allows wireless devices in
proximity to securely and autonomously pair, by generating a common cryptographic key contingent upon their
being in spatial proximity. Clique works by allowing devices in proximity to tap into a surprisingly abundant
and cheap source of shared randomness — namely, fading channels relative to a public RF source, such as FM or
TV broadcast transmitters. The shared key can be used by devices to communicate confidentially and/or to
authenticate each others’ physical proximity. Clique is information-theoretically secure, and does not require the
adversary to be computationally bounded.

ARO IN REVIEW 2011 70



IV. TECHNOLOGY TRANSFER

ARO Scientific Divisions seek to identify promising scientific breakthroughs and facilitate the transition of
cutting-edge research concepts and data to potential applications. This section describes basic research results,
observations, and/or theories that transitioned to external organizations and customers.

A. Nonparametric Bayesian Statistics for Adaptive Sensing
Investigator: Professor Lawrence Carin, Duke University, Single Investigator Award
Recipient: U. S. Army Aviation and Missile Research Development and Engineering Center (AMRDEC)

Professor Lawrence Carin at Duke University has created a novel approach to integrate compression and sensing
for measurement of general hyperspectral data, integrating existing camera technology with new mathematics.
The research team has realized massive reductions in the quantity of data that need be measured, while retaining
sensing performance comparable to that of existing systems. The quantity of data measured by the Army
continues to increase, manifesting problems for storage, communication and analysis. A new mathematical
construction exploits the fact that most natural scenes produce data that live on a low-dimensional manifold or
union of subspaces, despite the fact that the data itself may be very high-dimensional. In this computational
imaging framework, one randomly samples voxels that would be measured by a conventional camera, and by
exploiting the inherent low-dimensional latent structure of the data, the missing data may be inferred very
accurately. By contrast, in typical sensing systems one measures the entire datacube, and then compresses
afterward using techniques like JPEG. Since the quantity of data constituted after compression is typically much
smaller than that measured, conventional direct measurement of the entire datacube is wasteful of resources
(time, energy, bandwidth, etc.). In the new sensing construct developed in this project, a much smaller fraction
of data is measured in the first place, thereby unifying sensing and compression. An important aspect of this new
construction is that existing cameras may be utilized, but the way the data is pulled off of the camera is changed
via random sampling. In tests with real hyperspectral data, the quantity of data measured is as small as 2% of
that measured conventionally, with no degradation in sensing quality. This approach has transitioned to
AMRDEC, and Professor Carin’s laboratory is working with AMRDEC to build in-house capabilities.

B. Real-Time LINUX for Multi-core Platforms
Investigator: Professor James Anderson, UNC - Chapel Hill, Single Investigator Award
Recipient: AT&T Research

Multi-core platforms provide significant processing power that could potentially be harnessed to support
complex, resource-demanding real-time applications (with less energy consumption). However, for this to
happen, appropriate real-time scheduling and synchronization algorithms must be devised, analyzed, and
implemented within a working operating system (OS). That is precisely the objective of this project. Industry is
also interested in the potential of multi-core platforms for real-time applications. This has lead to collaboration
between these researchers and Dr. Theodore Johnson at AT&T Research. Together they are devising real-time
scheduling and synchronization algorithms for performing real-time queries in multi-core based systems used by
AT&T to process queries (in real time) on streamed network data. In FY11, multiprocessor real-time scheduling
algorithms developed by Professor Anderson and his collaborator Professor Sanjoy Baruah, at UNC - Chapel
Hill, have been incorporated into a data-stream processing system called DataDepot developed by AT&T to
house and process streamed network data. Technology transfer to AT&T is expected to continue as a result of
summer internships by UNC - Chapel Hill graduate students.

C. New Joint Performance and Vulnerability Metrics for MANET
Investigator: Professor Radha Poovendran, University of Washington, MURI and PECASE Awards
Recipient: ARL Computational and Information Sciences Directorate (ARL-CISD)

To protect user information and provide robust network operation, a network designer must know what types of
attacks to protect against and what threats the network must be robust against. Hence, a necessary prerequisite to



robust protocol design is to model network vulnerabilities and the impact of malicious attacks on the network.
Protecting the information exchange between users is a problem that is well studied in cryptography, but the
introduction of an entire network of users into the scenario introduces additional vulnerabilities when the
information security is jointly considered with network protocols such as routing and multiple access.
Furthermore, the propagation of information throughout a large network allows a locally-constrained adversary
to have a more significant impact on information and network security, as the effects of the adversary's attack
can quickly spread beyond the local.

Professor Poovendran and ARL-CISD scientists have been jointly pursuing metrics of performance and
vulnerabilities for MANET routing. The new metrics quantify the cost of a link based on both performance and
vulnerability characteristics, so that shortest paths chosen using this metric will be both efficient and resilient to
attack. Based on the new metrics definition, they have successfully introduced a new class of resilience-
enhanced routing protocols, which make route decisions based on a combination of security and performance
metrics. The researchers have carried out extensive experimentation with this new approach. A piece of
software that implements the new resilient-enhanced routing protocol for MANET has been written and
incorporated into ARL-CISD research efforts. In addition, a PhD student from of Professor Poovendran's
laboratory conducted experiments at ARL during FY11. The transition of this software and related research has
also led to three joint publications from Professor Poovendran’s laboratory and ARL-CISD.



V. ANTICIPATED ACCOMPLISHMENTS

The nature of basic research makes it difficult to predict a timeline for scientific discovery; however, some ARO-
funded research efforts are on the verge of important achievements. This section describes selected scientific
accomplishments predicted to emerge during the next fiscal year.

A. Theory and Methods for Automatic Image and Video Annotation
Professor Rong Jin, Michigan State University, Single Investigator Award

The objective of this research project, to be pursued in collaboration with Professor Anil Jain at Michigan State
University, is to establish mathematical foundations and computational methods for large-scale image annotation
based on the efficient method for key point quantization. It is anticipated that in FY'12, methods will be
developed for an image annotation that can handle millions of images, which is the key step in extending the
image annotation system to automatic video annotation. In addition, methods will be developed for image
retrieval that are able to take in to consideration the noise in auto-annotations when measuring the similarity
between textual queries and auto-annotations. The first step will be to establish a theoretic framework for noisy
auto-annotation retrieval based on the idea of information ranking. Then algorithms will be designed for
automatic image annotation to automatic video annotation with the focus on exploring the unique features of
videos such as motion features and audio features. Specific anticipated accomplishments include the design of
(1) a large-scale automatic image annotation system based on the efficient method for key point quantization, (ii)
robust retrieval models for noisy auto-annotations based on information ranking, and (iii) algorithms for
automatic video annotation that explicitly explore video-specific features.

B. Compositional Framework for Complex Real-Time Systems on Multicore Platforms
Professor Insup Lee, University of Pennsylvania, Single Investigator Award

The goal of this research project, led by Professor Lee and in collaboration with Professors Linh Phan and Oleg
Sokolsky, is to develop a novel component framework for real-time embedded systems (RTS) implemented on
multi-core architectures. Such a framework will allow compositional modeling and analysis of open systems
with tight resource constraints and complex dependencies between components, which exhibit dynamic changes
in resource use patterns. Composition of such components needs to be certifiably correct and robust to
uncertainty in the component parameters and their environment. An important objective of the project is to build
a robust and stable research prototype of the development environment for RTS components on multi-core
architectures.

It is anticipated that in FY'12, the researchers will develop and test new component interfaces for other resources
besides processor capacity (e.g., memory, networking), as well as analyze communication and synchronization
dependencies between components. The interfaces for multi-core platforms need to capture sufficient
information about the application needs and their assumptions to achieve good tradeoffs between accuracy (i.e.,
how close they are to the actual resource needed by a component) and computability (i.e., how efficiently they
are computed and represented). This research outcome will lead to a significant increase in computational
efficiency for important Army RTS applications on multi-core platforms by decreasing communication delays
between components while enhancing application performance.

C. Analysis and Application of Physical Unclonable Functions (PUF)
Professor Farinaz Koushanfar, Rice University, Young Investigator Program Award

Providing security for the current and pending generation of pervasive computing devices is a challenging task.
Over the last decade, a set of new security and protection mechanisms, tools, protocols, and devices based on
physical unclonability and disorder has gained increasing attention. Harnessing the inherent, inerasable,
unclonable mesoscopic disorders of the physical processes and phenomena could lead to new security
mechanisms that offer multiple advantages: (i) new key generation capability that provides an alternative to
digital storage of the secret keys in vulnerable memory, (ii) Exact control of the complex physical fabric



fluctuations is extremely difficult and even if possible, prohibitively expensive, making hardware based security
primitives inerasable and hard-to-forge (clone), (iii) the physical disorder-based security leads to an alternative
security foundation that does not rely on number theory based approaches that depends on the complexity of
computation. It is anticipated that in FY 12, Professor Koushanfar will establish a formal foundation for physical
disorder-based security primitives, consisting of a set of new concepts, classification, analysis, tools, and
protocols, along with proof-of-concept implementations on current and pending technologies. This research may
ultimately enable a paradigm shift in the theory and practice of physical disorder-based security.
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CHAPTER 5: ELECTRONICS DIVISION

I. OVERVIEW

As described in CHAPTER 1: ARO MISSION AND INVESTMENT STRATEGY, the purpose of the Army Research
Laboratory (ARL) - Army Research Office (ARO) publication ARO in Review 2011 is to provide information on
the programs and basic research efforts supported by ARO in FY11, and ARO’s long-term vision for
transitioning basic science research to enable new materials, devices, processes and capabilities for the current
and future Soldier. This chapter focuses on the ARO Electronics Division and provides an overview of the
scientific objectives, research programs, funding, accomplishments, and basic-to-applied research transitions
facilitated by this Division in FY11.

A. Scientific Objectives

1. Fundamental Research Goals. The principal objective of research in the ARO Electronics Division is to
gain new fundamental knowledge of electro-magnetic, photonic, and acoustic devices, systems, and phenomena.
More specifically, the Division aims to promote basic research studies to discover and control the relationship of
nanostructure and heterostructure designs on charge transport and carrier recombination dynamics, to understand
and improve the stimulus-response properties of electronic materials/structures, to leverage nanotechnology for
enhanced electronic properties, to comprehend and mitigate distortion and noise, and to explore ultra-fast, solid
state mechanisms and concepts. The results of these research efforts will stimulate future studies and help keep
the U.S. at the forefront of research in electronics by revealing new pathways for the design and fabrication of
novel electronic structures that have properties that cannot be realized with current technology.

2. Potential Applications. Electronics research is relevant to nearly all Army systems; therefore, research
under this program provides the underlying science to a wide variety of developmental efforts and contributes to
the solution of technology related problems throughout the full spectrum of the Army’s “System of Systems.”
Research in electronics can be divided into five areas: (i) multimodal sensing for detection, identification, and
discrimination of environmental elements critical to decision-makers in complex, dynamic areas, (ii) ubiquitous
communications for multimode and secure communications in all situations including high data rates,
transmission over long distances and complex terrain paths, as well as problems associated with short range
networked systems, (iii) intelligent information technology that enhances the creation and processing of
information, (iv) optoelectronic warfare, which involves the use of electromagnetic (EM) radiation from radio
frequency (RF) to ultraviolet (UV), to interrogate, disrupt, and defeat hostile electronic and threat systems, and
(v) power electronics for electronic circuits and components that require less power and/or operate in extreme
conditions.

3. Coordination with Other Divisions and Agencies. To effectively meet the Division’s objectives, and to
maximize the impact of potential discoveries for the Army and the nation, the Electronics Division frequently
coordinates and leverages efforts within its Program Areas with Army scientists and engineers, the Office of
Naval Research, the Air Force Office of Scientific Research (AFOSR), and the Defense Advanced Research
Projects Agency (DARPA). Moreover, the Division frequently coordinates with other ARO Divisions to co-fund
awards, identify multi-disciplinary research topics, and evaluate the effectiveness of research approaches. For
example, sensing is a research element of all ARO Divisions, and the Electronics Division serves as the focal
point for ARO sensing research. Specific interactions include joint projects with the Physics Division that
promote research for physics-based understanding of semiconductor materials, non-reciprocal materials and
devices, propagation effects, and stimulus response effects in condensed matter. The Electronics Division also
coordinates efforts with the Materials Science Division to pursue the design and characterization of new
materials and structures, the evaluation of electrical properties, and the study of electronic processes at the
molecular level. This Division complements its research initiatives in the Chemical Sciences Division to include



research to understand how chemical changes and chemical structures influence electrical, magnetic, and optical
properties and investigations of high frequency spectroscopic techniques for use in chemical defense, especially
explosive detection. The Life Sciences Division’s Program Areas also interface with electronics research in
areas of biological detection as well as interfacing to biological organisms. Lastly, creating computational
methods and models for target recognition and understanding nano-molecular structures and carrier transport
shared research goals between the Electronics and Mathematical Sciences Divisions.

B. Program Areas

To meet the long-term program goals described in the previous section, the Electronics Division engages in the
identification, evaluation, funding, and monitoring of a variety of research projects. The Division has identified
several sub-disciplines, also called Program Areas, which provide a framework for the evaluation and monitoring
of research projects. In FY11, the Division managed research efforts within four Program Areas: (i) Solid State
and High Frequency Electronics, (ii) Electromagnetics, Microwaves, and Power, (iii) Optoelectronics, and (iv)
Electronic Sensing. As described in this section and the Division’s Broad Agency Announcement (BAA), these
Program Areas have long-term objectives that collectively support the Division’s overall objectives.

1. Solid State and High Frequency Electronics. The goal of this Program Area is to conduct research into
quantum phenomena, internally and externally induced perturbations, and novel transport and optical interaction
effects in nano-scale electronic structures. This Program Area is divided into two research Thrusts:

(1) Nanoelectronic Engineering Sciences, and (ii) Teraherz-frequency and Ultra-fast Electronics. These Thrust
areas guide the identification, evaluation, and monitoring of high-risk, high payoff research efforts to pursue the
program’s long-term goal. This Program Area includes research efforts in quantum-confined structures,
nonequilibrium and dissipative electron processes in low-dimensional device structures, novel contact and
interconnects to nanoscale devices, physics and modeling of nanoscale devices and advanced synthetic materials,
novel materials and heterostructures, device based upon mixed-mode principles, mixed technology (e.g.,
photonics, acoustics and magnetics) systems, and heterogeneous (i.e., different materials and device principles)
systems. This research program will have a particular emphasis towards ultra-fast and terahertz frequency
electronics and will include a strong component for sensing science at very high frequencies.

This Program Area’s research efforts involving nano-devices and molecular-level electronics will address issues
related to the design, modeling, fabrication, testing and characterization of novel electrically and magnetically-
controlled electronic structures. This research will enable the development of novel materials, advance
processing and fabrication science, enable advanced physical modeling and simulation capabilities, and identify
advanced electronic device concepts. These investigations will ultimately lead to improvements in the current
limits on the functionality, power, speed (frequency) and power consumption of electronic components. This
research is a key enabler for many future electronic goals of the Army, as it supports an array of capabilities in
densely-integrated nanoscale architectures for ultra-sensitive and high-discrimination sensing, high-speed, high-
data-rate communications and signal processing, and enhanced high-frequency power.

2. Electromagnetics, Microwaves, and Power. The goal of this Program Area is carry out basic research
leading to the creation of a transmit/receive system that will receive and demodulate any electromagnetic signal
from any direction, modulate and transmit any electromagnetic signal in any direction, reconfigure to implement
a variety of radio and sensor functions, adapt to the ambient environment, and respond to changing requirements.
This Program Area is divided into three research Thrusts: (i) Electromagnetics and Antennas, (ii) RF Circuit
Integration, and (iii) Power Efficiency and Control. These Thrust areas guide the identification, evaluation, and
monitoring of high-risk, high payoff research efforts to pursue the program’s long-term goal. Research efforts
within these Thrusts include studies of the generation, transmission, and reception of high frequency microwave
and millimeter wave radiation, as well as specific technical problems at high frequency (HF), very high
frequency (VHF), and ultra-high frequencies (UHF). Research efforts within these Thrusts include studies of the
coupling of electromagnetic (EM) radiation into and out of complex structures, active and passive antennas,
transmission lines and feed networks, power combining techniques, EM wave analyses of electrical components,
and EM modeling techniques that advance mixed-signal design to the state of current digital design.

The research efforts within this Program Area may lead to the discovery of novel active and passive devices and
components with improved dynamic range, linearity, bandwidth, and loss performance. This includes



improvements which have the greatest system leverage in reducing radio and radar power requirements, battery
size, and system size. Physical constraints imposed by 2D mixed-signal circuit integration and parasitic power
loss in passive components are being addressed and novel approaches to circuit integration, such as use of 3D,
plug and play circuit integration are being explored. Army applications of this technology include
communications (both tactical and strategic), command and control, reconnaissance, surveillance, target
acquisition, and weapons guidance and control.

3. Optoelectronics. The goal of this Program Area is to discover and control novel nanostructure and
heterostructure designs for the generation, guidance, and control of optical/infrared signals in both
semiconductor and dielectric materials. The research in this program may enable the design and fabrication of
new optoelectronic devices that give the Soldier high-data-rate optical networks including free space/integrated
data links, improved IR countermeasures, and advanced 3D imaging. This program has three Thrust areas: (i)
High Speed Lasers and Interconnects, (ii) Ultraviolet and Visible Photonics, and (iii) Mid-infrared Lasers. The
research topics involve efforts to overcome slow spontaneous lifetimes and gain dynamics, low carrier injection
efficiency, poor thermal management, and device size mismatches. Novel light emitting structures based on I11-
V compounds, wide bandgap II-VI materials, rare-earth doped dielectrics, and silicon nanostructures are being
investigated along with advanced fabrication and characterization techniques. Nanotechnology is exploited to
allow interfacing of optoelectronic devices with electronic processors for full utilization of available bandwidth.
Electro-optic components are being studied for use in guided wave data links for interconnections and
optoelectronic integration, which are all requirements for high speed full situational awareness. In addition,
emitters and architectures for novel display and processing of battlefield imagery are also important.

4. Electronic Sensing. The goal of this Program Area is to extend the underlying science behind action-
reaction relationships in electronic materials and structures as well as understand target signatures. This Program
Area is divided into two research Thrusts: (i) Infrared Detectors and (ii) Non-imaging Sensing. Within these
Thrusts, high-risk, high pay-off research efforts are identified and supported to pursue the program’s long-term
goal. The scientific objective of the Infrared Detector Thrust area is to understand and control the stimulus and
response of infrared materials and devices. This includes the design and fabrication of novel detector structures,
such as superlattice or barrier structures, as well as devices made of amorphous materials. An important element
in this Thrust area is the reduction of performance limiting defects in semiconductor material and structures
through lattice matching and other methods. Development of novel characterization techniques is also explored
to determine the fundamental issues behind carrier transport, lifetimes, and noise. Research in this Thrust area
includes both high performance detector materials and structures and uncooled, low cost, detector materials and
structures. The Non-Imaging Sensing Thrust strives to uncover the underlying relationships behind signature
phenomenology and use it to guide sensor development and decision techniques. Non-Imaging sensing
modalities include acoustic, magnetic, infrasound, and “passive” environmental signals such as radio or TV
broadcasts. Efforts in the this Program Area seek to give the Soldier 100% situational awareness of vehicles,
personnel, weapon platforms, projectiles, explosives, landmines, and improvised explosive devices (IEDs), in
day/night, all weather, and cluttered environments through natural and man-made obstructions.

C. Research Investment

The total funds managed by the ARO Electronics Division for FY11 were $37.6 million. These funds were
provided by multiple sources and applied to a variety of Program Areas, as described here.

The FY11 ARO core (BH57) program funding allotment for this Division was $5.7 million. The DoD Multi-
disciplinary University Research Initiative (MURI), the Defense University Research Instrumentation Program
(DURIP), and the Presidential Early Career Award for Scientists and Engineers (PECASE) program provided
$3.5 million to projects managed by the Division. The Division managed $13.8 million provided by the Defense
Advanced Research projects Agency (DARPA), and $2.5 million provided by other agencies. The Small
Business Innovative Research (SBIR) and the Small Business Technology Transfer (STTR) programs provided
$6.9 million for awards in FY11. Finally, $5.2 million was provided for awards in the Historically Black
Colleges and Universities and Minority Institutions (HBCU/MI) Programs, which encompasses OSD-matched
funding for active BH57-funded (Core) HBCU/MI projects, DoD-funded Partnership in Research Transition
(PIRT) projects, DoD-funded Research and Educational Program (REP) projects, and/or DoD-funded
Instrumentation awards to Tribal Colleges and Universities (TCU).



II. RESEARCH PROGRAMS

ARO participates in the identification and management of projects within many research programs that are
supported with funds from a variety of DoD sources. For a detailed description of the purposes and goals for
each of these programs, refer to CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. Unless otherwise
noted, the following sub-sections identify the research awards managed by this Division that began in FY 11
(i.e., “new starts”), categorized by program type.

A. ARO Core (BHS7) Program

As discussed in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES, the Army provides funds for the
ARO Core (BH57) research program. The primary goal of the Core program is to support high-risk, high-payoff
basic research projects. These projects include single investigator (SI) grants, Short Term Innovative Research
(STIR) grants, and conferences and workshops (the largest of which are discussed in the following section).
Research projects are identified by a variety of means, including discussions with potential investigators, which
may lead to white papers and proposal submissions. Proposals are selected for funding within each ARO
Division (i.e., scientific discipline) that take advantage of scientific opportunities that address Army needs and
interests with long-term, high-risk ideas. These funds constitute a key mechanism for the Army's support of
fundamental research efforts. Selected projects are discussed later (see Sections I1I-V) with a focus on recent
scientific accomplishments, technology transitions, and anticipated accomplishments.

B. Workshops and Symposia

1. Optical Fiber Technology Workshop (Cocoa Beach, FL; October 17-19 2010). This workshop originated
through discussions between ARO (Dr. Gerhold) and Professor Martin Richardson of the University of Central
Florida to bring together international experts on optical fiber technology for the advancement and dissemination
of the progress being made around the globe. Leading groups from the U.K., Germany, and the U.S. presented
results on state-of-the-art fabrication techniques and potential for future optical fiber research. Group sessions
were held on the potential for polymer fiber research such as that being pursued at the MIT Institute for Soldier
Nanotechnologies by Professor Yoel Fink. Other groups presented research performed in the U.S. in industry
(AT&T, NuFern, IMRA America, and others) and academia (Arizona, Clemson, MIT, and Central Florida).

2. Workshop on Physics and Chemistry of II-VI Materials (New Orleans, LA; 26-28 October 2010). This
workshop provided a platform for the exchange of information on state-of-the-art research and development in
II-VI materials and their applications. The technical program covered a wide range of topics of interest to the
materials community including wide and narrow gap materials, matched and mismatched substrates, dopants,
defects, and unique characterization techniques. Dr. William Clark served on the planning committee and was
session chair of the special session on Advanced III-V Detector Architectures.

3. National Radio Science Meeting (Boulder, CO; 5-8 January 2011). This open scientific meeting was
sponsored by the U.S. National Committee of the International Union of Radio Science (USNC-URSI). The
USNC-URSI is appointed by the National Research Council of The National Academies and represents U.S.
radio scientists and engineers in the international community. Papers on any topic in radio communications;
electromagnetic phenomena, remote sensing, and other radio science areas of interest were presented. The
meeting provided an excellent snapshot of the state of radio science and a common ground for discussion of
future basic research topics.

4. IEEE Radio and Wireless Symposium (Phoenix, AZ; 16-20 January 2011). This symposium focused on
the intersection between radio systems and wireless technology, which created a unique forum for engineers to
discuss hardware design and system performance of the state-of-the-art wireless systems. The symposium
attracted engineers from academia, government, and industry from the U.S. and around the world. The 2011
meeting featured a technical track on Advanced Techniques in Software Defined and Cognitive Radio, an
emerging technology with the potential to revolutionize Army ground mobile wireless communication.



5. Eighth Conference on the Foundations of Nanoscience, FNANO 2011 (Snowbird, Utah, 11-15 April,
2011) The Foundations of Nanoscience (FNANO) meeting was established by the International Society for
Nanoscale Science, Computation, and Engineering in 2004 as a venue for the wide range of researchers
interested in various aspects of self-assembly as it relates to nanoscience and nanotechnology. Nanoscience is an
important cross-disciplinary area that incorporates research and development from all branches of engineering as
well as from chemistry, physics, biology, computer science, and even mathematics. This conference is organized
to facilitate the impact of evolving self-assembly techniques on new and novel types of devices and
architectures. The unifying theme of the FNANO meeting is self-assembly, and this area has enormous potential
for revolutionalizing nanofabrication. This conference has very important relevance to the U.S. Army and DoD
because it offers insights into the future development of novel devices and system architectures at the nanoscale
and molecular levels. More specifically, it is a facilitator for the discovery of new types of biological and/or
organic structures that could offer more advanced capabilities for sensing, data processing, computation and
communication.

6. Workshop on Advanced Technologies for Audio Collection and Transmission (Adelphi, MD; 2-3 June
2011). The goal of this workshop was to discuss fundamental concepts and new ideas in acoustic transduction
and audio processing. The workshop was co-hosted by the ARL Sensors and Electron Devices Directorate
(ARL-SEDD) Acoustic and EM Sensing Branch, and brought experts from the academic community together
with scientists from the DoD and the intelligence community (IC) to review groundbreaking research in audio-
related technologies, identify needs within DoD and the IC, and form recommendations for possible future basic
research in acoustics and related fields. Dr. Dev Palmer of the ARO Electronics Division served as co-chair of
the workshop.

7. 2011 Nanoelectronic Devices for Defense and Security Conference (Brooklyn, NY; 28 August — 1
September) The goal of this bi-annual meeting is to review the evolving research and development (R&D)
activities in the arena of nanoelectronic devices that have direct relevance to critical capability needs for national
defense and security in the future. This conference has a well-established tradition of being organizing around
an applications-oriented framework that will allow for capturing the important science and technology (S&T)
challenges to realizing the next generation in nanoelectronic devices, while being strongly inclusive to a host of
innovative solutions that are continually evolving from the highly multidisciplinary areas of nanoscience,
nanomaterials, nanofabrication, nanoengineering and nanomedicine. The 2011 meeting was built around the
theme of “Present & Future Roles of Nanotechnology in the Forensic Sciences,” and was coordinated with the
U.S. Army Criminal Investigation Laboratory (ACIL), the U.S. Defense Threat Reduction Agency (DTRA),
ARL, and many other Army & DoD agencies. Dr. Dwight Woolard of the ARO Electronics Division was the
lead technical organizer of the conference, which included several presentations by ARO-funded investigators.

8. Antenna Applications Symposium at Allerton (Monticello, IL; 20-22 September 2011). The Antenna
Applications Symposium and its predecessor, the Air Force Antenna Symposium, have for more than fifty years
provided a unique forum for exchange of ideas and information about antenna design and development. The
symposium brought together key researchers from all three military services, law enforcement, companies from
the U.S. and abroad, and universities from across the country and around the world. Technology reviewed at the
Allerton Symposium demonstrates the breadth of antenna applications, ranging from arrays for radar,
communication, navigation and remote sensing, to innovative, multidisciplinary basic research concepts for
antenna reconfigurability and multi-functionality, to numerical modeling techniques, all of which are highly
relevant to Army missions in electromagnetic sensing and communications. Dr. Dev Palmer of the ARO
Electronics Division presented the keynote address “Antenna Research for Army Electromagnetic Systems.”

C. Multidisciplinary University Research Initiative (MURI)

The MURI program is a multi-agency DoD program that supports research teams whose efforts intersect more
than one traditional scientific and engineering discipline. The unique goals of the MURI program are described
in detail in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES. These awards constitute a significant
portion of the basic research programs managed by the Electronics Division; therefore, all of the Division’s
active MURISs are described in this section.



1. Standoff Inverse Analysis and Manipulation of Electronic Systems (SIAMES). Two efforts under this
MURI topic began in FY05, with one effort led by Professor Michael Steer at North Carolina State University,
and the second led by Professor Lawrence Carin at Duke University. These research teams are studying the
interaction between electromagnetic fields and electronic circuits, with the ultimate goal of enabling rapid and
accurate extraction of system, functional, and device information from external stimulus and monitoring of
electronic systems.

At the most basic level, the interaction between electromagnetic fields and electronic circuits is visualized as a
radio signal being received through an antenna by a radio circuit. Most analytical models and system-level
simulations are limited to this level of complexity, which gives accurate results only within the designed
operating bandwidth of the system. In reality, electromagnetic fields can couple in and out of electronic circuits
in a variety of ways and through a variety of components, reducing performance and causing interference to
other circuits. The MURI team is using sophisticated laboratory equipment to illuminate electronic circuits with
EM signals over a wide range of frequencies using a variety of waveforms, and measure the signals re-radiated
from the circuits. This approach has already revealed previously unknown phenomenology that has the potential
for significantly improving the capability to identify, locate, and disrupt electronic devices at a distance.

Discoveries made by the SIAMES MURI team have transitioned into important fielded applications and follow-
on research programs. The scientific merit and technical relevance of the research was recognized by the
international research community through the award of the 2010 IEEE Microwave Prize. Professors Cangellaris,
Chappell, and Delp each received the ARL Director’s Coin for Excellence in recognition of their contributions to
Army science and technology. Professor Steer received the Commander’s Award for Public Service medal from
the Commanding General of the Army Research, Development, and Engineering Command (RDECOM), cited
for leading innovative theoretical and experimental research programs, developing and sustaining strong working
relationships with Army scientists and engineers, and aggressively transitioning research breakthroughs into
important electronic warfare applications in support of the Warfighter.

2. Stimulus-Response Properties of Uncooled Infrared Materials. This MURI began in FY06 and was
awarded to a team led by Professor Mark Horn at Pennsylvania State University. The goal of this research is to
gain knowledge of the physics and chemistry of disordered materials useful for uncooled infrared detection and
quantify their fundamental and technological attributes and limitations.

The main focus of this research is on vanadium oxide (VOy) and amorphous silicon germanium

(a-Si;_,Ge,:H) but other novel materials are also being explored, such as the spinel family and zinc oxide (ZnO).
A combination of theory, microanalysis, optical measurements, and feedback to growers is employed to unravel
the mysteries of the structure, absorption mechanism, and transport properties in these largely disordered
materials. During the course of this MURI the microstructure of production-quality VOx was well characterized
and it was shown that the films exhibit composite-like behavior. In FY11, the researchers developed an
atomistic picture of Boron doping in a-Si. The researchers also grew nickel manganite with low noise and
reasonable temperature coefficient of resistance using spin spray techniques at 90°C. It is hoped that the
knowledge gained from this MURI can be used to make improvements in materials to fully exploit their
capability for uncooled infrared-detector applications. Understanding the dynamics of the materials at the
molecular level will provide a quantitative fundamental base toward achieving the goal of an infrared camera for
every Soldier.

3. Near and Far-Field Interfaces to DNA-Guided Nanostructures from RF to Lightwave. This MURI
began in FY'10 and was granted to a team led by Professor Peter Burke at the University of California - Irvine.
The goal of this research is the broad-spectral-based (RF to Lightwave) electromagnetic interrogation and
interfacing to novel biological-based nanostructures that include DNA tiles, nanotubes and nanowires for the
purposes of defining new scientific and technology concepts at the nanoscale in the context of electronic signal
application and extraction for novel sensing applications.

The specific aims of this research are the development and application of nanowire and nanotube antenna
architectures for realizing optical, THz and RF spectroscopy with highly localized, nanoscale spatial resolution
probe that will allow for single molecule spectroscopy to be performed on self-assembled DNA superstructures
that have been designed and fabricated to incorporate novel sensor functionality. Here, a significant scientific
opportunity exists for the use of on-chip source/detector architectures with very little signal attenuation (due to
their nanoscale proximity), allowing for unresolved spectral features which were previously masked by severe



water absorption to be discovered, characterized, and exploited across the entire spectrum from DC to
Lightwave, especially in the THz domain. The research and technology developed has the potential to define an
entirely new methodology for interfacing to the nanoscale in the context of electronic signal application and
extraction. This technology would enable pioneering studies in biological-based molecules and systems and
contribute new insights and discoveries in bio-molecular electronics with relevance to future sensing, data
processing and computation. The anticipated high-importance impact areas include (i) neuron signal science and
phenomenology, (ii) bio-based sensing of chemical, biological, radiological and explosive agents, (iii) novel bio-
molecular devices for RF-THz-IR-optical digital/analog applications, and (iv) novel diagnostic and treatment
methodologies for bio-medical applications.

4. Defect Reduction in Superlattice Materials. This MURI began in FY11 and was awarded to a team led by
Professor Sun Lien Chuang at the University of Illinois - Urbana Champaign. The team consists of researchers
from Arizona State University, Georgia Tech, and the University on North Carolina - Charlotte. The objective of
this project is to determine and understand the relationship between minority-carrier lifetimes and classes of
defects in superlattice materials and to formulate strategies for growth and post processing to eliminate or
mitigate defects.

This research effort includes an in-depth study of the origins and structural, electrical and optical properties of
defects, in-situ & ex-situ probing of defects during growth and fabrication, an investigation of defect reduction
techniques, a study on ways to minimize the impact of defects on performance, and testing of results through
fabrication and characterization of superlattice structures and devices. Understanding defects at the basic level
in these superlattice materials will promote advancements in lasers and modulators as well as infrared detectors.
For detectors, lifetime improvements will allow the next generation of focal plane arrays with increased long
wave resolution, much larger array formats, broader spectral range into the very long wave infrared, and higher
operating temperature to reduce life cycle costs. In addition, use of the I1I-V materials family will leverage the
vast infrastructure already in place to further reduce the cost.

D. Small Business Innovation Research (SBIR) — New Starts

Research efforts within the SBIR program have a more applied focus relative to efforts within other programs
managed by ARO, as was discussed in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES.

1. Short-Range Detection of Radio Transceivers for Physical Security. A SBIR Phase II Enhancement
contract was awarded to Vadum, Inc. for further development and technology transfer of a signature-based active
RF transceiver detection sensor system. The Vadum signature-based active RF transceiver detection sensor can
detect the presence of radio transceivers (e.g., mobile phones) whether they are powered on or powered off, even
if the battery has been removed. The sensor detects the unique RF signature of the transceiver, similar in concept
to radar detecting the signature of an airplane. Vadum uses an active RF method; a waveform is broadcast and a
reflection of that waveform is analyzed. If a transceiver is present, a distinct transceiver signature is detected.
Two versions of the technology were developed in earlier stages of the project. The narrowband version has
been successfully tested against nearly 100 unique models of mobile phone, and operates best at short range, for
example in a walk-through portal form factor. The broadband version uses new interrogation waveforms and is
significantly more sensitive. It has been tested in a low-clutter outdoor environment. Using the Phase 11
Enhancement funding, this project will test the broadband signature-based active RF transceiver detection in an
indoor form factor, integrate the broadband and narrowband sensors into a single system, and advance the
current system technology readiness level (TRL) from TRL 5/6 to TRL 7/8. The technology has many potential
military and commercial applications: wall-mounted sensors for physical security at sensitive military facilities,
robot-mounted systems for explosive ordnance detection (EOD) and route-clearance missions, non-invasive
package inspection for Homeland Security, and for mobile phone detection at State, Federal, and privately
operated correctional institutions.

2. Narrowband Perfect Absorber using Metamaterials. Two Phase I Chemical and Biological Defense
(CBD) SBIR contracts were awarded to Lumilant, Inc. and Phoebus Optoelectronics, LLC to establish the
foundation for the future development and demonstration of metamaterial technology for developing a
narrowband perfect absorber that functions in the LWIR region for the purpose of realizing highly sensitive
uncooled hyperspectral imagers. A metamaterial is a substance that acquires its electromagnetic properties from



imbedded physical structures instead of from its chemical composition, and can bend light in ways not possible
with any natural material. In order for the embedded structures to strongly affect electromagnetic waves, a
metamaterial must possess features with sizes comparable to the wavelength of the electromagnetic radiation
with which it interacts. Since the electric permittivity and magnetic permeability of metamaterials can be
manipulated to create a very strong absorber their application offers the potential for realizing narrow-band
perfect absorbers and completely new and novel types of optical devices. In particular, perfect absorbers have
the potential to significantly improve the function of microbolometer focal-plane arrays. Such microbolometer
arrays would offer enhanced and/or expanded capabilities for chemical and biological sensing, especially in
regards to standoff detection and monitoring. These two efforts aim to investigate various types of metamaterial
structures for their effectiveness in realizing microbolometers that offer very high absorption over a very narrow
bandwidth (~ 10 wavenumbers) that can be dynamically tuned over 8-12 micron region.

3. UV-enhanced Raman Spectroscopy. Two Phase I SBIR contracts were awarded to Spectral Platforms, Inc.
and TIAX, LLC to study how UV LEDs can be used to enhance the sensitivity and spectral resolution of Raman
spectroscopy systems for biomolecule sensing.

Spectral Platforms will develop a highly specific bioterror threat agent detection system using ultraviolet light
emitting diodes (UV LED) in a Raman spectrometer, combined with a 2D correlation analytic technique.
Validation of proposed methods with experimental results collected using a breadboard instrument on an
accepted anthrax simulant. Methods will be demonstrated to improve the detection sensitivity by 100,000-fold
compared to the current approach for point detection. The research will aid in making improved chemical or
biomolecule sensors which is responsive to Army needs for high sensitivity and selectivity sensors for warfare
agent threats. Specifically, anthrax will be the focus in phase I to improve upon existing point sensors which use
Raman based sensing (or other methods) to improve upon false alarm probability and sensitivity of detection.
Miniaturized sensors which can accurately detect the presence of such threats could be used in both military and
civilian environments and reduce the need for bulky PCR (Polymerase Chain Reaction) systems which have had
problems even though they are much bulkier and elaborate. UV LEDs have recently been improved in terms of
their efficiency and output power because of two other ARO SBIR phase II programs. UV lasers on the other
hand are not currently available in miniaturized form and also can destroy the analyte molecules making their
viability as a threat agent no longer detectable.

The TIAX phase I SBIR aims to utilize UV light to enhance Raman spectroscopy by up to 5 orders of magnitude
and spectral resolution by up to 2 orders of magnitude compared to spectroscopy methods without UV light.
Their approach is to study representatives of important analyte classes (toxics, chemical/biological agent
simulants, and air pollutants) using a two-light-source Raman technique involving a UV LED and an ordinary
visible/near infrared laser. Raman spectroscopy holds great potential for the Army in both chemical and
biomolecule detection but has been hindered by sensitivity issues and by background noise from
autofluorescence. Another approach is to use a UV laser with wavelengths below 250 nm, because (a) Raman
sensitivity goes as the inverse of wavelength to the fourth power; and (b) wavelengths below 250 nm tend not to
induce autofluorescence. Drawbacks to this approach include potential damage to the analytes by high energy
photons; and the current cost of deep-UV lasers (diode lasers below 250 nm will not be available for some time).
Deep-UV LEDs are thus being studied for ways that they can improve sensor performance since they have been
developed in arrays with milliwatt level output powers in the past few years.

E. Small Business Technology Transfer (STTR) — New Starts

In contrast to many programs managed by ARO, the STTR program focuses on developing specific applications,
as was described in CHAPTER 2: PROGRAM DESCRIPTIONS AND FFUNDING SOURCES.

1. MEMS Based Thermopile Infrared Detector Array for Chemical and Biological Sensing. A Phase II
STTR contract was awarded to Black Forest Engineering (BFE), in collaboration with Case Western Reserve
University, with the goal of fabricating silicon compatible thermopile arrays for spectroscopic sensing of
chemical and biological molecules. Thermopile arrays which respond in the mid-wave and long-wave regimes
will be fabricated, as well as broad band IR arrays. Both poly-Si and poly-SiGe based thermopiles will be
fabricated. The poly-Si material is standard CMOS gate material and should be a low risk approach; however
the poly-SiGe material is less straight forward but should be higher performance. Linear arrays of both materials



will be fabricated on 100 or 150 mm diameter silicon wafers. The poly-Si array will be interconnected with
BFE’s readout integrated circuit at the wafer level. The poly-SiGe array will use a wire bond approach with each
thermopile having two separate bond pads. The potential advantages of monolithic thermopile sensor arrays
include low cost, very small power consumption, small size, and high sensitivity. The ability to fabricate
thermopiles arrays from silicon compatible materials using standard integrated circuit processes holds the
potential to improve infrared sensing capabilities within DoD. The thermoelectric coefficients and resistivity of
silicon and polycrystalline silicon make them very attractive materials for rugged, inexpensive infrared
spectrometers.

2. Integration of 360°-Retrodirective Noise Correlating Radar with Panoramic Imager. A Phase II STTR
contract was awarded to Physical Domains Inc. to leverage recent breakthroughs in retrodirective noise-
correlating (RNC) radar and to develop and demonstrate a new technological capability for imaging sniper bullet
trajectories and the local terrain. Radar-based tracking and imaging tools for the real-time detection and geo-
locating of high-velocity threats, such as rocket-propelled grenades and large-caliber bullets, represents a unique
and extremely important new technology for Force Protection and Homeland Security. Because the response
time for these types of threat scenarios must be tens of milliseconds or less, it is a requirement that the
envisioned radar system possesses extremely short detection and acquisition times and should thus be “auto-
cued”. This system must also provide real-time imaging of the projectile assaults overlaid onto the surrounding
3-D terrain and environment. This Phase II effort will address these requirements by developing the components
and algorithms needed for a 360° field-of-view retrodirective radar system operation and projectile tracking and
various components for hardware-software interfacing. This technology may ultimately offer a unique capability
to the military and law enforcement for countering (and documenting) threats presented by sniper attacks.

3. Electrophoretic Nanofluidic Biochip Sensor Platform for THz Spectroscopic Fingerprinting of
Biological Species. A Phase II STTR contract was awarded to Redondo Optics, Inc. to develop and demonstrate
an integrated electrophoretic nanofluidic biochip sensor platform for the accurate, reliable, and fast-throughput
“label-less” THz spectroscopy finger printing of biological species and agents. This project aims to develop and
demonstrate a nanofluidic chip technology and the associated manufacturing methodology that will provide a
cost-effect capability for the accurate label-less THz spectroscopy detection and identification of biological
species such as DNA, RNA, proteins, and enzymes to enable the detection and identification of biological
species. The proposed technology and manufacturing development is very strong and therefore has a high
probability of leading to effective approach for controlling biological species in solution for the purpose of
achieving high repeatable THz spectroscopic characterization of the biological targets. This capability is
expected to make impacts to the bio-defense applications.

This new research and development will build upon extremely noteworthy Phase I achievements which include,
but are not limited to: the demonstrations of two types of INTRay-Nanochip™ prototypes including one-
dimensional, single layer, and two dimensional, two-layers of parallel-weaved and cross-weaved, nanofluidic
channels; the development of an innovative soft-nanolithography technique that enables the wafer scale
production of disposable nano-imprinted PMMA INTRay-Nanochip™ prototypes; development of a capability
to observed the separation of long and small DNA fragments using electrophoretic techniques within the
nanoporous structure of the INTRay-Nanochip™ using fluorescence detection techniques; design and
development of a methodology for the integration of micro-fluidic pumps to the INTRay-Nanochip for the
repeatable and reliable sample fluid delivery to the active nanofluidic channels of the chip; integration of
electro-kinetic fluid diffusion and control elements to enable the manipulation of biological samples within the
nanofluidic channels of the chip; and, a full performance demonstration of the integrated INTRay-Nanochip™
prototype using a coherent frequency domain THz spectroscopy instrument that included detection, analysis, and
identification of the high resolution THz spectral signatures associated with certain biological samples. These
are very outstanding demonstrations that attest to the merits and the potential of this Phase II project, and suggest
a very high probably for realizing an integrated electrophoretic nanofluidic biochip (i.e., INTRay-NanochipTM)
sensor platform that will be capable of accurate, reliable, and fast-throughput “label-less” THz spectroscopy
finger printing of biological species and agents, and as such, may define a revolutionary new detection and
identification technology for field applications.

4. Burst mode lasers for trace molecule detection from LIBS (Laser Induced Breakdown Spectroscopy).
Two Phase I STTR contracts were awarded to Performance Lasers and Q Peak, Inc. to study the potential of
making lower cost, compact, high peak power lasers at multiple wavelengths. The goal of these two Phase |



STTR programs is to develop a compact, rugged, and low-cost wavelength-versatile burst laser for a variety of
potential military applications. Performance Lasers will focus on the development of a wavelength-versatile
burst laser that is very compact (<33% of current size), lightweight (<25% of current weight), and inexpensive
(<33% of current cost; develop a proof-of-concept 'breadboard' demonstrator; and then produce a conceptual
prototype. The required academic collaboration will be with Prof. Dryver Houston in the School of Engineering
at the University of Vermont. The research focus of the contract with Q-Peak is to design a novel diode-
pumped, scalable, and high-efficiency master-oscillator-power-amplifier (MOPA) laser for near-IR pulse
generation that is compact, rugged, and low-cost. The required academic collaboration will be with Professor
Paul Dagdigian in the School of Arts and Sciences at John Hopkins University. Both of these efforts will
contribute technologies to facilitate the development of a new approach to landmine detection for humanitarian
and military post-operational demining.

F. Historically Black Colleges and Universities and Minority Institutions (HBCU/MI) — New Starts

The HBCU/MI and related programs include the (i) ARO (Core) HBCU/MI Program, which is part of the ARO
Core BAA, (ii) Partnership in Research Transition (PIRT) Program awards, (iii) DoD Research and Educational
Program (REP) awards for HBCU/MI, and (iv) DoD Instrumentation awards for Tribal Colleges and Universities
(TCU). The FY11 new starts within these programs are described here, while the missions of each of these
programs were described CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES.

1. PIRT: Bayesian Imaging and Advanced Signal Processing for Landmine and IED Detection Using
GPR. This five-year PIRT project was awarded in FY 11 to a team led by Professor John Anderson at Howard
University. The goal of this project is to develop and apply innovative signal processing and computational
electromagnetic methods to ground penetrating radar (GPR) based landmine and improvised explosive device
(IED) detection systems in order to drastically improve their performance, and evaluate the methods using
synthetic and real GPR data.

Professor Anderson will also work closely with the ARL-SEDD SIRE radar team and will collaborate with the
Center for Advanced Algorithms at Delaware State University. His research will focus on developing improved
techniques for pre-processing the data to suppress noise due to radio frequency interference, self-interference,
and sampling jitter, and developing image formation methods that are adaptive and incorporate a priori
information about scatterers due to landmines and IEDs. These image formation methods will be implements
using parallel MATLAB and computing architectures based on graphical processing units (GPUs). The use of
parallel computing is necessary because of the extremely large computational expense of the proposed image
formation methods. In conjunction with the image processing, Professor Anderson will develop inverse
scattering methods in order to reduce false alarms from man-made object that are not landmines and IEDs. This
reduction in false alarms is enabled by the estimation of certain parameters that are directly related to the
material of the landmines and IEDs. Finally, the algorithms will be tested against government simulation data
and real data from the SIRE GPR system.

2. PIRT: Center for Advanced Algorithms. This five-year PIRT project was awarded in FY11 to a team led
by Professor Fengshan Liu at Delaware State University. The goal of this project is to create a new Center for
Advanced Algorithms, a partnership between Delaware State University, the University of Delaware, and the
Pennsylvania State University, which will develop and transition fully-tested algorithms and software for the
detection and discrimination of landmines and improvised explosive devices (IEDs) for wideband ground
penetrating radar (GPR) applications.

Researchers at the Center for Advanced Algorithms will collaborate closely with the team at ARL-SEDD
engaged in the development of the SIRE ground penetrating radar system. This collaboration will allow the
newly developed signal processing techniques to be tested against ground truth with experimental data, and will
accelerate transition of the research into the SIRE system. The research will focus on five primary tasks:
mitigation of multiplicative noise, ultra wide-band (UWB) spectral shaping with reduced compression artifacts,
change detection for improved sub-clutter visibility, inverse scattering methods, and automated detection of
anomalous motion. This research has a very high potential positive contribution to the Army counter-IED
mission through significant performance improvements in Army forward-looking ground penetrating radar
systems.



3. DoD REP Awards. As described in more detail in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING
SOURCES, REP awards aim to enhance or increase the programs, capabilities, and graduates in scientific and
engineering disciplines in universities serving underrepresented minorities. In FY11, the Electronics Division
managed seven new REP projects, totaling $3.7 million. The equipment purchased with this award is promoting
research and education in areas of interest to ARO, such as the characterization of piezoelectric and magnetic
materials for Micro-Electro-Mechanical-Systems (MEMS), and studies of the physics of irregularities and
turbulence in space plasmas.

G. Presidential Early Career Award for Scientists and Engineers (PECASE) — New Starts

1. Single-Nanoparticle Transducer. A PECASE award was granted to Professor Lan Yang at the University of
Washington to develop a nanoparticle transducer with single particle resolution and exploit it to achieve ultra-
sensitive, nano-scale sensors with unprecedented performance and explore interesting physical phenomena for
innovative photonic devices. The research will study the fundamental physics associated with mode-splitting
effects induced by light scatters, such as particles/molecules, and it will also utilize such phenomena to achieve
novel nanosensors which will overcome technological barriers faced by existing resonator based sensors and
traditional bulky/expensive single molecular analytical tools. The work will also consider methods for
introducing more functionalities to the photonic devices by prior work on wet-chemical synthesis of high-quality
photonic materials to mix different materials system and tailor the materials composition at molecular level, with
the goal of achieving a larger optical gain in the resonator so as to enhance the quality factor to resolve small
amounts of mode splitting which otherwise would not be detected in a passive resonator (i.e., a resonator without
optical gain). The proposed research will investigate completely new and novel mode-splitting sensing
technique which could lead to novel types of photonic devices and sensors. These devices and sensors have
potential for impacting such applications areas as environmental monitoring, medical diagnostics and
chemical/biological/radiological/nuclear/explosive detection and identification.

2. Precision Controlled Carbon Materials for Next-generation Optoelectronic and Photonic Devices. A
PECASE award was granted to Professor Michael Arnold at the University of Wisconsin (Madison) to develop
and integrate new non-metallic, high-efficiency photonic carbon nanotubes and graphene quantum dots into
optoelectronic devices particularly for application to high speed, high efficiency and brightness light emitters.
Other photonic devices such as photodetectors and solar cells would be sub-thrusts that fall under this work since
their active region would use similar materials. Synthesis and sorting on carbon nanotubes (CNTs) will be
studied to achieve high luminescence efficiency. Once that is achieved work on the electrical generation and
control of excitons and device fabrication will be pursued. CNTs with both polymer blend and inorganic
heterostructures will be pursued for appropriate control of excitons and the injection of charge into and extracted
out from CNTs for photonics applications. Nanosphere lithography will be pursued on graphene for nanoscale
patterning of dots. Optical characterization of the quantum dots will be made in relation to their size, shape and
orientation and potential use in infrared LEDs. IR photodetectors with type-II heterostructures and optimized
dark current and detectivity levels will be studied. Carbon based materials have a significant potential to impact
the photonics world due to their high carrier mobility and recent discovery of high luminescence efficiency.

H. Defense University Research Instrumentation Program (DURIP)

As detailed in CHAPTER 2: PROGRAM DESCRIPTIONS AND FUNDING SOURCES, the DURIP program supports the
purchase of research equipment to augment current university capabilities or to develop new capabilities for
conducting cutting-edge research relevant to long-term Army needs. In FY11, the Electronics Division managed
six new DURIP projects, totaling $0.87 million. The university laboratory equipment purchased with these
awards is promoting research in areas of interest to ARO, including efforts to explore high energy laser optical
coatings, advanced piezoelectric devices, and DNA-based superstructures.

I. DARPA Parametric Optical Processes and Systems (POPS) Program

The goal of the DARPA POPS program is to advance four-wave mixing (FWM) to Si-based photonic structures
that will lead to optical processing at data rates beyond 1 Tb/s. ARO is currently managing a project at Cornell



University that is focused on using silicon to enhance optical processing. Other projects within this program are
focused on using highly non-linear glass optical fibers to achieve the same goals. The high optical confinement
of the Si structures enables FWM devices that can operate not only at relatively low powers, but also with short
lengths, which will greatly enhance the phase-matching bandwidth. Losses from free carrier absorption (FCA)
were mitigated using a reversed-biased diode structure integrated into the FWM waveguide architecture. The
DARPA POPS program manager encouraged the ARO Electronics Division to take a lead role in the program by
leading multiple teleconferences with the ARL Computational and Information Sciences Directorate (ARL-
CISD) to establish an optical networking workshop. This workshop will enable the Army and DoD to gather
input and find direction for putting together test-bed architectures proving the advanced capabilities provided by
this FWM technology.

J. DARPA Nanoscale Architectures for Coherent Hyper-Optic Sources (NACHOS) Program

The DARPA NACHOS program has been managed by ARO since its inception, and began Phase I1I in FY11.
The goal of the program is to demonstrate a sub-wavelength electrically injected semiconductor laser in all 3
dimensions. Although such lasers far exceed the state-of-the-art in terms of size, much work needs to be done to
understand the ways in which they could be used in future Army or non-military systems. Further consideration
of nanolasers and their potential uses was made this year through a number of avenues including an international
topical meeting Dr. Gerhold organized for the IEEE and a special session of the Nano-DDS focused on the
potential use of nanolasers for biosensing. Both meetings brought together several NACHOS PIs and experts
internationally to highlight the advances being made and discuss where the lasers may make their first impact.
As part of ARO interest in high-speed lasers and interconnects, a potential MURI program was proposed to
further the research of modulating and interfacing with nanolasers to make them useful for next generation
photonic networks such as those used in electronic-photonic integration schemes being pursued at Luxtera. The
programs that moved to phase III were led by professors at Berkeley, Caltech, and UCSD with the goal of
making room temperature electrically injected sub-wavelength lasers still not achieved. Progress has been made
though at both Arizona State (Berkeley group) and UCSD both in terms of laser size and electrical injection
operating temperature that approach the end goals. The NACHOS program has been coordinated with ARL-
SEDD through Dr. Wayne Chang.

K. JTO Multidisciplinary Research Initiative (MRI) Programs in High Energy Lasers.

ARO currently manages six MRI programs for the High Energy Laser Joint Technology Office in Albuquerque
(managed by OSD). Three of those are new MRIs which were kicked off this fiscal year and awarded through
ARO’s Electronics Division. The previous ongoing programs focused on fiber laser research including use of
new gain media, new waveguide designs, and one program on gas lasers. The new MRIs are led by professors at
U. New Mexico, Central Florida (CREOL — Center for Research in Electro-Optics and Lasers), and Clemson.
Their respective foci are on three different subjects: fundamental physics of creating a high power handling
optical coatings, material loss improvement and beam combining techniques with volume Bragg gratings, and
solid core photonic crystal fiber laser development for larger core sizes and suppressed acoustic mode
interference. ARO continues to play a significant role in leading the MRI programs by organizing a number of
ARO workshops, particularly on the fiber laser efforts, to review progress and aid in technology transition and
the development of new research programs (see Optical Fiber Technology workshop under conferences). Other
ARL Directorates have been made aware of the programs through their participation in HEL-JTO programs
including several reviews annually, and ARL-CISD and ARL-SEDD have participated in various ways.

L. DARPA HiPER (High Power Efficient and Reliable Lasers) Program

The DARPA HiPER Program was funded to understand the thermal management limitations in diode bars
toward creating kW level power outputs from single laser bars. The program funded to Science Research
Laboratory (SRL), successfully determined how to extract heat from laser bars to such an extent as to make the
heterostructure itself the limiting factor in the p