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EXECUTIVE SUMMARY

ABSTRACT

The University Research Initiative for Combat Readiness includes nineteen (19) research and
development projects relevant to combat readiness. Projects being supported by this initiative
address six major DoD mission areas including: chemical and biological warfare, target
acquisition and identification, anti-submarine warfare, combat medicine, biodeterioration, and
command, control, and communications. These projects were selected for support based on an
existing research capability that could be accelerated to create cost savings to the ONR by
bringing results to the field earlier. For the present report period directors of the individual
projects report sixty-three (63) publications in progress, in press, or submitted for publication.

FORWARD

The total amount of this grant is $9,304,000 for the period of 01 Jun 97 through 29 Jun 00. The
award carries a $27,912,001 non-federal matching commitment. The University of South
Carolina provides management costs for the project, and indirect costs are being returned to the
project in the form of equipment. For the present report period the project supported seventy-
three (73) faculty/post doctoral associates and fifty-eight (58) graduate/undergraduate students.
Twenty (20) inventions are reported and emanate from the Technology Development for
Chemical Detection, Survivable, and Re-configurable Optical/Wireless Tactical Networks
component projects. For sixteen (16) of these inventions US Patent Office filings are reported.
Significant progress is also reported for the wavelet based automatic target detection,
recognition, and image processing components. The most significant achievement of the combat
medicine portion of the program is the development of a biomimetic bone cement that can attain
a compressive strength of over seventy-six (76) megapascals (Mpa) in just twelve hours.

DESCRIPTION OF ATTACHMENTS

Attached to this Executive Summary are individual Performance (Technical) Reports for the
nineteen (19) component projects and their individual SF-298 Report Documentation Pages.

REPORT

The University Research Initiative Program for Combat Readiness was prepared in response to
BAA 97-006. The purpose of this project is to support on-going research activities in six areas
related to combat readiness: chemical and biological warfare, target acquisition and
identification, anti-submarine warfare, combat medicine, biodeterioration, and command,
control, and communications. Simultaneously the project is to identify new projects, which offer
potential advancement and improvement in combat readiness while offering specific savings in
research and other federal expenditures by the accelerated research covered in the initiative.

Management (80, 4 faculty)

Effective March 16, 1997, the designated Principal Investigator, Jerome D. Odom, became
Executive Vice President for Academic Affairs and Provost for the University of South Carolina.
Responsibilities for this new position placed increasing demands on the time that Dr. Odom had
initially devoted to the implementation of the University Research Initiative Program for
Combat Readiness. As such, Dr. Odom designed a management structure for the program and
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notified the Office of Naval Research Regional Office-Atlanta on October 17, 1997 that Roger
H. Sawyer, Interim Dean of the College of Science and Mathematics at the University of South
Carolina, was to serve as Co-PI. Drs. Frank T. Avignone, IIl and T. S. Little were appointed as
Program Director and Manager, respectively.

This management structure, shown on the following page, allows for the effective and efficient
management of the program. Dr. Sawyer participated in the development of the research
described in the award. As an interim academic dean, Dr. Sawyer has sufficient administrative
position to help insure the implementation of the award. Further, Dr. Sawyer has the
administrative staff necessary to monitor and maintain fiscal control over the award. Dr.
Avignone, familiar with ONR general grant terms and conditions, has sufficient contacts within
the DoD to identify outside reviewers and evaluators for the program and to serve as principal
programmatic leader. Dr. Little has served, for the past four years, as Program Manager for the
South Carolina Department of Defense EPSCoR Program (DEPSCoR) and is proficient in the
day to day management of large, complex, multi-task awards.

For each component project, within each major DoD mission area, a single project leader has
been identified. The project titles, these leaders and the total amount of funding for the total

project period (3-years) are provided below:

Title Project Leader Budget
The Design and Synthesis of Quantum Dot Based Lasers Richard D. Adams $330,000
Line-of-Sight Standoff Identification of Explosive Chemicals and S. Michael Angel $399,901
Chemical Warfare Agents
Small Molecule Transport Through Polymers: Effects of Polymer Mark A. Berg $370,000
Inhomogeneity and Dynamics on the Nanometer Length Scale
Wavelet Based Image Processing For Military Applications Ronald A. DeVore $440,001
Insure Access to Allogenic Bone Marrow Transplantation for Jean Henslee-Downey $524,001
Correction of Marrow Failure and Hematologic Malignancies
Accelerated Research in Biofouling Control Madilyn M. Fletcher $383,251
Real-Time Biodetection Using PCR-MS _ Karen Fox $450,001
Tissue-Engineered Cartilage and Advanced Bioadhesives for the Rapid | Brian Genge $900,000
Healing of Combat and Training Injuries to Bone
Development of a Field-Portable LIBS System for the Identification of | Scott R. Goode $434,700
Alloys
Wavelet-Based Automatic Detection and Recognition Terrence L. Huntsberger $510,000
Wavelet-Based Algorithms for Acoustic/Non-Acoustic Antisubmarine | Bjorn Jawerth $525,000
Warfare
Rapid Biodetection of Bacterial Cells by Laser Pyrolysis/Mass Stephen L. Morgan $434,748
Spectrometry
Technology Development for Chemical Detection - M.L. Myrick $1,299,999
Real-Time UV Fluorescence for Dissolved Hydrocarbon Tracking M.L. Myrick $290,000
Massively Parallel Optical Image Compression Using Optical Rank M.L. Myrick $400,000
Annihilation
Dynamic Decision Support for Command, Control, and JR. Rose $410,399
Communication in the Context of Tactical Defense
Survivable and Reconfigurable Optical/Wireless Tactical Networks S. Singh $409,000
Molecular Scale Electronic Arrays for the Design of Ultra-Fast James M. Tour $293,000
Computational Systems
Laboratory for Genetic Diagnosis and Control of Mosquitoes Richard G. Vogt $500,000
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This distribution of program resources is shown graphically below:

DISTRIBUTION OF RESOURCES

@ Target Acquisition

$950.001 @ Chem and Biol Warfare

g Command, Control and
Communications

@ Combat Medicine

$1,924,011} $3,284,649

@ Anti-Submarine
Warfare

@ Biodeterioriation

$1,512,399

@ Supporting Research

Management activities for the first year have included the distribution of resources and
monitoring of expenditures for the individual nineteen project accounts, the organization and
implementation of a management structure for the overall program and the development of
reporting guidelines for the individual component projects.

Section 1: Target Acquisition and Identification ($950,000, 2 component projects, 11
Jaculty/postdoc, 6 graduate/undergraduate students)

Investigators report the development of a wavelet-based fractal signature measure that generates
an n-dimensional surface, used for classification. Other progress includes the development of
two algorithms for combining both color and texture features to assist boundary detection
processes and new parametric methods for target detection. Investigators studying image
processing for military applications report the development of highly non-linear approximation
theoretic techniques, which form the foundation of an “end to end” image processing
environment for Automatic Target Detection (ATD).

Section 2: Chemical and Biological Warfare ($3,284,649, 6 component projects, 20
Jaculty/postdoc, 20 graduate/undergraduate students)

Progress on the development of chemical sensors for nerve agents is reported by the synthesis
and electrochemical characterization of several imides. To effectively allow chemical agent
analytes to be detected it is necessary to react them with sensing chemistries or indicators. A
recently acquired (April 1998) x-ray diffraction system is expected to significantly impact the
progress in this program over the next couple of months. Sixteen (16) inventions are reported as
having been disclosed to the University of South Carolina from technology developments for
chemical detection associated with the project. Primary accomplishments reported for the study
of small molecule transport through polymers include the identification of a probe molecule,
which can be used to measure viscosity over a nanometer-sized volume. Other progress includes
demonstration, for the first time, of the Kerr Effect with Resonant Detection (KERD) which
provides significant information on the nanoelasticity of polymers.
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Section 3: Command, Control, and Communications (87,512,399, 4 component projects, 17
Jaculty/postdoc, 11 graduate/undergraduate students)

Progress in the dynamic decision support for command, control, and communication in the
context of tactical defense is reported. Investigators have collected test scenarios and have
abstracted salient features that must be considered in the development of the dynamic decision
support system. Investigators also report the development or adaptation of algorithms for
evaluating reliability of information and accessing the value of missing information. These
studies have led to the report of a hybrid algorithm invented to compute marginal and joint
beliefs in Bayesian networks. Computer Science faculty studying the problem of developing
network management and data transport protocols for multihop wireless networks operating in
hostile environments report the development of new UNIX based protocols suited for these
environments. These protocols will facilitate high-speed, real-time access and reliable
dissemination of intelligence and reconnaissance. Faculty having expertise in basis function
optimization using Wavelet theory, optical computation, design and fabrication have
collaborated to achieve significant progress in the development of a new optical architecture
capable of “instantaneous” image compression. Material scientists striving to develop
molecular-sized architectures to push the limits of densely packed computational systems report
the synthesis and theoretical testing of several molecular devices. These tests include those to
measure the performance of the molecular devices as digital logical gates, the basic units of a
molecular central-processor-unit (CPU).

Section 4: Combat Medicine ($1,924,001, 3 component projects, 11 faculty/postdoc 2
graduate/undergraduate students)

Biology faculty working in collaboration with Walter Reed Army Institute of Research report
progress on the international collection of several species of mosqultoes which are human
relevant vectors of the malaria parasite. Progress is also reported on the development of DNA-
based diagnostic assays. These studies are expected to contribute to the prevention and control
of mosquito born diseases prevalent in areas where US military are stationed. Physicians
participating in another combat medicine component project report significant progress in the
development of hematopoietic cell transplant protocols. These protocols will be required for
transplants needed after exposure to radioactive, chemical, or biological weapons, which result in
hematological apalasia or cancer. The high incidence of musculoskeletal injuries reported for
Marines, and their related high costs in terms of morbidity, lost training time, and attrition,
precipitated a component project to study advanced bio-adhesives for the rapid healing of
combat and training injuries to bone. For the present report period investigators involved in
these studies report the successful formulation of a self-hardening biocompatible bone paste.
The formulation has been characterized using scanning electron microscopy (SEM), infrared
spectroscopy and x-ray diffraction. Results of compression tests of the new material are
reported, as are preliminary results of the material to support living osteoprogenitor cells.

Section 5: Anti-Submarine Warfare (8815,000, 2 component projects, 7 faculty/postdoc, 6
graduate/undergraduate students)

A cooperative project between computer scientists and mathematicians to study Wavelet based
algorithms for acoustic/non-acoustic anti-submarine warfare has yielded impressive results for
the detection of submarine wake in Wavelet coefficient space of range-time-intensity plots.
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These results combined with algorithm development for automatic target detection and novel
methods for surface integration have provided new information for improving the two main
detection methods used in tactical anti-submarine warfare, acoustic and non-acoustic. Chemists
developing rapid detection techniques to recognize the presence of antrhopogenic hydrocarbons
associated with submarine activity report having hired a uniquely qualified postdoc to advance
these studies.

Section 6:  Biodeterioration ($383,251, 1 component project, 5 faculty/postdoc, 11
graduate/undergraduate students)

Marine scientists report the generation of a range of organic polymer surfaces, the measurement
of bacterial attachment to these surfaces and the characterization of microbial communities
responsible the formation of biofouling communities. The formation of biofouling communities
on deployment devices and sensors and on ship and submarine hulls represents a significant
limitation to the efficient operation of instrumentation and vessels.

Section 7: Supporting Research (8434,700, 1 component project, 2 faculty/postdoc, 2
graduate/undergraduate students) '

The goal of this research is to define and characterize the factors that influence the speed,
accuracy, and precision of the measurement of lead in paint and carbon in steel by a field-
portable nondestructive test system. Investigators report that the first task, fabricating a Laser-
Induced Breakdown Spectroscopy (LIBS) instrument, is essentially complete. Results are
presented from initial studies of reference materials.
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Section 1-1: Wavelet-Based Automatic Target Detection and Recognition
Terry Huntsberger, Bjorn Jawerth

1. ABSTRACT

The current down-sizing of DoD manpower has led to the increased reliance on "smart"
weapons for effective world-wide tactical response. These systems are based on autonomous and
semi-autonomous (man-in-the-loop) techniques for acquisition, identification, targeting, tracking,
and damage assessment. During the current contract period we have concentrated on the
development of energy minimization methods, FIR/IIR filters, wavelet-based texture features,
noise removal, and efficient methods for thermal signature simulation for automatic target detection
and recognition.

2. FORWARD

This project was funded for $510, 000 for the period June 1, 1997 to May 30, 2000. We
have decided to use the SKY Computer system with 4 PowerPCs/36 SHARC DSP chips for the
implementation of the algorithms. This decision was made after consideration of Navy needs and
examination of the algorithms. The system has been ordered and is to be shipped May 1, 1998.
The original Year 1 Milestone was the port of our algorithms to the Intel Paragon system, which
was postponed due to system downtime. Accomplishments for this past year, as described in the
body of the report, include:

¢ Demonstrated the utility of the wavelet-based fractal signature for target/clutter discrimination.

¢ Developed efficient energy minimization methods using the Lattice Boltzmann method for
scene segmentation. :

¢ Developed a hardware architecture for scaleable implementation of a wide class of computer
vision algorithms.

¢ Compared wavelet based FIR and IIR filters for compression performance.

¢ Developed a wavelet-based algorithm that automatically incorporates texture into the
compression process.

¢ Developed efficient wavelet-based algorithms for simulation of infrared target signatures.
3. DESCRIPTION of ATTACHMENTS and APPENDICES
None
4. BODY
4a. Statement of Problem

The problem of decoupling target signatures from background clutter effects lies at the heart
of robust ATD/R. Texture measures offer a means of detecting targets in background
clutter despite similar spectral characteristics. The “fractal signature” (a feature set based on the
fractal surface area function) has previously been shown to be very accurate and robustin
multiband texture classification. Extension of this work into a wavelet-based algorithm was
recently completed under DARPA funding In addition, operations such as image enhancement can
be performed very efficiently in the wavelet coefficient space.

Section 1-1 — Page 2
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4b. Summary of Results

Wavelet-Based Fractal Signature Analysis for Automatic Target Recognition

We have developed a wavelet-based fractal signature measure that generates an n-
dimensional surface, which is used for classification. Besov spaces offer one way to classify
functions by their mathematical smoothness, which is very close to our notion of visual
smoothness. We build a feature vector using the texture measure returns from the different levels
of resolution and orientations in the wavelet detail coefficients for the image subregion for which
we are trying to compute a fractal dimension. The low dimensionality of the feature vectors
extracted allows for the training of classifiers in relatively short time and with good accuracy.

Our studies with texture mosaics revealed the link between the wavelet-based fractal
signature and the smoothness of a texture. Man-made objects such as targets tend to be
characterized by linear/angular features which show up well in the wavelet detail channels, thus
leading to relatively high values for the signature at every scale. Some examples of the use of the
signature for automatic target recognition in two classes of targets with low signal to clutter ratios
(SCR) are shown in Figures | and 2. '

a

pr 4 for pobFe rekcnoe; divr bvlos b onl'entedt .

Figure 2: ATD/R for ship hidden in “hot horizon” (left image courtesy of China Lake).

Adaptive Pattern Recognition System for Scene Segmentation

Robust pattern recognition within the Bayesian framework for scene segmentation and
boundary detection is oftentimes hampered by the presence of textures within natural images. In

Section I-1 — Page 3




University Research Initiative Program for Combat Readiness
Annual Report 06/07/97 - 05/31/98

order to improve segmentation/boundary detection on natural images, it is necessary to combine
multiple features effectively. :

Modeling the image formation process through a discretized system of partial differential
equations (PDEs) is one way to address the segmentation and boundary detection problems -
(JAIN77, JAIN78). We have developed two algorithms for combining both color and texture
features to assist boundary detection processes. One combines features through the surface
processes and the other through the line processes. The algorithms can be generalized for
combining any number of featuresets and can be applied for sensor fusion where each sensor
output corresponds to a feature. The region and line detection results from application of this
method to the image of a tank in heavily textured background clutter is shown in Figure 3.

Figure 3: Region and line detection results from energy minimization analysis. Left: original;
Middle: region; Right: Line.

An Efficient Line Processing Systefn

Optimization of energy-functionals provides a clear cut and very attractive framework for
image segmentation. Based on Mumford and Shah model (MUMEF89) for image segmentation, a
set of minimizing functionals which incorporate an auxiliary function to determine edges was
proposed. By minimizing the functionals, the line processing model can be rewritten as coupled
reaction-diffusion equations. The principal advantage of this system, which makes it especially
attractive, is that the evolution equations proceed to their stationary limit without the need for a
difficult and time-consuming global search to stop the system.

We are using the Lattice Boltzmann model to simulate the improved line processing model
based on the Lattice Boltzmann computation of the reaction-diffusion systems. Since the Lattice
Boltzmann model is fully parallelizable, we expect a very fast line processing system. We have
worked out an algorithm, which still needs to be further refined. This algorithm will be
implemented on the SKY Computer SHARC array.

A Vision System with Real-Time Feature Extractor and Relaxation Network

There are at least two application areas that fast vision systems are important. The first one
is for real-time applications. Such systems have to operate at a certain required rate to be useful.
Applications include automatic target recognition/tracking, factory inspection, face recognition for
security check, and robotics. Each application has different timing requirements. The other area is
for algorithm development. Many vision algorithms are computationally intensive and time
consuming to run on a sequential computer. As a matter of fact, the amount of computation for
new algorithms tends to grow as more powerful microprocessors become available to the research
community. Thus, we often find ourselves in the situation where we have to wait for hours to
collect the results each time we change the value of one parameter. The research community can
benefit greatly from a fast inexpensive general purpose vision system.

Section 1-1 — Page 4
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Many vision algorithms and vision tasks can be divided into two stages in terms of the
characteristics of the computations involved. They are the feature extraction stage and the localized
iterative interaction (relaxation) stage. We have developed a system which has a simple pipeline
structure suitable for VLSI implementation, and has very small latency and memory requirements
compared to an FFT based system. The architecture is general enough so that any types of spatial
filters can be implemented on the system. They include Gabor filters, Gaussian filters, difference
of Gaussian filters, Canny's edge detector (CANNS6), Laws' texture filters (LAWS0), various
classes of wavelets (RIOU91), Freeman-Adelson's steerable filters (FREE91), Simoncelli {\it et
al} shiftable filters (SIM092), Watson's cortex transform (WATS87), Marr-Hildreth filters
(MARRS2), Burt pyramid (BURT89), Young Gaussian derivatives (YOUNS7), and Perona
deformable kernels (PERQO90).

Autoregressive Texture Segmentation/Synthesis for Wavelet Image Compression

Wavelet based compression is particularly efficient in the compression of smoothly varying
regions of image data. It is the discontinuities located between the regions, along with high contrast
textured regions, which cause large transform coefficients and erroneous artifacts, such as blurring
or starring, at high compression ratios. Region-based techniques potentially facilitate image
compression since a homogeneous region of pixels can theoretically be described with a more
compact representation than a non-homogeneous one.

We have developed a unique region-based wavelet image compression scheme which
synthetically replaces texture data attenuated as a result of the compression process. We perform
texture’ segmentation on an estimated residual image which approximates the information that
would be lost at the requested compression ratio. The segmentation process utilizes an estimation-
minimization (EM) multi-resolution algorithm which is a modified version of the method proposed
in (BOUMO1). It identifies image regions which are expected to suffer a significant amount of
texture loss and additionally computes the parameters for an autoregressive model for each region
of distinct texture. Region-based wavelet compression is performed on the original image using the
partitions which result from the segmentation process. We have compared the performance of
~ several texture models, in terms of coding efficiency and texture quality, to the use of standard
wavelet compression methods.

IIR Approximation by FIR Filters

Finite impulse response (FIR) filters have a wide area of applications in image and audio
processing. The class of FIR filters is rather narrow (e.g. the inverse of an FIR filter is generally
an infinite impulse response filter (IIR)). Although the FIR filters are more versatile, the IIR filters
offer generally a greater flexibility in their design (rational vs. polynomial approximation of the
transfer function).It would be beneficial to combine the versatility of the FIR filters with the
flexibility in the design of the IIR filters by approximating of the later by the former.

Following an approach of Beylkin (BEYL95), we implemented an approximation algorithm
that is proposed in the former paper. We are now about to compare the compression performance
of the wavelets associated with the FIR filters with the ones associated to the IIR filters.

Parametric methods for target detection

The problem of finding the targets' types and their locations can be approached using a
Jump-Diffusion method based on a Bayesian approach. We have developed a new method by
creating the "clever" target generator in the jump process. In the current jump process, a new target
and its type are simulated randomly (and depending on the previous target distribution
information). In our method, the remainder image is obtained after each diffusion process is
performed.

Section 1-1 — Page 5




University Research Initiative Program for Combat Readiness
Annual Report 06/07/97 - 05/31/98

There are two processes involved in the Jump-Diffusion method. First we have the
diffusion process in which the number of targets and target types can not be changed; the positions
of targets are found using Lanevian stochastic differential equations. Second, we have a jump
process in which the number of targets and target types will be changed. We can estimate a new
target and its position on purpose by using other image properties, such as moment and curvature
features.

Heat Transfer Simulation Using Overlapping Wavelets

The heat transfer equation can be solved using finite element methods. Use of wavelets in
the finite element setting has helped in making the algorithm linear in the number of polygons at the
finest level. For complex scenes wavelet based algorithms are still slow, taking up huge amounts
of computer memory. Using them for real time application such as tactical simulations requires real
time synthesis of images of complex scenes made up of millions of polygons with varying lighting
~ conditions. Towards this goal, we have developed a novel and fast wavelet method for solving the
heat transfer equation.

A major advantage of using wavelets is in their property of capturing smooth functions
with a minimal number of coefficients. We have found in our ongoing work that most of the
kernel coefficients for smooth functions have value zero or near zero for spline wavelet bases.
Multiresolution analysis (MRA) of global heat transfer helps in computing only those kernel
coefficients that are significant in reproducing the final image. We use biorthogonal spline wavelets
as a basis for our MRA framework. Initially each surface is projected with the basis at the coarsest
level. The given function is then refined to a finer level if the heat variation over the spatial domain
or directional domain is greater than a given threshold. We follow Schréder's method of
refinement by sampling basis function at two different sample points at the sender. Christensen's
method of coarse integration of the kernel as a check for refinement is used at the receiver. This
helps to avoid computation of any additional kernel coefficients which have near zero values. We
use standard basis with standard decomposition for our MRA as it is better suited for adaptive
subdivision of both spatial and directional components.

Invariant Face Recognition using Fuzzy Self-Organizing Feature Map

Recognition of objects from a database of objects under varying conditions of such as
lighting and orientation is an important problem in computer vision. The specific class of images
used in this research was a large database of human faces acquired under varying conditions.
Invariance to orientation is achieved using a preprocessing registration phase to normalize input
using wavelet coefficients as features. Another important issue in such systems is the learning and
recognition overhead. Such characteristics of recognition systems are important in real-time
systems. The system being developed uses a combination of wavelet based feature extraction and
dimensionality reduction and fast self-organizing feature maps to achieve high speed learning and
recall.

The energy compaction properties of the wavelet transform are used in this system to
reduce the size of input images to a few pixels. The wavelet coefficients are used as multi-
resolution feature detectors in regions of discontinuities. Our systems uses a separate registration
phase during both the training and recall processes to normalize the input data so that there in
minimal variance in the input to the feature map. The high valued wavelet coefficients at different
levels are used to locate key features such as eyes and ears which then form the basis of
registration. The reduction in dimensionality afforded by the wavelet transform and the fact that we
use a very small subset of the scaling and wavelet coefficients in the recognition process enables us
to perform complicated preprocessing and overhead computations. Thus we can remove the
effects of affine transformations such as rotations and scales to augment the global translational
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invariance that is seen in the DC channel. A certain degree of resilience to noise is supported by the
FSOFM.
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Section 1-2: Wavelet based Image Processing for Military Applications
Ronald A. DeVore

ABSTRACT

The Principal Investigator, Ronald A. DeVore, and other researchers at USC’s Department of
Mathematics, are developing wavelet based image processing for automated target recognition
and related military applications including autonomous landing of aircraft, registration of images
from a database, and identification of cracks in skin of aircraft.

The goal of this research is to substantially reduce imaging times for signal, image, and graphical
databases which will enable the real-time processing of images for the purposes of image
registration and feature extraction. An “end-to-end” image processing environment for these
applications is being created by developing fast wavelet based algorithms for the generic
problems of image compression, denoising, feature extraction and pattern recognition, image
registration and correlation, path tracking, and motion detection.

The research takes advantage of recent developments in wavelet research including local time-
frequency decompositions based on adaptive basis selection and greedy algorithms; nonlinear
algorithms for compression and noise removal derived from functional analytic extremal
problems; customized encoders; and the integration of neural networks into the wavelet
framework.

Wavelet based multiscale methods were emphasized since they provide a uniform platform for
the various tasks. Nonlinear and highly nonlinear methods have been developed for these tasks
using recent advances of the researchers at USC in the areas of nonlinear wavelet approximation.
This includes greedy algorithms, adaptive basis selection, and adaptive pursuit. Emphasis was
placed on fast algorithms which can be implemented in real time scenarios.

FORWARD

The first year project was supported from July 1, 1997 through June 30, 1998 at a level of
$146,000, with a total three year budget of $440,001. Basic research on Automatic Target
Detection was performed with significant advances made on noise removal and feature
extraction. This includes:

e developing wavelet based methods to solve extremal problems for noise reduction

e development of highly nonlinear methods (greedy algorithms) for feature extraction.
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REPORT

Statement of Problem Studied

The goal of this research is to develop an “end-to-end” image processing environment to handle
in real time the generic tasks encountered in Automated Target Detection (ATD) and related
military applications. The research undertaken includes the derivation of complementary theory
and algorithms for automated target detection, rapid retargeting, the registration of digitized
images, rapid data querry, and data navigation.

Summary of Most Important Results

Major advances were made during Year 1 of this grant through the development of highly
nonlinear approximation theoretic techniques which form the foundation of an “end to end”
image processing environment for Automatic Target Detection (ATD). These advances provide
direct applications to advanced data compression algorithms, noise removal, feature extrac-
tion/registration, greedy algorithms, adaptive pursuit, and neural networks, brief descriptions of
which are provided below. This project collaborated with the Naval Air Warfare Center
(NAWC) through a workshop at Patuxent River on wavelet based methods for automated target
detection and by a return visit of research assistants for more intense collaboration.

Image Processing

Entropy encoding and compression. Compression is a vital component of Automatic Target
Recognition (ATR), providing real time communication of images and serving as a preprocessor
to other image processing tasks. We have used nonlinear wavelet approximation in our past
work to design compression algorithms for images and signals. More recently, we have
collaborated with Cohen (Paris VI), Daubechies (Princeton), and Dahmen (RWTH Aachen)
[CDDD] to design tree based encoders which have optimal compression properties. The
advantage of the tree based algorithm is that more structure results in the encoded file which
allows not only high compression but provides a platform for progressive transmission of the
image. In other words, a coarse resolution of the image is followed by finer and finer detail.
This platform also allows for local refinement (“burning in” to find finer detail in selected
localized regions of the image).

Image processing using statistical characteristics. Several optimization problems occur in noise
removal. One such extremal problem consists of finding minimizers for the K-functional for L;
and BV (functions of bounded variation). Techniques for finding minimizers for this functional
based on variational calculus and nonlinear partial differential equations have been put forward
by several authors (most notably [DMS], [LOR], [MS], [CL]). The main disadvantage of these
approaches is that they are numerically intensive. In [CDPX], we prove the surprising result that
wavelet thresholding is a minimizer for the K-functional. The proof is deep and depends on a
new adaptive algorithm for nonlinear piecewise constant approximation. Our analysis of this
extremal problem exposes many interesting properties of Haar decompositions in the space BV.
We are now numerically implementing these ideas.

Feature extraction and registration. In [DLY], we previously developed wavelet based methods
for extracting microcalcification clusters in mammograms. These techniques utilize image
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enhancement, very high compression for noise suppression, and pixel enhancement. Using
similar ideas, we have developed in [D et al.] wavelet methods for image registration. The
method identifies a few hot pixels in the image and registers two images by hot pixels matching.
The software implementation currently applies only to images, which are affine transformations
of one another, but other transformations are being investigated.

Nonlinear Approximation

In our previous work, ideas from nonlinear approximation have provided fundamental insight
and advances to several different areas, including image processing, nonlinear PDE’s, function
spaces, and statistics. Our current interest is focused on highly nonlinear approximation, which
includes approximation from libraries (families) of bases and dictionaries (redundant systems).

Greedy algorithms and adaptive pursuit. Adaptive pursuit from a dictionary of functions is used
frequently in feature extraction. We analyze the theoretical advantages and disadvantages of
these highly nonlinear methods. Our main goal is to construct simple and efficient algorithms
which provide near best m-term approximation. DeVore and Temlyakov [DT], [DT1], [T], [T1],
[T3], [T4], have analyzed the problem in various different settings. Temlyakov [T] proves that
greedy type algorithms realize near best m-term approximation in L,, 1 < p < oo , from the
multivariate Haar system and other systems equivalent to the Haar system. In [T3], it is shown,
however, that this is not valid for the trigonometric system, nevertheless, the greedy algorithm
realizes the best m-term approximation for wide variety of function spaces. In fact, DeVore and
Temlyakov [DT] have established a universal estimate for the accuracy of the greedy algorithm.
In [T1] a sufficient condition on dictionaries is provided, which guarantees that the greedy
algorithm gives the order of the best approximation.

Restricted nonlinear approximation. We have recently considered restricted nonlinear wavelet
approximation since it appears naturally in image processing, and in particular noise reduction.
Cohen, DeVore, and Hochmuth [CDH] characterize the approximation spaces for restricted
nonlinear n-term wavelet approximation. The results provide the basis to establish theorems
about interpolation of Besov spaces, which required the development of new techniques for
nonlinear wavelet approximation.

Kolmogorov’ widths. Temlyakov [T3] investigates a generalization of Kolomogorov’s width
that is suitable for estimating best m-term approximation. He generalizes Carl’s inequality,
which gives a lower bound estimate for Kolmogorov’s widths in terms of the entropy numbers.

Some relations between best m-term approximation and the entropy numbers are also given in
[DT].

Neural Networks

Neural networks are frequently used in statistical decision theory, classification, and feature
extraction. Our main goal in this research is to understand their advantages over more traditional
numerical methods. In [DOP], DeVore, Oskolkov, and Petrushev proved the first tight theorems
on linear approximation by neural networks. An interesting fact was discovered that the feed-
forward neural network with one hidden layer of computational nodes given by the unit impulse

Section 1-2, Page 4



University Research Initiative Program for Combat Readiness
Annual Report 06/01/97-05/31/98

function has efficiency of approximation O(n-32) in two dimensions. Petrushev [P] generalized
this result to arbitrary space dimension. New areas and techniques were developed and uitilized.
These include (a) the Radon transform, (b) orthogonal decomposition of a general function into
ridge polynomials, (c) quadrature formulas on the sphere exact for spherical polynomials of
degree n.

Oskolkov [O], [O1] elaborates Radon-Fourier analysis with special emphasis on comparison of
free (nonlinear) and equispaced ridge approximation. He established exact duality relations of
the problem of ridge approximation and optimization of quadrature formulas. This interpretation
enabled him [O], in particular, to obtain lower estimates of free ridge approximation via
equispaced one for radial functions. A new and unexpected result was recently proved by
Oskolkov [O1] in this direction for harmonic functions. It turns out that freedom in the choice of
the wave vectors in unconstrained ridge approximation brings a quite essential gain in the orders
of approximation. For each fixed harmonic function, free ridge approximations are “square
times” more efficient than equispaced ones, with the same admissible number of wave vectors
along a parallel path, a new effect of collapsed nodes in optimization of quadrature formulas was
discovered. The highest harmonic in a bound limited signal (trigonometric polynomial) can be
recovered with high accuracy even in conditions of an essential deficiency of point values of the

signal.

The results of DeVore and Temlyakov [DT1] on greedy algorithms also have strong implications
for nonlinear neural networks.
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Section 2-1: Line-of-Site Standoff Identification of Explosive
Chemicals and Chemical Warfare Agents
S.M. Angel, M.L. Myrick

ABSTRACT

This work is divided into two main areas: 1) development of the technology for optical

detection and identification of chemical agents using absorbance/reflectance spectroscopy

in the NIR/MID spectroscopic regions, combined with optical computation pattern

recognition. 2) demonstration of a standoff instrument for identification of dangerous
chemicals using a small-footprint Raman spectrometer with an LCTF, and demonstrate

the use of an LCTF for NIR measurements using star light as a source. Dr. Myrick’s

research group is performing work in the first area while Dr. Angel’s research group is

carrying out the latter area. In the first area, selection of chemical agent simulants has

been performed; instrumentation for recording the NIR and MIR spectroscopic signatures
of simulants has been purchased, as has the software necessary for pattern recognition

using linear multivariate methods. Software to design optical elements incorporating

these patterns has been obtained, and the hardware necessary for its implementation is

presently under contract, with delivery scheduled in June, 1998. In the second area, the

LCTF instrument has been purchased and is currently being debugged, and the small

footprint Raman system has been tested for standoff operation. Arrangements have been

made to do remote Raman and NIR measurements using The University of Hawaii

Institute of Geophysics mobile LIDAR system.

FORWARD

The purpose of the first project area is to develop the technology for optical detection and
identification of chemical agents using absorbance/reflectance spectroscopy in the
NIR/MID spectroscopic regions combined with optical computation pattern recognition.
The purpose of the second project area is to develop and test instruments for standoff
identification of explosives and CW agents using laser-induced remote Raman
spectroscopy, as well as NIR absorption using star light as a source. The unique aspect of
each system is the use of an LCTF for spectral discrimination, and fiber-optically
coupling the optics and detection system.

REPORT

Summary of the Most Important Results

Area 1 (This work is being performed by Dr. Myrick’s research group)

The tasks we expect to face during this project are to (a) hire a post-doctoral assistant for
the project, (b) purchase the equipment and software necessary for all the computation
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and construction tasks that follow, (c) select chemicals that will serve as simulants of
chemical agents and as model interferents, (d) record optical spectra of these agents in the
gas phase in the NIR spectral region in the presence of atmospheric gases and particulate
matter, (e) correlate these spectra with concentrations of the agents using multivariate
modeling methods, (f) extract linear combinations of principal spectroscopic factors
(principal components) that correlate with the agent concentrations (i.e., regression
vectors), (g) mathematically synthesize a multilayer dielectric structure that models the
regression vector, (h) model the behavior of an optical system using the projected
dielectric structure, (i) refine the system mathematically if necessary, (j) construct a
multilayer dielectric filter according to. the synthesized design, (k) evaluate the
performance of the filter, and (1) estimate the analytical usefulness of this procedure for
passive monitoring.

The first task has been the most troublesome to date: we identified a post-doctoral
candidate (Glenn Fried of New Mexico State University), but he accepted a position with
a national laboratory. A second post-doc (Dr. Pramod Khulbe) was identified and hired.
Part of whose duties were to begin this research project. Dr. Khulbe remained with us for
two months, at the end of which he accepted a position at Arizona State University.
Consequently we have struggled to obtain the necessary personnel to advance this project
at the rate we would like. We presently have another candidate scheduled to arrive and
begin work in mid-May, 1998, half of their duties being to serve this project.

The second task has been completed. A NIR/MIR instrument (Mattson Infinity FT-
NIR/FT-MIR) with a gas cell, software (TF-Calc from SpectraSoft, Inc. for interference-
filter synthesis and Matlab 5.0 for multivariate analysis), and a dielectric deposition
system were ordered. The first NIR/MIR was received early in 1998, while the software
was received in late 1997. The deposition system is funded by a separate project, and is
due for delivery in June, 1998 (approximately 3 months were spent in bidding and
selecting the instrument, and delivery was originally scheduled for 120 days from the date
of ordering. However, the manufacturer has since postponed the mid-April delivery date
until June).

The third task, selection of simulants and obscurants, is complete. We began the task by
considering the chemical structures of common nerve agents. A variety of commercially
available phosphonate-type molecules were selected for review. After consultation with
Dr. Jack Dermigan of Argonne National Laboratory, we have selected diisopropyl methyl
phosphonate (DIMP) and dimethyl methyl phosphonate (DMMP) as optical simulants of
nerve agents. As obscurants (in addition to normal atmospheric gases) we have selected
methanol and isopropanol, the latter of which occurs in binary chemical weapons but
which has a relatively weak spectroscopy. The structures of these chemicals are shown
below in comparison to Sarin, the most similar of the “top four” nerve agents:
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Figure 1: Structures of DMMP and DIMP (simulants) and the nerve agent
Sarin (O-isopropyl methylphosphonofluoridate)

These simulants have some similar structure (and consequently vibrational spectroscopy)
to Sarin and other organophosphonates, but lack the toxicity of the others because they
lack the easily removed subunit of the nerve agents. In the case of Sarin, this group is the
Fluorine atom, which can be displaced by the active serine residue in the
acetylcholinesterase enzyme.

The remaining tasks have yet to be fulfilled, but should be advanced rapidly upon hiring a
post-doc for this project. The procedures for the remaining tasks are straightforward in
principle. All the remaining steps are outlined in our recent publications “Multivariate
Optical Computation for Predictive Spectroscopy” and “Design of Thin Film Filters for
the Monitoring of Chemical Reactions”.

Area 2: (This work is being performed by Dr. Angel’s research group)

The tasks we expect to face during this project are to (a) obtain a student or students to
work on the project, (b) purchase the equipment and software necessary for integrating
the LCTF into Raman spectral acquisition software, (c) build the portable LCTF imaging
Raman spectrometer, (d) test the Raman system for measuring spectra remotely using
compounds of known Raman cross section for comparison with Raman cross sections of
CW agents and explosives, (e) field test the system at a suitable site that will allow long-
range tests to be carried out safely, and (g) attach the LCTF to a small telescope and
measure NIR spectra using star light, (h) determine the sensitivity of this technique, and
(i) estimate the analytical usefulness of both procedures for active and passive
monitoring.
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Tasks: (a) Two graduate students are currently working part-time on this project. (b) the
LCTF has been delivered and is still being debugged. There are still problems with the
software that was delivered with the device. However, preliminary experiments show
that the resolution of the device is sufficient, ~0.25 nm, to acquire high-quality Raman
spectra (see Figure 2). We have obtained and tested a suitable portable Raman
spectrometer, Kaiser Holospec /1.8 with attached fiber-optic probe. In preliminary tests
using a collimated beam from the fiber the sensitivity of this instrument looks very good.
Figure 3 shows Raman spectra of TiO, measured at 1 ft and at 60 ft with this system and
using about 300 mW of laser power. (¢) We have an invitation to perform field tests of
our completed systems with Professor Shiv Sharma of the Institute of Geophysics at the
University of Hawaii. This group has considerable experience with Raman Lidar and has
a mobile spectroscopy laboratory with a large telescope and laser that can be used for our
field tests. A short field test is expected some time during the summer. The tests would
be completed next Spring.

The remaining tasks have not yet been completed.
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Figure 2: Low-pressure neon lamp emission spectrum measured by scanning the LCTF in 0.25
nm increments. '
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Figure 3: Raman spectrum of TiO2 measured at 60 ft (bottom) versus 1 ft (top) using the Kaiser
f71.8 Holospec with a ~1-cm diameter collimated laser beam from a fiber-optic probe.

Area 1: Publications and Technical Reports

“Design of Thin Film Filters for the Monitoring of Chemical Reactions”. J..A.
Dobrowolski, P.G. Verly, J.F. Aust, M.P. Nelson and M.L. Myrick, in Proceedings of
the SPIE Annual Meeting on Optical Science and Engineering, San Diego,
California, July, 1997 (in press, 1998).

“Single-Shot Multiwavelength Imaging of Laser Plumes”. M.P. Nelson, W.C. Bell, M.L.
McLester, and M.L. Myrick, Appl. Spectrosc. 52(1998), 179.

“Multivariate Optical Computation for Predictive Spectroscopy”. M.P. Nelson and M.L.
Myrick, Anal. Chem. 70(1998), 73.

“Single-Shot Multiwavelength Imaging of Laser Plumes”. M.P. Nelson, W.C. Bell, M.L.
McLester, and M.L. Myrick, presented at Pittsburgh Conference, New Orleans, LA,
Mar 1-6, 1998.

“Multivariate Optical Computation for Predictive Spectroscopy”. M.L. Myrick, M.P.
Nelson, J.F. Aust, J.A. Dobrowolski, and P.G. Verly, presented at Pittsburgh
Conference, New Orleans, LA, Mar 1-6, 1998.

Aréa 2: Publications and Technical Reports
None yet published.
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Area 1: Personnel
Matthew P. Nelson, graduate assistant (3 months)
Dr. Pramod Khulbe, post-doctoral associate ( 1/2 time, 3 months)

Area 2: Personnel
Chance Carter, graduate assistant (half time)
Dimitra Strais (half time)

Area 1: No inventions or attachments

Area 2: No inventions or attachments
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Section 2-2: Technology Development for Chemical Detection
M.L. Myrick

ABSTRACT

The work by B. Salvatore is focusing on developing transducer molecules for the remote
detection of organophosphonate-based nerve gases via both electrochemical and optical changes
of signaling groups. We are focusing on the syntheses and studies of sensors (1) and (2), in
which nerve gas simulant molecules are covalently trapped within a molecular cleft as their
oxime esters. Changes in the redox potential or fluorescence properties of the reporter groups in
the sensor molecules are two possible bases for detection of oxime ester formation with nerve
gas simulants [e.g., diethyl cyanophosphonate (DECP)]. Work to date has focused on the
synthesis and electrochemical studies along the synthetic route of electrochemical sensor (1).

i
Et Me
N O—
Et
M Me
HO—Q— Me
HO © Me
1

The zur Loye group is initially concentrating on dispersing cyclohexanone oxime on high
surface area supports. Once a suitable support has been identified, samples will be given to
Branko Popov for an investigation of the electrochemical response of these materials.

Prior to working with the Salvatore/zur Loye chemistry, the Popov group has studied catalytic
oxidation of nerve gases by electrochemically generated iodine cyclic voltammetry, which
showed that diethyl cyanophosphonate (DECP, a simulant for the electrochemistry of nerve
agents) can not be effectively oxidized or reduced neither on gold, platinum or graphite
electrodes. Also, CV’s obtained for different concentrations of DECP in the presence of oximes
showed a very small increase of current, which indicates that P=O and -CH=N- functional
groups are not electrochemically active. However, it was found that DECP compound could be
catalytically oxidized in the presence of electrochemically generated iodine. On a second front,
the Popov group has been developing a new detection technique based on Double-Potential-Step
Chronoamperometry (DPSCA).

The work of the group of T. Bryson is focusing on recognition chemistry for natural toxins,
using saxitoxins (STXs) as model compounds. In their approach, an optical transducer is being
structurally fitted to the hydrogen bonding (NH or NH2) groups and the rarely encountered gem
diol of STXs. They plan to exploit the unusual acid stability and the presence of the gem diol
functional group of STX to target such molecules for partially-selective chemical recognition,
with the chemically-induced selectivity augmented by the optical selectivity of the methods
being developed by the M. Myrick group.
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Prior to working with the Bryson chemistry, the Myrick group is refining the theory of optical-
computing methods for rapid, sensitive, and selective “optrode” type determinations. A new
facility for the fabrication of the optical computing devices is being constructed and installed
(June, 1998), and software development methods for computing devices are being refined. Once
- this facility is on-line, the first chemical evaluation of the system is planned to be the
enhancement of selectivity in Fujiwara chemistry. This chemistry is irrelevant to C&BW
applications, but serves as a model for the trial and testing of the optical computation method.

FORWARD

This project was initially funded in June, 1997 at the level of $1.3 M over three years.

REPORT

Statement of the Problem Studied

The objective of this proposal by the research team of Myrick, Popov, Salvatore, and zur Loye is
to develop remote sensors for chemical agents based on optical and electrochemical effects,
using methodologies applicable to all classes of CW agents. The specific objective of this
proposal is to develop new and novel input transducers that will be responsive to the
concentrations of nerve agents using optical or electrochemical signal transduction, with
responses that reflect the concentration of the chemical agent used, condition of aeration,
temperature of the environment, and relative humidity. All these data are of importance to US
military preparedness in determining the avoidance and decontamination strategy in the case of
use of chemical agents.

Background

In the Hague Declaration of 1899, most world powers pledged not to use “projectiles the sole
object of which is the diffusion of asphyxiating or deleterious gases.” Nevertheless, Germany
began using poisoned gas weapons less than two decades later during World War I when the
opposing French and British forces were far less sophisticated in chemical operations than the
Germans themselves. German use of chemicals in WWI only ceased when the opposition
reached a level of skill comparable to themselves.!

The Geneva Protocol of 1925 also sought to eliminate the use of poisoned or toxic weaponry in
war, yet the Japanese used chemical weapons (CW) in China during the 1930s, and both sides
during WWII possessed offensive capabilities for waging war in a chemical environment. The
US military alone kept reserves of gas weaponry sufficient to completely bridge the Italian
peninsula with a toxic barrier2 Why were these weapons not used by either side (including the
Japanese) during WWII? German military archives indicate that one major reason is that the
Germans and Japanese felt the Allies had a superior defensive and offensive capability to
themselves. History seems to bear out that chemical weapons are most likely to be used when
the enemy is perceived as relatively vulnerable3 General Omar Bradley stated that, had the
Germans used even a small amount of poisoned gas on Omaha Beach, the action would have
been decisive and would have resulted in the failure of the Invasion of Normandy in June1944 2
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Thus, sophistication and technical progress in the area of chemical weaponry, including
detection capabilities, can have a profound impact on survivability during chemical attack - but
perhaps an even greater impact as a deterrent.

A number of government studies have indicated that US military forces are currently vulnerable
to chemical attack. The DoD’s assessment has been that most US forces would survive an initial
chemical attack, with the possible exception of Navy shore establishments. The General
Accounting Office, however, notes that the primary means of detecting chemical agents all have
serious flaws and reports an Army assertion that the major difficulty in the development of new
detection methods is the lack of technological breakthroughs upon which those detection
methods would be based.*

The problems of achieving an effective detection capability have grown through the years as the
number of chemical agents and their modes of operation have increased. Agents that a military
unit could encounter today range from persistent (weeks of activity) to non-persistent (minutes
to hours of activity). They include acetylcholinesterase inhibitors (nerve gases such as sarin,
tabun, soman, and VX), compounds that block oxygen transport (blood agents such as HCN and
cyanogen chloride), compounds that cause choking (e.g., phosgene and diphosgene), agents that
cause severe blistering (e.g., sulfur mustard, nitrogen mustard, and lewisite), and plant toxins
such as the trichothecene family of toxins (e.g., Diacetoxyscirpenol, T-2, verricanol,
zearalenone, DON, and nivalenol, all produced by Fusarium, which attack the major organs.

According to the Army, the nuclear, biological, and chemical (NBC) threat has developed into
one of the world’s most troubling concerns,> with as many as 25 nations producing and
stockpiling chemical weapons of all types. Current research on new CW agents is being
conducted on materials that will be more difficult to detect, decontaminate, and treat, and may
penetrate standard charcoal filters in protective equipment such as the Army’s M-40 series
masks.

The detection technologies for chemical weapons (CW) can be divided into two general
categories; point and standoff.6-8 Point detectors sample the air for presence of CW agents in the
immediate vicinity of the detector using techniques such as ion mobility spectrometry, flame
photometry, mass spectrometry, photoacoustic, infrared spectroscopy, detection kits, and
electrochemistry.  Standoff detectors use infrared remote sensing techniques to detect the
presence of CW agents in a range of one to five kilometers.

Most of the point CW agent detectors in use by military forces worldwide utilize ion mobility
spectrometry (IMS) and reagent-based detection kits and tickets. IMS operates by drawing an
air sample directly into a reaction region where all constituents in the air are ionized. The
sample is then injected through a shutter and into a drift tube where the ions move under the
influence of a weak electric field gradient to a detector plate. As the ions collide with the
detector plate, the dependence of the signal (either charge or current) on drift time is registered
as is done for a vacuum time-of-flight instrument. The generated graph of current vs. time is the
ion mobility spectrum. This method is simple and sensitive, but is affected adversely by
environmental factors such as changing humidity, temperature, and the composition of the air
sample, all of which may influence the detector response.
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Detection kits and tickets use chemical reactions that occur when CW agents interact with the
various solutions and substrates. The most common indicator is a color change. This technology
is even simpler and more sensitive, but it can not be used for continuous monitoring. Also
oxidizing agents such as Cl,, Br,, and NO, or acidic species CO,, SO,, and NO, cause a false
response.6

Other detection technologies are not commonly used because of their practical limitations.
Flame photometry and mass spectrometry are only used extensively as laboratory analytical
techniques. Flame photometry suffers from interference from other compounds containing the
same elements, while mass spectrometry is too complex and expensive. IMS is, in fact, the only
version of mass spectrometry (albeit of lower selectivity) that has found any significant usage for
in situ chemical agent detection.

Photoacoustic IR spectroscopy is a relatively recent CW detection technology. This technique is
easily affected by humidity and other environmental factors6, and is exactly equivalent to
standard infrared spectrocopy except that absorbance is detected by the heating of a sample
instead of a photoelectric effect. Given the additional factors that complicate this detection
scheme, its applicability is probably less than that of standard IR spectroscopy.

Several CW agent detectors operate on the elecrochemical principles. A common type of
electrochemical cell for nerve gas detection monitors the hydrolytic activity of cholinesterase by
interaction with butylthiocholine followed by an electrochemical determination of the hydrolysis
product, thiocholine, using a graphite-working electrode. This type of sensor can utilize a
continuous supply of butylthiocholine to provide long-term continuous detection.
Electrochemical sensors based on conductivity also can be used for continuous monitoring.
However conductivity meters suffer from interference from acidic gases, which dissociate into
ions in aqueous solution.

Much of the hoped-for future technology may require revolutionary breakthroughs (e.g., new
materials, new chemistries, new detection concepts, and new integrations of technologies) in
detection capability, rather than evolutionary progress down the same paths already trod
repeatedly.

Summary of the Most Important Results
The project can be divided into the following tasks:

Task 1. Design and Synthesize Sensing Chemistries. Changes in the redox potential or
absorption/fluorescence of small transducer molecules, or changes in the conductivity of the
sensor support media are all viable bases for detection.

Task 2. Design Supports for the Chemistries. To effectively allow the nerve gas analyte to be
detected, it will be necessary to react it with the sensing chemistries or indicator. This can best
be achieved if the indicator is dispersed on an inert high surface area support. Candidates for
such supports range from insulating high surface area silica, alumina, and titania to framework-
type materials, such as zeolites, to conducting supports, such as high surface area carbon.
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Task 3. Develop Wide-Band Optical Detection Methods. We can capitalize on existing and new
optical-detection reagent chemistries (colorimetric, fluorescimetric, etc.) by using the selectivity
of multivariate data analytic methods, provided a sensitive and cost-effective means of
implementing them can be developed. Our approach to this problem is through multivariate
optical computation.

Task 4. Develop Remote Sensors Based on Electrochemical Effects. Potentiometric and
microgalvanic transducers and transduction mechanisms are the basis for making small
electrochemical sensors. We will develop such microtransducers to serve as efficient and
selective ion and molecule detectors using ion-selective membranes and selective redox cycles
for dissolved and airborne nerve gas species.

Our progress in each of the task areas is summarized below.

Task 1
Synthesis of Chemical Sensors for Nerve Agents

We seek to apply the high reactivity between oximes and organophosphonates toward the
development of a new class of nerve gas sensors. We are currently developing sensor molecules
which form covalent adducts with organophosphonates. These sensors are based on a molecular
cleft scaffold?, and incorporate both an oxime and either a redox or fluorescent transducer group.
Detection is not based on the identification of specific nerve gas hydrolysis by-products (e.g.,
HF) but rather on the electrochemical or spectroscopic differences between the unbound sensor
and the nerve gas-sensor oxime phosphate ester adducts. It is our goal to detect
organophosphonate nerve gas mimics [e.g., diethylcyanophosphonate (DECP), Figure IIJ,
regardless of the byproducts of the adduct formation reaction. Such an approach is
advantageous, since all nerve gases will form similar oxime phosphonate esters. Thus one type
of transducing moiety would able to detect any of several different nerve gases (VX, tabun, or
sarin, for example).

There is a sound basis for the development of electrochemical sensors possessing cleft-like
architectures. Evidence exists that electrostatic interactions between groups juxtaposed in
molecular clefts can greatly influence redox potentials. Rottello et al.10 have used molecular
cleft-based receptors to examine the effects of m-stacking on flavin recognition and redox
potentials. These studies have established that aromatic stacking interactions between such
receptors and their flavin guests can effectively modulate redox potential over a 91 mV (2.1
kcal/mol) range.10 Thus, recognition by molecules containing a transducing moiety has been
demonstrated. Such a transducing unit (i.e., a catechol) could be subjected to a continuously
sweeping alternating electrical potential (e.g. O to +/- 0.5 V)11, Binding of the phosphonate in
the molecular cleft directly adjacent to the catechol/quinone moiety should result in a measurable
change in the monitored current and/or oxidation potential (Figure I).
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Other recent work has focused on the preparation of a model compound, imide (10), in which
the molecular cleft unit is replaced by a phthalimidyl group. This model compound (10) is not
sterically hindered and will assist us in determining whether the pronounced differences in the
cyclic voltamagrams of both 7 and 8 with respect to 1,2-cataechol (9) are due to steric or to the
electron withdrawing nature of the imide moiety. The electrochemical studies are currently in
progress in the Popov laboratory in the USC Dept. of Chemical Engineering.

To synthesize the Cleft Intermediates (7) and (8), Commercial Kemp’s triacid (3) was suspended
in xylene and heated at reflux for about 10 h with a Dean-Stark trap under N,. The resulting
mixture was concentrated under vacuum to give the anhydride. Treatment with thionyl chloride
under reflux, followed by distillation afforded acid chloride/anhydride (4) in 86% yield overall.
Condensation of 4 with 4-aminoveratrole (5) in hot pyridine containing a catalytic amount of 4-
(dimethylamino) pyridine (DMAP), followed by removal of the pyridine by vacuum distillation
and flash chromatography of the residue (hexane/EtOAc: 3/2) furnished amide (6) in 73% yield.

The two methyl protecting groups on the catechol moiety could be readily removed with 1 A
boron tribromide in CH,CL,. Imide (6) was dissolved in CH,Cl,, and then a solution of boron
tribromide (1 M in CH,Cl,) was added dropwise at -78°C. The resulting mixture was

stirred overnight at room temperature and the reaction was terminated by the careful dropwise
addition of water. The organic phase was then evaporated to dryness and purified by column
chromatography (hexane/EtOAc: 4:1) to provide catechol/acid 7 (yield = 85%). Treatment of 7
with a solution of diazomethane in ether gave the corresponding methyl ester (8) in 98% yield.
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To prepare a model compound (11) for electrochemical studies, phthalic anhydride (500 mg, 1.0
eq) and 4-aminoveratrole (500 mg, 1.0 eq) in dimethyl formamide (DMF) were stirred overnight
at r.t. Dilution with water and extraction with ethyl acetate provided 1 g of crude product. Flash
chromatography (hexane/EtOAc: 1:1) provided 600 mg of pure imide (11, yield = 60%).
Deprotection of the catechol moiety was then accomplished as before, with BBr,/CH,Cl, (1 M
solution in dichloromethane) ! to provide 10 in 65% yield.

Over the course of the next year, our research will be directed toward the completion of the
molecular cleft receptor (13) and formation of the corresponding phosphate ester adducts (1). A
strategy for completion is shown in scheme III. Reprotection of the catechol moiety in 7 as the
diacetate and subsequent acid chloride formation will provide 12. Cuprate addition into acid
chloride followed by oxime formation on the resulting ketone will then give 13.

Scheme ll
OCHs
e | el /@OCH
N 3
o HsCO NH, DMF/reﬂgx o
+ 70%
H3CO
5 11
OH
« LI
BBr;/CH,Cl, N OH
———— 0
65%
10
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We plan to then establish optimal conditions for oxime phosphate ester (1) formation with
various nerve gas simulants, both in solution and on inert clay supports. Additionally, we are
looking for reversible electrochemical behavior and distinct changes in this behavior (either
changes in the current or oxidation potential) upon oxime ester formation. Concurrently, we
plan to synthesize the fluorescent-based sensors for future studies.

Schemelil
Me Me
HOOC
HOOC 5 Ac,0 5 SOCh
S L > Pl >
HOQ M pyridine AcO Me  reflux
O'M © oM
HO AcO
7 12
(EtO) U CN Eto}B a
J— [0 2.
1) (CHa3)2CulLi 2 Et
2_(.___%)_2___, nerve gas simulant M
____________ >
2) NH20H O HO Me
pyridine p
HO Me
1

Synthesis for Specific Chemical Recognition of Toxins

Saxitoxins (STX) are among many substances that has been banned under the UN International
Chemical Warfare Agreement (summer of 1997). Natural toxins are generally only available in
quantity from their natural source because they are structurally too complex for large scale
preparation. However the lab prep of STX requires only reasonable MS lab skills and access to
quantities of very common stockroom chemicals.

H/N:_T—N lﬂ

N
/N N HZN\Q/ 0
H

Saxitoxin (STX or 1)

Labeled STX will be prepared by degrading natural STX, converting it back to the natural form
(1, above) containing a deuterium and/or tritium label at a non-exchangeable site in the
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molecule. This is an expensive but very time efficient approach to having a labelled form of

STX available for biological, medicinal, and detection studies.

OH

HO

Q
&“m/z

Extensive modeling of saxitoxin reveals
two strong hydrogen bonding sites (NH or
NH3/0 groups) approximately 5.3 A from
the unique gem diol functionality in STX.
This modeling of saxitoxin suggests initial
recognition target compound Al shown in
the figure to the left. These active sites are
illustrated on the 3D depiction of STX,
below. On the rare occasion that gem diols

O N are stable, this functional group forms very
Al strong associations with polar (donor)
OH solvents, particularly sulfoxides like

DMSO. (DMSO-hexafluoroacetone exist a stable crystalline solid.) The designed agent(s) have
a “bite” size, anchored by a very strong S-O to gem diol association. Relative to this

hexafluoroacetone - DMSO interaction there are either of two exploitable hydrogen bonding
sites in STX, one site of which is illustrated below using agent Al and STX. In structures Al
the minimized bite size is indicated (in A). Sulfonamide A1 has two S-O bonds (two distances
given) either of which could associate with STX’s gem diol. The flexibility of agent A1 makes
this compound our first target. Studies of STX-A1 interactions might suggest refinement of the
more rigid recognition agents. The R group in Al is hydrogen for these proposed studies.

3D depiction of STX’s targeted sites

Hydrate donor complex

FGCN\OHHHH__ :-QWS::’,,.
Fp O_H ’ . T,
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association

J/
0

‘ 5.352
hydrogen bond region 5344

OH

In future investigations, R is envisioned to be a hydrocarbon tether for immobilization on silica
gel or glass for a “field detection kit.” The spectroscopies of pure A (1-4) and A (1-4) with STX
will be investigated for reliable detection bands that verify complexation. The structure of A
may have to be slightly modified to optimize association and hydrogen bonding (opening or
narrowing of the bite size) which we are prepared to do. Dyes A2-4 can be prepared by
oxidation of known sulfides and A1 should be available from sulfonation of an aminomethyl
quinolone. P

Task 2

Support Development

To effectively allow the chemical agent analyte to be detected, it will be necessary to react it
with sensing chemistries or indicators. This can best be achieved if the indicator is dispersed on
an inert high surface area support. Candidates for such supports range from insulating high
surface area silica, alumina, and titania to framework-type materials such as zeolites, to
conducting supports such as high surface area carbon. The surface chemistry of the support
must be chemically compatible - that is, there must not be any detrimental interactions - with the
indicator as well as the analyte, and in addition, the support must not interfere with the
electrochemical characterization of the indicator-analyte complex. Therefore, we will identify a
suitable high surface area support. Once one or two suitable supports have been identified, the
procedures necessary to disperse the diverse indicators on the support must be established.

The work by B. Salvatore is focusing on the reaction between an oxime and the phosphorous
based nerve gases. Therefore we will initially concentrate on dispersing cyclohexanone oxime
on high surface area supports. Once a suitable support has been identified, samples will be given
to B. Popov for an investigation of the electrochemical response of these materials. B. Popov is
working on the development of an amperometric sensor based on direct reduction of the P=0
functional groups present in all nerve gases. To ensure that our support and the oxime (to
represent the type of molecule that B. Salvatore is developing) do not interfere with the
electrochemistry, several tests must be carried out.

The interaction between the oxime and nerve gas simulants and between the Bryson chemical
recognition chemistry and STXs will be carried out on the supporting media to determine under
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which conditions a suitable signal is produced that can be detected by either electrochemical or
optical means. Since we cannot use real nerve gases, structural analogs for these compounds
will be used instead. In addition to diethylcyanophosphonate (DICP), being used by B. Popov as
a simulant for the chemistry of nerve agents, and diisopropyl methyl phosphonate (DIMP) and
dimethyl methyl phosphonate (DMMP), being used by M. Myrick as simulants for the optical
properties of nerve agents, two additional potential candidates as simulants for the chemistry of
these agents are diisopropyl fluorophosphate (DIFP) and diethyl 4-nitrophenylphosphate
(DENP).

Reactions between the oxime and the analogs will lead to the formation of a covalent bond
between the oxime oxygen and the phosphorous atom. The leaving groups will be fluoride, p-
nitrophenyl, and cyano, respectively, all of which have the potential of being electrochemically
detectable.

The powder x-ray diffraction system with hot stage, which is the key piece of equipment for our
part of the research project, was delivered during the third week of April, 1998. Set up will
begin during the last week of April and should be completed by the second week of May, 1998.
This will allow us to start collecting structural data on the high surface area supports we have
purchased and to determine the changes they undergo as a function of temperature. The next
step will be the addition of an oxime to the support and the determination of the thermal stability
of the loaded supports.

Up to now, our progress was limited by the lack of our diffraction system. Since it has now
arrived, we can begin our part of the research. Until we are supplied with the functional organic
complexes that Salvatore and Bryson are preparing we are, of course, limited to structural
analogs, which may or may not interact the same way with the support. Nonetheless, these
analogs allow us to proceed and to effectively work with Prof. Popov on the electrochemical
characterization of the loaded supports.

To identify a suitable support, numerous candidates will be characterized structurally by powder
x-ray diffraction, chemically by determining the acid base properties of the support surface, and
compositionally by establishing the degree of hydration of the support. Several high surface
area supports will be synthesized and/or purchased and characterized with respect to water
content and surface pH. Thermal analysis will be carried out to determine under which
condition water can be removed and what the effect of water removal is on surface pH. In
collaboration with B. Popov, the support will be evaluated with respect to possible interference
with the electrochemical measurements.

Task 3

Optical chemical recognition using reagents can be improved in selectivity by the use of
multivariate data analyis. Unfortunately, most multivariate measurements are complex and
expensive to implement. We developed a method for applying multivariate statistics that relies
on the simplest forms of optical computing, i.e., shadowcasting, which requires no lasers or
other coherent optical sources. The basis of this method is to generate a “regression vector” for
an analyte using standard chemometric methods, but then to design and construct an interference
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filter with a spectral transmission profile given by the magnitude of the regression vector. This
is not easy but is possible, as shown in the papers listed under our publications for this subgrant.

The interference devices we plan to construct will consist of alternating layers of Nb,O; and
Si0,. Software and hardware for designing the filter elements has been purchased or ordered,
the most important piece of which is a $280,000 reactive magnetron sputtering system with fully
automated computer control based on quartz-crystal microbalance and optical reflectance
monitoring, capable of manufacturing complex optical coatings for optical computation
elements. This system was placed out for bids in early fall of 1997. Bids closed during
September/October of 1997, with Corona Vacuum Coaters, Inc. of Vancouver, B.C., being
selected as the vendor. At that time, the delivery date was set for mid-April, 1998, since that
time, however, delivery has been postponed until 1st June, 1998. Upon delivery and installation,
we will have a facility with deposition capabilities found in only two commercial locations on
the North American continent (these locations, found after considerable effort, are at Coherent
Laser Optics in California and at the National Research Council of Canada in Ontario. Of these,
the former has just received their equipment and have not yet used it, while the second is not
truly a commercial vendor). Standard oxide interference filters are prepared by electron beam
evaporative deposition, which is almost an order of magnitude more rapid and therefore more
cost-effective, but which produces films that are porous and rough. These two properties of
standard films are deleterious to the final product because the films age (water and other
contamination of the pores) and they are rough (reducing the total number of films that can be
deposited in series). The magnetron system produces films with nearly bulk properties and with
almost atomic smoothness, making complex interference devices practical, as long as the
thickness of the total deposition does not exceed approximately 25 micrometers (strain in the
film causes delamination near this thickness).

We have searched diligently to locate a post-doctoral associate capable of operating this
instrumentation, but the combination of skills necessary for the project is elusive. In addition to
chemical spectroscopy, the assistant must have skills in chemometrics and materials preparation
by reactive deposition. Optics skills are also useful. This combination of talents has proven
impossible to find, so we refined our search to that skill most elusive in our own labs - the
materials science of oxide deposition by reactive sputtering. We have placed an offer to Raju
Prajesh of Louisiana State University, whose training is in physics rather than chemistry, and
whose skills lie with reactive magnetron sputtering. All the remaining skills he will need to
conduct this research can be learned directly from personnel already at the University of South
Carolina.

While awaiting the deposition system, we have pursued modeling of the optical computation
process and developed refinements of the technique that will help us deal with some of the
problems to which the computational process is subject. The first of these problems is the that
of “lamp drift”. A typical colorimetric measurement uses a lamp with some initially-defined
spectrum to interrogate a sensor. For any real lamp, however, the spectrum of the lamp changes
as a function of voltage applied to the filament, and changes as the lamp ages and the filment
develops “thin spots”. In this case, the regression vector, defined for a system under
illumination with the initial lamp spectrum, is no longer appropriate. How strongly the change
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of lamp spectrum affects the regression, and whether there are any corrective measures that can
be taken, is the subject of our mathematical analysis.

We begin by analysing the direct product between the regression vector and a spectrum modified
by lamp drift. E is the regression vector determined for a set lamp profile and for a set of
samples as is usually done. —S)o is the spectrum of the sample that would have been observed if
the lamp had been operating properly. §’ is the observed spectrum after the lamp has changed its
spectral output. '_1: is the transmission vector for the sample. i; is the modified lamp spectrum

and _I)o is the proper lamp profile.

LeS=LeTl = Y ITL = ¥ 1,T(I,, +AL)
LeS=Y1TI,+ 3 1, TAL=LeSo+LeAS

where KS = :I)‘Af

In this set of equations, the summations are taken over the wavelengths at which the spectrum is
measured. This group of equations says that in zeroth order, when the change in intensity of the
lamp is small at any wavelength compared to the "correct" intensity, no correction is required
and no error in prediction occurs. The fundamental prediction will become identical with the
true prediction when the error of the lamp tends toward zero, as expected. When the lamp error
tends toward a larger value, the second term introduces a prediction error. What we really need
to understand is the nature of this change in prediction. We can expand this second term by
relating the transmission vector to the average sample transmission spectrum (this is an average
over all samples used in the calibration).

Substitute T = Tug-+ AT

Therefore
LeS=Le (ivng —)Tj AL= Lo Tuss Al+ Lo AT AL
s TeArar
and
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where AZS = A_)TK