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FIG. 1A 
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T 
DERIVING PRINCIPAL COMPONENTS OF /B 
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FOR EACH BACKGROUND CONSTITUENT TO BE ft 
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SUPPRESS TRANSFORMATION BASED ON 
PRINCIPAL COMPONENTS OF ITS DATA 

F\ T 
UTILIZING THE COMBINING SAID ROTATE-AND-SUPPRESS f0 

MEASUREMENT MODALITY TRANSFORMATIONS TO GENERATE A 
TO OBTAIN SPECTRAL DATA COMBINED ROTATE-AND-SUPPRESS 

FOR A TEST SAMPLE TRANSFORMATION 

T [E 
FOR EACH AGENT. APPLYING SAID 

DERIVING PRINCIPAL / B COMBINED HOTATE-AND-SUPPRESS 
COMPONENTS OF THE TEST — - TRANSFORMATION To THE PRINCIPAL 
SAMPLE SPECTRAL DATA COMPONENTS OF THE AGENT DATA 
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APPLYING THE COMBINED fH 
ROTATE-AND-SUPPRESS 
TRANSFORMATION TO THE 

PRINCIPAL COMPONENTS OF 
THE SAMPLE DATA 

' I T / 
COMPARING BACKGROUND-SUPPRESSED PRINCIPAL COMPONENTS OF THE SAMPLE DATA WITH 

BACKGROUND-SUPPRESSED PRINCIPAL COMPONENTS OF DATA CORRESPONDING TO ONE OR MORE OF THE 
AGENTS TO DETERMINE WHETHER THOSE AGENTS ARE PRESENT IN THE TEST SAMPLE 
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AGENT DETECTION IN THE PRESENCE OF 
BACKGROUND CLUTTER 

RELATED APPLICATION 

[0001] The present application claims priority to provi 
sional application No. 60/723,985 entitled “Agent detection 
in the presence of background clutter,” ?led on Oct. 3, 2005, 
Which is herein incorporated by reference. 
[0002] This invention Was made With US. Government 
support under contract number DAADl3-03 -C-0077 
aWarded by the Department of Defense. The government has 
certain rights in the invention. 

BACKGROUND OF THE INVENTION 

[0003] The present invention relates generally to methods 
and systems for detecting agents in a bulk sample that can 
include one or more background constituents, and more par 
ticularly, for detecting bio-aerosol Warfare agents. 
[0004] The detection of bio-aerosol Warfare agents in the 
presence of either indoor or outdoor backgrounds is a dif?cult 
problem. Natural backgrounds are variable and can simulta 
neously include multiple constituents. The variation of each 
constituent may be larger than the concentration level of an 
agent Whose detection is desired. The detection problems can 
be further exacerbated by the presence of spikes in measure 
ment data of a naturally-occurring background, Which may be 
an order of magnitude larger than the contribution of the 
normal quiescent background. Such spikes may last for min 
utes and may exhibit large variations in particle count. 
[0005] The detection of other important agents share some 
of the di?iculties associated With the detection of bioaerosols. 
For example, chemical Warfare agents may need to be 
detected in the presence of industrial cleaners or insecticides. 
Nuclear materials may be hidden by background radiation 
from rocks and cements, as Well as by residual radiation from 
medical treatment or radiation from shipments of medical 
equipment. Signatures of explosives traces can be mimicked 
by foods preserved With nitrates as Well as by legitimate 
shipments of fertilizers. Detection of pollutants and contami 
nants share the same problems as detection of biological, 
chemical, and radiological Warfare agents. A solution to all of 
these problems requires the ability to detect loW levels of 
agents in an ambient environment. The detection sensitivity 
can be increased by concentrating the sample to be analyZed, 
but at the risk of having both large amounts of background 
and small amounts of agent in the same sample. Further, 
simulants for a variety of agents, such as those mentioned 
above, are often used for detector development and testing. 
Thus, the detection of simulants is also an important problem 
requiring solution. 
[0006] Some Workers in the ?eld have attempted to solve 
the problem of detecting loW levels of agents against an 
ambient background by ?nding signatures that are unique to 
the agents Whose detection is desired. This normally requires 
that signatures of agents and background constituents be 
unique and non-overlapping. This approach may Work With 
signatures that have many very narroW features, such as those 
typically exhibited by LIBS (Laser Induced Breakdown 
Spectroscopy), Raman spectra, and FTIR (Fourier Transform 
Infrared) spectra. HoWever, it is not suitable for signatures 
that have broad features, such as UV-induced ?uorescence 
spectra and lifetime measurements, x-ray ?uorescence spec 
tra, and terahertZ (THZ) spectra. Hence, this conventional 

Apr. 23, 2009 

approach has the disadvantage that it limits the detection 
techniques that can be used to solve a given agent detection 
problem. 
[0007] Another conventional method for detecting agents 
utiliZes single particle ?ow-through systems, such as BAWS 
(Biological-Agent Warning Sensor) to make a small number 
of simultaneous measurements, a single particle at a time. 
Each particle could be classi?ed based on this small number 
of measurements, and a histogram of particle locations in 
measurement space could be built up over time. 
[0008] HoWever, single particle ?oW-through systems have 
several disadvantages. First, the signal from a single particle 
is small. Expensive hardWare, such as large collection optics 
or more poWerful lasers to excite a larger return signal, can be 
used to compensate for this loW sensitivity. HoWever, even 
With more expensive hardWare, the detection rate for very 
small particles is generally negligible, leading to an inability 
to detect aerosols composed of small particles (such as 
viruses), even if the particle number density is large. Even for 
large particles, a loW detection rate can render su?icient data 
collection for a statistically meaningful detection (build-up of 
a particle count that is su?icient for agent detection) cumber 
some and time-consuming. Second, only a small number of 
measurements can be made simultaneously. A small number 
of measurements implies a small number of histogram bins. 
This can result, in turn, in placing different particle types in 
the same histogram bin, leading to a high false alarm rate. 
Finally, the How of particles near the large aperture collection 
optics of such systems can lead to fouling of the optics, thus 
loWering the optical ef?ciency of the system and driving up 
maintenance costs. 
[0009] Accordingly, there is a need for enhanced methods 
and systems for detecting agents in a variety of backgrounds. 

SUMMARY OF THE INVENTION 

[0010] The agent-detection methods of the present inven 
tion can be utiliZed in conjunction With bulk collection and 
immobilization of a sample under investigation to achieve 
greater sensitivity, loWer cost than conventional techniques, 
and to render a large variety of measurements of the sample 
feasible. As discussed in more detail beloW, the methods and 
systems of the invention alloW suppressing contributions of 
unWanted background constituents in a bulk sample to infor 
mation obtained about the sample (e. g., via spectral measure 
ments) by utiliZing previously-obtained information about 
the signatures of the agents and the background constituents 
of interest. The present invention advantageously increases 
the types of signatures that can be employed for agent detec 
tion. 
[0011] In one aspect, the invention provides a method of 
detecting an agent in a bulk sample, Which includes at least 
one background constituent, that comprises utiliZing a mea 
surement modality to interrogate the sample With electromag 
netic radiation so as to generate spectral data corresponding 
to the sample. The principal components of the spectral data 
can then be derived and represented as a vector in a principal 
component space. A rotate-and-suppress transformation can 
be applied to the principal component vector, Wherein the 
transformation suppresses, and preferably eliminates, the 
contributions of the background constituent, if present, 
thereby generating a background-suppressed principal com 
ponent vector corresponding to the sample. This transformed 
sample vector can be compared With a background-sup 
pressed principal component vector corresponding to the 
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agent to determine Whether the agent is present in the bulk 
sample. The background-suppressed principal component 
vector of the agent can be generated by application of the 
rotate-and-suppress transformation to the principal compo 
nents of the spectral data of the agent obtained by employing 
the same measurement modality as that utilized to interrogate 
the sample. 
[0012] The above step of comparing the background-sup 
pressed principal component vectors of the sample and the 
agent can comprise determining a spectral angle that sepa 
rates the tWo vectors in the principal component space. If the 
spectral angle is Within a pre-de?ned range, a detection of the 
agent in the sample can be indicated. In some embodiments, 
this criterion constitutes only one prong of a tWo-prong test 
for indicating the detection of the agent Within the sample. 
The other prong requires that the dot product of the tWo 
vectors obtained, for example, in selected tWo-dimensional 
sub-spaces of the principal component space, be above a 
pre-de?ned threshold. In some embodiments, once it is deter 
mined that the angle betWeen the tWo vectors lies in a pre 
de?ned range, a Warning is issued. If not only the angle is 
Within the range, but also the dot product is above a selected 
threshold, an Alert/Alarm processor is triggered. Such a tWo 
step test procedure can loWer the risk of issuing false alarms. 

[0013] In a related aspect, the same measurement modality 
as that utiliZed for obtaining the agent and the sample spectral 
data is employed to generate spectral data corresponding to 
the background constituent. The principal components of the 
background spectral data are then derived and represented as 
a vector in the principal component space. The folloWing tWo 
transformations of the principal component vector are then 
combined to form the aforementioned rotate-and-suppress 
transformation. First, the principal component vector is 
rotated so as to be aligned along an axis of the principal 
component space (that is, it is rotated so as to include only one 
component). Subsequently, the dimension of the principal 
component space corresponding to that axis is eliminated. In 
other Words, the remaining component of the rotated vector is 
eliminated. The combination of these tWo transformations 
generates the rotate-and-suppress transformation. 
[0014] As Will be discussed, this method is equivalent to 
simply projecting into a subspace along the background vec 
tor, so that the vector is along an axis for computational 
convenience. 

[0015] In many embodiments, Principal Component 
Analysis (PCA) is utiliZed for deriving the principal compo 
nents of spectral data associated With the agents, background 
constituents, as Well as the samples under investigation. Prin 
cipal Component Analysis (PCA) is a Well-knoWn technique 
for determining the mo st important components of multi 
dimensional measurements of a collection of agents and 
backgrounds. Using PCA, the dimensionality of the measure 
ment space can be reduced While maintaining the distinguish 
ing features of the original measurements. 
[0016] Typically, the principal components for varying 
concentrations of a given agent or background Will form a 
straight line in principal component space pointing toWard the 
origin. The origin is the location of the signature of the mea 
surement apparatus in the principal component space in the 
absence of any agent or background. The straight line for each 
agent makes an angle With other agents or background con 
stituents. This “spectral angle” can be de?ned for any number 
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of principal component dimensions. As the number of dimen 
sions increases, the spectral angle betWeen randomly chosen 
vectors tends toWard 90°. 

[0017] In many embodiments of an agent-detection method 
of the invention, the method begins by rotating the principal 
component (PC) space to place the major background con 
stituent normally seen at the sample collection location into a 
single component in PC space. Projection into a neW PC space 
orthogonal to the major background constituent is achieved 
by simply dropping that component axis. The result is sup 
pression of variations of that background constituent but With 
loss of one dimension. The process can be repeated for each 
background constituent that is larger than a desired level of 
detection of the agent(s) of interest, as long as there are 
remaining dimensions that can be discarded. The agent 
library is rotated and projected in the same manner as the 
sample. As noted above, the agent detection is determined by 
requiring that the sample (the background-suppressed sample 
vector in the principal component space) be Within a small 
spectral angle of an agent (the background-suppressed agent 
vector in the principal component space), and that the dot 
product of the sample and agent vectors simultaneously 
exceed a threshold determined by the level of detection 
desired. False alarms can be reduced, at the expense of 
response time, by requiring successive detections to declare 
an alarm. We refer to this successive detections requirement 
as “Alert/Alarm” processing. 

[0018] A variety of measurement modalities can be 
employed in agent-detection methods and systems of the 
invention. Some of these measurement modalities include, 
Without limitation, ?uorescence excitation-emission spec 
troscopy (e.g., UV-induced ?uorescence excitation-emission 
spectroscopy), ?uorescence life-time spectroscopy (e. g., UV 
?uorescence decay time histories), X-ray ?uorescence spec 
troscopy, laser-induced breakdoWn spectroscopy, Raman 
spectroscopy, TerahertZ transmission or re?ection spectros 
copy, hyperspectral imaging, and performing optical re?ec 
tance or scattering measurements. Agent and background 
measurements can be made With the same or similar instru 
ments as those utiliZed to collect samples for detection of 
agent(s) therein, or can be made With different instruments. 
Alternatively, the methods of the invention can be applied to 
data collected and disseminated by third parties. Further, as 
discussed beloW, measurements corresponding to back 
ground constituents can be obtained separately or can be 
determined by techniques such as end-member analysis. 
[0019] Further, the methods and systems of the invention 
can applied to and utiliZed With a variety of sample collection 
modalities. For example, these methods can be utiliZed to 
interrogate an ambient volume of air or a ?uid, or interrogate 
a sample collected and concentrated into a ?uid, or interro 
gate a sample collected onto a substrate. 

[0020] In another aspect, a method of the invention for 
detecting an agent in a bulk sample having at least one back 
ground constituent includes utiliZing a plurality of (e.g., tWo) 
measurement modalities to interrogate the sample With elec 
tromagnetic radiation so as to generate a plurality of sets of 
spectral data, each of Which corresponds to one of those 
measurement modalities. The sets of the spectral data are 
combined into a composite data vector (herein also referred to 
as feature vector), and that vector is transformed into a prin 
cipal component vector comprising the principal components 
of the data. The principal component vector is then trans 
formed, e.g., via application of a rotate-and-suppress trans 
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formation thereto, so as to generate a transformed principal 
component vector. The transformation suppresses, and pref 
erably eliminates, the contribution of the background con 
stituent, if present. The transformed principal component 
vector can then be compared With a background-suppressed 
principal component agent vector (a principal component 
vector corresponding to the agent to Which a rotate-and 
suppress transformation has been applied) to determine 
Whether that agent is present in the sample in a quantity that 
Would Warrant indicating detection. 
[0021] In a related aspect, in the above detection method, 
one or more of the data sets are normaliZed prior to combining 
them into a single data vector. In some embodiments, one of 
the measurement modalities comprises ?uorescence excita 
tion-emission spectroscopy and another comprises ?uores 
cence life-time spectroscopy. 

[0022] In some embodiments of the invention, by stringing 
together the excitation-emission spectra and the lifetime mea 
surements in a suitable Weighted vector, as discussed in more 
detail beloW, the principal components can be calculated by 
applying a matrix transformation to the vector. 

[0023] In other aspects, the invention provides systems for 
detecting agent(s) in a bulk sample. One such system can 
include a spectro?uorometer With a lifetime measurement 
option that includes modules for implementing the above 
analysis methods of the invention. For example, such a sys 
tem can include a background library for storing data corre 
sponding to at least one background constituent, and an agent 
library for storing principal components of measurement data 
corresponding to the agent. The system can further include a 
preprocessing module in communication With the libraries 
and adapted to receive measurement data corresponding to a 
test sample. The module calculates a rotate-and-suppress 
transformation and applies that transformation to measure 
ment data corresponding to the test sample so as to generate 
transformed principal component vectors corresponding to 
the test sample. The transformation suppresses the contribu 
tion of the background constituent, if present. Further, the 
preprocessing module applies the rotate-and-suppress trans 
formation to principal component vectors corresponding to 
the agent. An agent detection module, Which is in communi 
cation With the preprocessing module, receives the trans 
formed principal component vectors corresponding to the 
sample and the agent, and compares those vectors to deter 
mine Whether the agent is present in the sample. 
[0024] Further understanding of the invention can be 
obtained by reference to the folloWing detailed description, in 
conjunction With the associated ?gures, described brie?y 
beloW. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0025] FIG. 1A is a ?oW chart depicting various steps of an 
exemplary embodiment of a method of the invention for 
detecting agents in the presence of background clutter, 
[0026] FIG. 1B is a schematic diagram of a system accord 
ing to one embodiment of the invention for implementing the 
method of FIG. 1A, 
[0027] FIG. 2 schematically illustrates tWo different types 
of measurements and a method for Weighting and combining 
these measurements into a single feature vector, 
[0028] FIG. 3 graphically illustrates that the principal com 
ponent vectors of a speci?c agent or background constituent 
at different concentrations (With the Zero concentration at the 
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origin) in a background-subtracted PC space, indicating that 
the vectors form a straight line through the origin, 
[0029] FIG. 4 schematically depicts the suppression of a 
single background constituent by rotation and projection 
transformation according to the teachings of the invention 
(the resulting PC space has one less dimension than the space 
before the rotation and projection), 
[0030] FIG. 5 depicts a geometric interpretation of the 
rotate-and-suppress method for suppressing a background 
constituent, 
[0031] FIG. 6 schematically depicts criteria for indicating 
detection of an agent based on a spectral angle separating a 
test sample’s background-suppressed PC vector from a 
respective vector of the agent and a prede?ned threshold, and 
[0032] FIG. 7 schematically depicts an apparatus for per 
forming ?uorescence excitation-emission and lifetime spec 
troscopy. 

DETAILED DESCRIPTION 

[0033] The present invention provides generally methods 
and systems for detecting an agent in a sample under inves 
tigation in the presence of background clutter (e.g., in the 
presence of interfering background constituents). An agent 
detection method according to the teachings of the invention 
can suppress the contributions of one or more background 
constituents to spectral data obtained from the sample so as to 
facilitate detection of an agent in that sample. The agents of 
interest can be, Without limitation, bio -Warfare agents, chemi 
cal Warfare agents, radiological agents, explosives, or pollut 
ants (e.g., heavy metals). As discussed in more detail beloW, a 
detection method of the invention is capable of suppressing 
contributions from multiple, independent background con 
stituents to measured data obtained from a sample. Further, a 
background suppression and detection method of the inven 
tion can adapt to the background in any location or season, 
and can suppress both the normal quiescent contributions of a 
background as Well as those contributions that are manifested 
as large, variable spikes. In many embodiments discussed 
beloW the teachings of the invention are illustrated through 
their application to excitation-emission spectra and time his 
tories (lifetime) of UV-induced ?uorescence. It should, hoW 
ever, be understood that these teachings are equally appli 
cable to any detection problem Where a large number of 
measurements of agents, backgrounds and samples to be 
tested can be made. 
[0034] With reference to a ?oW chart 10 of FIG. 1A, an 
exemplary embodiment of a detection method of the inven 
tion can include obtaining measurements of samples of ambi 
ent background constituents (i.e., a background in Which the 
detection of an agent is desired) as Well as those of one or 
more agents of interest (step A). In many embodiments, these 
measurements comprise interrogating the background con 
stituents and the agents With electromagnetic radiation to 
obtain spectral data corresponding thereto. 
[0035] The spectral data corresponding to each background 
constituent and each agent can be subjected to a Principal 
Component Analysis (PCA) to derive its associated principal 
components (step B). For each background constituent, a 
rotate-and-suppress transformation can derived based on its 
principal components that can be applied to spectral data 
obtained for the agent(s) or test samples of interest to suppress 
the contribution of that background constituent to the data 
(step C). These rotate-and-suppress transformations can then 
be combined, e. g., via multiplication of matrices representing 
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them, to obtain a composite background-suppression trans 
formation (step D). The rotate-and-suppress transformations 
can be stored in a library to be retrieved and utilized When 
measurements are made on test samples, in a manner dis 
cussed beloW. 
[0036] For example, the composite background-suppres 
sion transformation can be applied to principal components 
of each agent, that is to the principal component vector cor 
responding to each agent, to generate a plurality of back 
ground-suppressed principal component agent vectors 
(herein also referred to as reference agent vectors) (step E). 
[0037] The composite transformation for suppressing the 
background contributions as Well as the reference agent vec 
tors can then be utiliZed in the folloWing manner to determine 
Whether one or more of the agents are present in a test sample. 
A test sample can be interrogated by employing the same 
measurement modality as that utiliZed for collecting data for 
the background constituents and the agents so as to generate 
spectral data corresponding to that test sample (step F). The 
spectral data can then be transformed into the principal com 
ponent space (step G). For example, the spectral data can be 
subjected to a PCA analysis so as to generate its principal 
components, Which can be represented as a vector in the 
principal component space. 
[0038] The aforementioned composite background rotate 
and-suppress transformation can then be applied to the prin 
cipal component vector of the test sample so as to suppress 
contributions from the background constituents thereto (step 
H). The application of the background rotate-and-suppress 
transformation to the sample’s principal component vector 
results in generating a background-suppressed principal com 
ponent vector corresponding to the test sample. That back 
ground-suppressed principal component vector can then be 
compared With any of the background-suppressed PC agent 
vectors to determine Whether that agent is present in the test 
sample (step I). For example, the presence of an agent in the 
test sample can be established if an angle betWeen the test 
sample’s background-suppressed principal component vec 
tor and a background-suppressed PC agent vector lies Within 
a prede?ned range and the dot product of the tWo vectors 
exceeds a prede?ned threshold. 

[0039] FIG. 1B schematically depicts an exemplary system 
according to one embodiment of the invention that imple 
ments the above method for detecting agent(s) of interest in 
the presence of background clutter. The system 10 includes 
preprocessing modules 12a, 12b, 120 that receive, respec 
tively, measurement data corresponding to one or more 
agents of interest (A), measurement data for a sample under 
investigation (S) and measurement data for one or more back 
ground constituents (B). Each preprocessing module gener 
ates the principal components of the data it receives. Typi 
cally, the principal component transformation applied to each 
of the data streams Will be identical. Although the preprocess 
ing modules are shoWn as separate entities, in some embodi 
ments they can constitute a single logical entity that can 
perform the functionality of the three. 
[0040] Further the preprocessor 120 generates background 
principal components and communicates these to a back 
ground library 14 for storage therein. The preprocessor 12a, 
in turn, transmits the principal components of the agents of 
interest to an agent library 16 for storage. These libraries are 
then utiliZed in a manner discussed beloW to analyZe data 
obtained from a test sample for detection of one or more of the 
agents corresponding to those in the agent library. 
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[0041] More speci?cally, the preprocessor 12b communi 
cates the principal components of the data obtained for a 
sample under investigation to a background suppression 
module 18. The background suppression module 18, in turn, 
retrieves the background constituents (data corresponding to 
these constituents) from the background library 14, calculates 
the respective rotate and suppress transformations, and 
applies these transformations to the principal components of 
the test sample data, as Well as the principal components of 
one or more agents of interest, retrieved from the agent 
library. An agent detection module 20 then receives the back 
ground-suppressed principal component vectors correspond 
ing to the test sample and the agents of interest and compares 
these vectors in a manner discussed above to determine 
Whether one or more agents of interest are present in the 
sample. Upon establishing detection of one or more agents, 
the agent detection module can trigger an alert/alarm process 
ing unit 22 to issue an alert/ alarm. 

[0042] In many embodiments, the agent and the back 
ground libraries are compiled prior to obtaining and/or ana 
lyZing measurement data corresponding to a sample under 
investigation. In other embodiments, the compilation of the 
libraries and obtaining and/or analyZing the sample’s mea 
surement data can be performed concurrently. 
[0043] In one embodiment of the invention, ?uorescence 
EXcitation-EMission spectra and ?uorescence Lifetime data 
are captured for agents, backgrounds and real-time test 
samples. These data are herein referred to as XML measure 
ments. Other types of measurements can include, Without 
limitation, optical re?ectance or scattering measurements, 
x-ray ?uorescence spectra, laser-induced breakdoWn spec 
troscopy (LIBS) spectra, Raman spectra, or TerahertZ trans 
mission or re?ection spectra. XML measurements can be 
preprocessed, e.g., prior to interrogating the test samples, to 
create agent and background libraries, such as those dis 
cussed above. The agent and background XML measure 
ments can be preprocessed to combine them into a single data 
vector for each measurement (e.g., a single data vector cor 
responding to the background XML measurements and a 
single data vector corresponding to the agent XML measure 
ments can be formed), and then the principal components of 
the set of measurements can be determined using standard 
methods, e.g., Principal Component Analysis (PCA). 
[0044] The XML measurements can be converted to a 
single data vector for further analysis by using, for example, 
the method shoWn schematically in FIG. 2. For example, in 
this exemplary embodiment, excitation-emission spectrum 
intensities (“I1” through “I29”) are “unwrapped” column by 
column into a single vector. Time history data (lifetime mea 
surements denoted by “Ll” through “L7”) can then be 
appended to that vector, but the lifetime measurements are 
re-normaliZed, as denoted by the primes in the vector at the 
bottom of FIG. 2. In this embodiment, the normaliZation is 
chosen so that the area under the lifetime curve is equal to the 
steady state intensity from the location in excitation-emission 
space Where the lifetime measurements are taken. This nor 
maliZation alloWs the tWo measurements to be combined on 
the same footing. The actual number of excitation-emission 
spectral points and time history points may vary from those 
shoWn in the ?gure. 
[0045] Each XML measurement taken can be converted to 
a single data vector using the above procedure. Subsequently, 
a set of XML measurements that comprise, for example, 
measurements of different analytes (agents, simulants, or 
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interferents) taken at different concentrations in multiple rep 
licates, can be analyzed by utilizing Principal Component 
Analysis (PCA), Which is a data analysis method knoWn in the 
art. For example, it is described by Sharaf, et al. in Chemo 
metrics (Wiley & Sons, NeW York) 1986, Which is herein 
incorporated by reference. PCA can provide a standard eigen 
vector decomposition of the XML vector space, With the 
vectors (the “principal components”) arranged in the order of 
their eigenvalues. There are generally far feWer meaningful 
principal components than nominal elements in the data vec 
tor, because neighboring ?uorescent Wavelengths are typi 
cally very highly correlated. The number of meaningful prin 
cipal components is a measure ofhoW many real independent 
variables are present in the XML space. 

[0046] A striking result is seen When the multiple replicates 
at different concentrations are plotted in principal component 
(PC) space: each analyte forms a vector as shoWn in FIG. 3. 
When the signature of the substrate or medium containing the 
agent or background is subtracted from each vector, the vec 
tors emanate from the origin and each vector’s length depends 
on concentration of its associated analyte. This fact permits a 
vector-based analytical approach for detecting analytes 
(agents) of interest in a test sample. More speci?cally, each 
analyte has a characteristic vector, and hoW different one 
analyte is from another can be measured by hoW far apart their 
respective vectors are. Subtraction of the baseline spectrum of 
the substrate or medium containing the agents and back 
grounds alloWs the use of different collection and concentra 
tion methods, including deposition onto a substrate of various 
materials (e.g., a metal surface or Te?on tape), collection and 
concentration into Water or other liquid such as ethylene 
glycol, or interrogation of a large volume of air or Water 
containing unconcentrated agents and backgrounds. 
[0047] Normally, measurements of agents Will be per 
formed in a laboratory setting for safety reasons. HoWever, 
measurement data for simulants and background may be 
obtained in either a laboratory or ambient natural setting. 
Ideally, replicates of each agent, simulant, or background 
constituent Will have been measured separately as described 
above. In some cases, it may be desirable to measure the 
background in a natural setting in Which the background 
constituents are mixed together in independently varying 
amounts. In such a case, techniques Well-knoWn in the ?eld of 
multispectral analysis can be used to determine the individual 
background constituents, typically knoWn as “endmembers.” 
Some examples of such techniques are described in an article 
entitled “A Survey of Spectral Unmixing Algorithms,” by N. 
Keshava published in Lincoln Laboratory Journal 14 (2003), 
Which is herein incorporated by reference. The endmembers 
determined from a reasonably large set of measurements can 
become the background library for the local ambient setting. 
It should be obvious that either a background library mea 
sured in a laboratory setting or a background library deter 
mined from ambient measurements can be used in the agent 
detection and background suppression methods of the inven 
tion. 

[0048] The principal components of agents and back 
grounds may have very different values; typically there are a 
feW strong components and a larger number of Weaker com 
ponents. In some cases, it may be desirable to scale the axes 
of the principal component space for display or prior to sub 
sequent computations. For example, the axes can be scaled so 
that each PC axis has the same dynamic range. This Would be 
equivalent to autoscaling the axes in a plot. By Way of 
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example, the axes can be scaled so that measurement noise is 

equal on each axis. In this case, measurement noise Would 
form a hypersphere in the PC-space folloWing scaling. 

[0049] The rotate-and-suppress (RAS) method makes use 
of the fact that any speci?c background constituent forms a 
vector in PC-space. The method Works by rotating the mul 
tidimensional PC-space so that a background constituent PC 
vector is contained in a single component, then suppressing 
the background by dropping that component from the PC 
space. By Way of example and only for illustrative purposes, 
FIG. 4 schematically shoWs hoW RAS operates in tWo dimen 
sions to suppress a single background constituent. Note in the 
?gure that the background constituent B1 is eliminated, and 
that in the process one dimension of the principal component 
space is lost. Typically, the RAS process starts operating in a 
much higher dimensional space, and the RAS process is 
applied several times in succession to eliminate multiple 
major background constituents. It should be noted that col 
lection of more ?uorescence data points, leading to a larger 
number of principal components, provides the ability to sup 
press a larger number of background constituents. 

[0050] A geometric interpretation of a method of the inven 
tion Will help clarify the mathematical description Which 
folloWs. FIG. 5 shoWs a perspective vieW of a background 
constituent vector and an agent vector in 3-space. Captured 
data have shoWn that the length of the background vector 
varies over a very large dynamic range, With spikes of unpre 
dictable length that can be an order of magnitude larger than 
the variations in the recent past. If We assume that the back 
ground constituent has been characteriZed so that its direction 
is knoWn, the effect of these large, unpredictable variations 
can be almost completely eliminated. Imagine, in 3-space, 
that an observer positions himself so that his line of sight is 
exactly along the background vector. In this case, the varia 
tion in the background Will be unseen by the observer. Any 
agent not exactly parallel to the background Will have a com 
ponent perpendicular to the line of sight Which can be seen by 
the observer. Moving the observer’s point of vieW to be along 
the line of sight of the background vector, and then detecting 
agent vectors perpendicular to this line of sight is exactly 
analogous to the Rotate and Suppress method to be described 
further beloW. Those having ordinary skill in the art Will 
appreciate hoW to extend this geometrical argument in 
3-space into higher dimensional spaces. 
[0051] In general, in a method of the invention to rotate a 

background vector Bl:[Bl, B2, . . . Bi, B], . . . BN] in the 

principal component space (herein also referred to as princi 
pal component background vector) so as to set its ith compo 
nent, namely, B,- to Zero, the folloWing quantities are com 
puted: 

The rotated background vector can then be given by: 
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The rotation matrix for the rotation described above is given 
by: 

Where the diagonal elements not shoWn are equal to unity, and 
the off-diagonal elements not shoWn are equal to Zero. The 
“C” entries are in elements (i,i) and (j,j) and the “S” entries are 
in elements (i,j) and (j,i). This method can be performed 
multiple times to set all but one of the background compo 
nents to Zero. The transformation matrices for each rotation 
can be combined using standard matrix multiplication tech 
niques to compute the overall transformation. 
[0052] Once there is only a single non-Zero component 
remaining in rotated background vector B 1', that component 
can be eliminated from all rotated library entries for both 
agents and background constituents. The combined rotation 
matrix is given by: 

When the combined rotation matrix is applied to the principal 
components of the real-time test samples and the non-Zero 
component of the background is dropped, any contribution 
due to background constituent B 1 Will be eliminated. If the 
roW of the combined rotation matrix corresponding to the 
non-Zero component of the background is dropped, then the 
resulting transformation matrix Will perform the entire opera 
tion When it multiplies any set of principal components 
derived from agent samples, background samples, or real 
time samples for testing. This transformation matrix is given 
by 

r 11 r 1,/\/ 

TCl = I 

rNiLl rNiLN 

[0053] A second background constituent can be eliminated 
in the same fashion. In this case, the exemplary background 
constituent has one feWer component: 

1, j, 

as do the resulting rotation matrices. Note that the use of the 
prime indicates that the components of the second back 
ground vector to be eliminated should be from the rotated 
background library. 
[0054] The RAS rotations are determined by the agent and 
background libraries measured at any particular location and 
season. The combined rotation determined by the background 
library is applied to the collected samples in real time by a 
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matrix multiplication Which combines all the rotations and 
dropping of components into a single matrix calculated ahead 
of time. This combined transformation for removal of M 
background constituents is given by 

[0055] Subsequent multiplication of the principal compo 
nents derived from data (e.g., spectral data) obtained for a 
sample to be tested by the combined matrix TC results in the 
background suppression of those components. Because this 
operation comprises a single matrix-vector multiplication 
and the matrix TC can be computed ahead of time, it can be 
done in real-time With no signi?cant computational burden. 
[0056] Agent detection can then performed in the rotated 
Principal Component space (PC-space) in the folloWing man 
ner. PC-space With more than three dimensions can only be 
visualiZed using subspace graphs. Measurements of UV-in 
duced ?uorescence intensity at many excitation-emission 
Wavelength pairs Will provide at least seven principal com 
ponents, and the addition of ?uorescence lifetime informa 
tion Will provide at least tWo more dimensions. The number of 
principal components Will likely increase as more analytes 
are added to the libraries. With a seven- to nine-dimensional 

space, a large number of subspaces need be explored to deter 
mine Whether tWo analytes are Well-separated. The Spectral 
Angle (SA) is a one-dimensional metric Which can be used to 
determine the separation of agents or simulants from back 
grounds. 
[0057] For tWo multidimensional vectors a and b, the spec 
tral angle betWeen them is given by: 

a-b 
SAW, b) = cos’1 lallbl 

The tWo vectors are aligned When the normalized dot product 
(the quantity in the square brackets) is equal to one. This 
condition is met only When the normalized components of 
each vector are equal.As the components become unequal (or 
even of opposite sign) the quantity in the brackets can 
approach Zero, in Which case the spectral angle approaches 
90° and the vectors are orthogonal. 
[0058] A detection method of the invention compares the 
background-suppressed test samples With the agents in the 
library to determine Whether one or more of those agents are 
present in the test sample. Note that the agent library has been 
subjected to the RAS matrix transformation. FIG. 6 schemati 
cally shoWs the application of exemplary criteria that can be 
utiliZed for determining a match to an agent, i.e., for deter 
mining Whether an agent is present in the test sample. First, a 
spectral angle (SA) betWeen the background-suppressed 
principal component vectors corresponding to the test sample 
and the agent of interest is computed. If the SA is greater than 
a preset value (e.g., 30°) no detection occurs. If the SA is 
Within a prede?ned range, e.g., the cone de?ned by the SA 
threshold shoWn by the dotted lines in FIG. 6, then the dot 
product of the sample and the agent is computed. When the 
dot product exceeds a second preset threshold, detection 
occurs. By Way of example, in FIG. 6, S 1 (on the left) and S2 
(in the middle) fall outside the detection region, but S3 (on the 
right) is a detected event. 

[0059] In some embodiments, When a detection occurs, an 
Alert/Alarm is issued, e. g., the Alert/Alarm processor (right 
most box in FIG. 1B) is triggered. By requiring tWo succes 
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sive detection events (Alert thenAlarm) all single event detec 
tions can be eliminated, signi?cantly reducing the probability 
of false alarm Without affecting the probability of detection. 
[0060] As noted above, the agent detection methods of the 
invention can be utiliZed in connection With a variety of 
measurement modalities, and are not limited for use With 
?uorescence excitation-emission and lifetime measurements. 
As such, they can be utiliZed to process data obtained from a 
variety of measurement devices. For example, in the above 
exemplary embodiment, the processing of XML measure 
ments Was discussed for illustrating the features of an exem 
plary embodiment of an agent detection method of the inven 
tion. An embodiment of an apparatus for gathering XML 
measurements is shoWn in FIG. 7. The exemplary apparatus 
includes a single sample chamber (4) serviced by both a 
steady-state spectro?uorometer (top of ?gure) and a lifetime 
spectro?uorometer (bottom of ?gure). This apparatus is 
available commercially from Photon Technology Interna 
tional, Birmingham, N]. 
[0061] In the steady-state spectro?uorometer, a Xenon 
lamp (1) provides illumination that is focused onto a slit (2) 
and thence enters an excitation monochromator (3). It then 
enters a second slit (2) that de?nes the Wavelength spread, and 
into a sample chamber (4). The Wavelength-selected excita 
tion light is focused via optics (7) onto a cuvette, Which holds 
a sample of interest (not shoWn), and is held in a cuvette 
holder (8). Fluorescence radiation (9), emitted by the sample 
in response to the excitation light, is then focused onto slit 
(2a) and enters an emission monochromator (11). Passing 
through the emission monochromator, emission radiation in 
the selected Waveband is focused onto another slit (2b) and 
enters a photomultiplier tube (12), Where the steady-state 
intensity of the selected emission Waveband from the selected 
excitation is detected. 
[0062] In the lifetime spectro?uorometer, shoWn at the bot 
tom of the draWing, the Xenon arc lamp from the steady-state 
system is replaced by a short pulse of light delivered by a laser 
(13). The arrival of the light pulse is delayed by the ?ber optic 
(14) for a su?iciently long time to enable gating electronics 
(not shoWn) to set up a moving time gate on the photomulti 
plier tube output relative to the excitation pulse. Subsequent 
to the laser light pulse arrival, ?uorescence photons are emit 
ted by the sample and pass through the same emission path as 
before and strike the photomultiplier. The time gate Which 
moves relative to the arrival of the excitation pulse enables the 
decay of ?uorescence output relative to excitation to be 
directly measured. 
[0063] The ?uorescence excitation-emission data as Well as 
?uorescence lifetime data generated by the above apparatus 
can then be analyZed in a manner discussed above to deter 
mine Whether one or more agents of interest are present in the 
sample under investigation. 
[0064] To further illustrate the salient features of agent 
detection methods of the invention, the folloWing hypotheti 
cal example is provided. It should be understood that the 
example is provided only for illustrative purposes and is not 
intended to necessarily indicate the dimensionality of the data 
vectors or that of the principal component space. 

EXAMPLE 

[0065] A simple numerical example Will further illustrate 
the operation of the Rotate and Suppress method according to 
the teachings of the invention. In this example, the agent and 
background vectors are de?ned in three-dimensional space, 
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and the suppression of the background vector results in a 
tWo-dimensional space. Assume that the Principal Compo 
nents of a background constituent and tWo agents of interest 
are speci?ed by: 

B1:[3,4,5] 

AFILOJI 

Afllipl 

Application of the ?rst rotation results in setting the ?rst 
component of B1 to Zero. More speci?cally, the folloWing 
rotation matrix rotates all of the ?rst component of the back 
ground into the second component: 

4/5 -3/5 0 

R1: 3/5 4/5 0] 
0 0 1 

and the resulting rotated background vector is given by: 

O 

5 

In the second rotation, the second component of B1‘ is set to 
Zero, Without reinserting any signal into the ?rst component. 
This second rotation matrix is given by: 

The combined rotation matrix is given by the product of R2 
and R1 as folloWs: 

4/5 3/5 0 

The result of applying R2 to B1‘ is: 

B1":[0,0,2/§]. 

The transformation matrix TC is then obtained from RC by 
dropping the third roW of RC: 

10 5 2 

4/5 -3/5 0 1 

Note that for N Principal Components and M background 
constituents to be suppressed, the ?nal transformation matrix 
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Will have dimensions (N -M, N).Applying TC to the agent and 
background Principal Component vectors yields: 

10 

-2/5 

TC1><A2 = 1 1%? I 
10 

[0066] The background constituent has been completely 
suppressed by this transformation, and the tWo agent Princi 
pal Component vectors have been rotated into a neW tWo 
dimensional space and comprise the agent library to be used 
for detection. Note that the rotation matrices and thus the 
transformation matrices are independent of the magnitude of 
the background vector and depend only on the direction of the 
background vector. Thus, the library of background constitu 
ents may be normalized to unity, or to any other value, or may 
be used Without normalization. 
[0067] The teachings of the folloWing publications are 
herein incorporated by reference: 
[0068] D. Manolakis, D. Marden, and G. A. ShaW, “Hyper 

spectral Image Processing for Automatic Target Detection 
Applications,” Lincoln Laboratory Journal 14 (2003) p. 79. 

[0069] N. Keshava, “A Survey of Spectral Unmixing Algo 
rithms,” Lincoln Laboratory Journal 14 (2003) p. 55. 

[0070] C. A. Primmerman, “Detection of Biological 
Agents,” Lincoln Laboratory Journal 12 (2000) p. 3. 

[0071] T. H. Jeys, “Aerosol Triggers,” NeW England Biot 
errorism Preparedness Workshop (3-4 Apr. 2002). 

[0072] J. R. LakoWicz, Principles of Fluorescence Spec 
troscopy (KluWer, NeW York) 1999. 

[0073] M. A. Sharaf, D. L. lllman, and B. R. KoWalski, 
Chemometrics (Wiley & Sons, NeW York) 1986. 

[0074] Applied Optics, “Laser-Induced BreakdoWn Spec 
troscopy,” (feature issue) 20 Oct. 2003. 

[0075] Existing and Potential Stando? Explosives Detec 
ti0n Techniques, National Research Council (The National 
Academies Press, Washington DC.) 2004. 

[0076] L. S. PoWers and C. R. Lloyd, “Method and Appa 
ratus for Detecting the Presence of Microbes and Deter 
mining their Physiological Status,” US. Pat. No. 6,750, 
006, Jun. 15, 2004. 

[0077] L. S. PoWers, “Method and apparatus for sensing the 
presence of microbes,” US. Pat. No. 5,968,766, Oct. 19, 
1999. 

[0078] L. S. PoWers, “Method and apparatus for sensing the 
presence of microbes,” US. Pat. No. 5,760,406, Jun. 2, 
1998. 

[0079] T. H. Jeys and A. Sanchez, “Bio-particle ?uores 
cence detector,” US. Pat. No. 6,194,731, Feb. 27, 2001. 

[0080] Those having ordinary skill in the art Will appreciate 
that various modi?cations can be made to the above embodi 
ments Without departing from the scope of the invention. 

1. A method of detecting an agent in a bulk sample includ 
ing at least one background constituent, comprising: 

utilizing a measurement modality to interrogate the sample 
With electromagnetic radiation so as to generate spectral 
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data corresponding thereto, deriving principal compo 
nents of the sample spectral data, 

applying a rotate-and-suppress transformation to said prin 
cipal components of the sample data, Wherein said trans 
formation suppresses a contribution of at least one back 
ground constituent, if present, and 

comparing said transformed principal components of the 
sample data With background-suppressed principal 
components of corresponding spectral data of an agent 
to determine Whether said agent is present in the bulk 
sample. 

2. The method of claim 1, further comprising 
utilizing saidmeasurement modality to obtain spectral data 

corresponding to the agent, 
deriving principal components of the agent spectral data, 

and 
applying said rotate-and-suppress transformation to said 

principal components of the agent data to generate said 
background-suppressed principal components of the 
agent data. 

3. The method of claim 1, Wherein the step of deriving 
principal components of sample spectral data comprises uti 
lizing Principal Component Analysis (PCA). 

4. The method of claim 1, Wherein said comparing step 
comprises determining Whether a spectral angle betWeen a 
vector representing the background-suppressed principal 
components of the sample data and a vector representing the 
background-suppressed principal components of the agent 
data lies Within a pre-de?ned range. 

5. The method of claim 4, further comprising indicating 
detection of the agent in the bulk sample When said spectral 
angle lies Within said range. 

6. The method of claim 4, further comprising indicating 
detection of the agent in the bulk sample When said spectral 
angle lies With said range and a dot product of said vectors 
exceeds a prede?ned threshold. 

7. The method of claim 1, further comprising: 
utilizing saidmeasurement modality to obtain spectral data 

for at least one background constituent, 
deriving principal components of said background spectral 

data, and 
generating said rotate-and-suppress transfonnation based 

on said background principal components of the back 
ground constituent data. 

8. The method of claim 1, Wherein said measurement 
modality comprises any of ?uorescence excitation-emission 
spectroscopy, ?uorescence lifetime spectroscopy, laser-in 
duced breakdoWn spectroscopy, Raman spectroscopy, Tera 
hertz transmission or re?ection spectroscopy, and X-ray ?uo 
rerscence. 

9. The method of claim 1, Wherein said sample comprises 
a bio-aeosol. 

10. The method of claim 1, Wherein said sample comprises 
any of a bioWarfare agent, a chemical Warfare agent, a radio 
logical agent, an explosive agent, or a pollutant agent. 

11. The method of claim 1, Wherein said radiation com 
prises ultraviolet radiation and said measurement modality 
comprises ?uorescence spectroscopy. 

12. A method of processing spectral data taken from a 
sample, comprising 

utilizing a plurality of measurement modalities to interro 
gate the sample With electromagnetic radiation so as to 
generate a plurality of sets of spectral data each corre 
sponding to one of said modalities, 
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combining the plurality of sets of spectral data into a com 
posite feature vector, and 

transforming said composite feature vector into a single 
principal component vector. 

13. The method of claim 12, Wherein said combining step 
further comprises applying a normaliZation factor to at least 
one of said spectral data sets. 

14.A method of detecting an agent in a bulk sample includ 
ing at least one background constituent, comprising: 

utiliZing a plurality of measurement modalities to interro 
gate the sample With electromagnetic radiation so as to 
generate a plurality of sets of spectral data each corre 
sponding to one of said modalities, 

combining the plurality of sets of spectral data into a com 
posite feature vector, transforming said feature vector 
into a principal component vector, 

applying a rotate-and-suppress transformation to said prin 
cipal component vector, Wherein said transformation 
suppresses a contribution of said background constitu 
ent, if present, to said vector, and 

comparing said transformed principal component vector 
With a respective background-suppressed agent vector to 
determine Whether said agent is present in the bulk 
sample. 

15. The method of claim 14, Wherein said combining step 
further comprises applying a normaliZation factor to at least 
one of said tWo spectral data sets. 

16. The method of claim 14, Wherein one of said data sets 
comprises ?uorescence emission-excitation data and the 
other data set comprises ?uorescence lifetime data. 
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17. The method of claim 16, Wherein each ?uorescence 
lifetime datum is normalized utiliZing the amplitude of the 
emission-excitation space at Which it Was measured. 

18.A system for detecting an agent in a bulk sample having 
at least one background constituent, comprising: 

a background library for storing data corresponding to at 
least one background constituent, 

an agent library for storing principal components of mea 
surement data corresponding to said agent, 

a preprocessing module in communication With said librar 
ies and adapted to receive measurement data corre 
sponding to a test sample, said module calculating a 
rotate and suppress transformation and applying said 
rotate-and-suppress transformation to measurement 
data corresponding to said test sample so as to generate 
transformed principal component vectors correspond 
ing to the test sample, Wherein said transformation sup 
presses said background constituent, if present in the test 
sample, said preprocessing module further applying said 
transformation to the agent so as to generate back 
ground-suppressed principal component vectors corre 
sponding to the agent, and 

an agent detection module in communication With said 
preprocessing module to receive said transformed prin 
cipal component vectors corresponding to the agent and 
the sample, said agent detection module comparing said 
vectors to determine Whether said agent is present in the 
sample. 


