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II. PROJECT DESCRIPTION 

A. Overview and Signi icance

A national security goal is the uniform screening of all cargo and checked baggage. Meeting this goal is chal-
lenging because of the volume of goods to be screened and the nature of screening required. This project aims 
to develop accurate physics-based models of cargo and checked baggage sensing, and to use these models 
to create methods for physics-based reconstruction and explosives recognition using novel multispectral 
modalities for cargo imaging. These methods will incorporate tools from compressed sensing and compu-
tational imaging to yield superior image quality from reduced measurement geometries and limited photon 
budgets that are typical for cargo applications. The methods developed will lead to more accurate and ef i-
cient screening of cargo, improving throughput, increasing detection, and reducing false alarm. 

B. State-of-the-Art and Technical Approach

Conventional methods for baggage and cargo screening consist of fully helical CT for smaller objects (checked 
baggage) or planar radiography or trace detection for larger cargo. Such methods usually involve imaging the 
absorption properties of cargo of interest, and in cases where dual energy systems are used, imaging addi-
tional properties such as the effective atomic number.  Helical CT is complex and expensive because of the 
need to encircle the cargo containers, requiring large instruments, and thus is not practical for larger cargo. 
On the other hand, planar radiography yields only limited information that makes threat identi ication and 
localization dif icult. 
In this project we aim to develop the tools necessary to create fully 3-dimensional property maps (i.e. re-
constructions) from limited view, potentially high-energy sensing modalities. One aspect of this work has 
focused on developing models and methods for non-rotational, limited angle tomography. A new aspect of 
this project that we have begun is focused on developing non-rotational methods for tomographic imaging of 
modalities that can capture additional spectral properties of the materials contained in the ield of view, such 
as nuclear resonance luorescence (NRF) [1-6].  NRF is the process of resonance excitation of speci ic nuclear 
levels by absorption of photons and subsequent decay of these levels by re-emission of equivalent radiation. 
Since the energy level structure is unique for each isotope, the observed energy spectrum of the resonantly 
scattered photons can be used to identify the presence of speci ic isotopes.  
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An NRF system for imaging of shipping containers has 
been built [1, 2] and is undergoing evaluation for detec-
tion of different materials.  This system uses the con-
ventional method of localization based on the combined 
use of source and sensor collimation, and thus collects 
only a small fraction of the luorescence emissions.  To-
mographic methods offer the potential for collecting an 
increased fraction of the luorescence emissions, but 
pose a dif icult reconstruction problem to isolate and 
localize the different emission sources.  Our goal is to 
develop algorithms for tomographic reconstruction of 
NRF emissions with non-rotating, limited views, and 
evaluate whether the reconstructed imagery provides 
appropriate quality for material discrimination.   
Nuclear resonance luorescence achieves its effect by 
exciting nuclei through photon absorption. These ex-
cited states subsequently decay by the emission of 
(gamma-ray) photons in all directions [1]. Further, the 
energy distribution or spectrum of such emissions pro-
vides a signature of a material related to its chemical 
composition. Figure 1 shows such spectra obtained for 
three different materials [1]. The three materials can be 
identi ied by their unique spectra. 
This material speci ic signature produced by NRF pro-
vides the potential to non-intrusively interrogate the 
composition of cargo. The interrogating photons are of 
high energy, in the range of 2-8 MeV and thus can pene-
trate thick and dense materials typically found in ship-
ping container applications. A cargo inspection system 
utilizing this idea is being developed by Passport Systems 
[2]. In this system, an electron beam of broad energy dis-
tribution and narrow focus illuminates a con ined line of 
an object, as illustrated in Figure 2. Only the locations in 
the illuminated beam are excited, which then luoresce 
in all directions. To achieve spatial localization along 
the illuminated line, a set of collimated energy sensitive 
detectors are used. The intersection of the illumination 
line and the collimation opening localizes the measured 
response to a single spatial location. The energy sensi-
tive detectors allow measurement of the material spec-
trum, which can be used to identify the material.  
Collimation based localization eliminates the need for image reconstruction, since the geometry of the prob-
lem localizes the spatial response. But the cost of this simple sensing scheme is that a majority of the emitted 
resonance photons are never measured. The relative photon ef iciency of the collimation approach can be 
seen to be limited to a fraction of the circle observed by the collimated solid aperture angle. The consequence 
is a signi icantly reduced signal to noise ratio (SNR) and the need for long integration times. This is coupled 
to the need to scan the illuminating beam through the entire volume, thus slowing the scanning operation. 
To overcome this, the Passport Systems approach is to perform a limited angle CT tomographic reconstruc-

Figure 1: NRF Spectra for water, melamine, and a simu-

lant explosive done by Passport System, Inc.

Figure 2: Diagram of a NRF system setup from Passport 

Systems, Inc.
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tion to identify areas of interest, before focusing the multispectral collection on the areas of interest to dwell 
and collect enough photons to achieve accurate estimation of material composition.  We propose to study 
alternative architectures and algorithms that have the potential to collect enough photons to make a broader 
multispectral tomographic reconstruction.  In addition, we are also interested in determining the classi ica-
tion performance that can be achieved by automated classi ication algorithms that exploit this information 
to identify potential explosives/contraband.
One aspect of this work is focused on replacing the 
current collimation-based localization approach 
with a coded aperture approach [11]. To this end, 
the collimators are replaced with a coded mask, as 
illustrated in Figure 3. In this architecture, emissions 
from the illuminated voxels can scatter to multiple 
radiation detectors, increasing the effective number 
of photons measured.  This poses the subsequent 
challenge for processing the detected emissions to 
reconstruct the emissions generated by each voxel.  
The coded mask, denoted by h, ilters the spatially 
distributed emission data, x through a linear convo-
lutional process to create the measured signal y:

        
   (1)

Since the process is governed by counting statistics, the Poisson distribution applies. The overall SNR is then 
determined by the mean of the resulting measurements. In the coded mask case, this mean can be higher, 
since more overall counts are obtained at each detector at each of the energy bins measured. The penalty 
that is paid is that the spatial material distribution is now coded in the measurements and cannot be simply 
observed at the detector output. Instead the equation (1) must now be inverted. This process is shown sche-
matically in Figure 4. A simple model assumes that the emissions at each energy bin add linearly from the 
different luorescing sources, therefore the reconstruction problem decouples into independent problems at 
each energy bin. In practice, we solve a regularized version of the implied inverse problem, with a regulariza-
tion parameter chosen to suppress noise [10]. In the analysis that follows we focus on a reconstruction for a 
single energy bin. 

Figure 4: Schematic Illustration of Coded-mask Observation and Processing

Figure 3: Diagram of proposed NRF system with coded 

mask localization.

Figure 4: Schematic Illustration of Coded-mask Observation and Processing.
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We have begun simulation experiments using mask-based cod-
ing to model and understand the potential bene its of such an 
approach. To illustrate this, consider a 1-dimensional pro ile re-
covery problem. The initial underlying true spatial distribution 
pro ile is shown in Figure 5 and is composed of two adjacent 
cosine pulses.   For a coding mask we have initially used three 
small apertures. For this mask the overall signal magnitude of 
the data will be tripled relative to a fully collimated approach. 
Corresponding noisy, coded data for this case is shown in Fig-
ure 6 for an array of un-collimated detectors. As can be seen, 
the original distribution is obscured by the coding process of 
the observation and must be inverted to obtain the desired pat-
tern. In Figure 7, we show the original spatial distribution to-
gether with the resulting data inversion. 

We extended the above results to a 2-dimensional reconstruction.  Of particular interest is whether a coded 
aperture that is ixed in space can serve to provide variable focus at different depths.  The simulation ge-
ometry is shown in Figure 8.  We developed several variations of 2-D algorithms with different complexity: 
Since the source is basically a line scanner, we could reconstruct the pro iles one line at a time, or we could 
try for a more complex 2-d inversion algorithm.  We also implemented an algorithm that is equivalent to the 
direct interrogation method using collimation that is im-
plemented in the current Passport Systems device to see 
whether there were advantages to the coded aperture 
approach.  The results are shown in Figure 9 on the next 
page. The igure compares the true 2-D object layout 
with that obtained by reconstructions that use either full 
collimation, line by line reconstruction with coded aper-
ture sensing, and full 2-D inversion with coded aperture 
sensing.  The results illustrate that the more expensive 
processing with 2-D coded apertures has a more homo-
geneous reconstruction that is a closer approximation of 
the true object.  

Figure 5: Simulated 1D Phantom.

Figure 6: Observed Data Corresponding to a Three 

Hole Mask.

Figure 7: Simulated reconstruction using a simplifi ed cod-

ed mask.
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Figure 8:  2-D sensing geometry for NRF experiments.
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These results are preliminary, and will be expanded in 
our future work. Another part of this research is based 
on developing material recognition algorithms based on 
the NRF luorescence spectra.  One of the main goals of 
the effort is to develop approaches for robust algorithms 
for detection of explosives.  There can be signi icant vari-
ations in the contents of explosives, based on differenc-
es in sources of materials and manufacturing processes.  
Thus, one would like to develop material recognition al-
gorithms that can be robust to these variations.  
For this part of the research, we are using the sensing 
architecture designed by Passport Systems, along with 
data collected from their instrument.  Passport Systems 
provided data collected by their instruments, similar to 
that in Figure 2, for the following compounds:  Carbon, 
Lead, Steel, Aluminum, Water, Melamine, Salt, Calcium 
Chloride, HDPE, Cocaine, Bentonite, Fertilizer, Tobacco, 
Wood, Vodka, Gasoline, Hydrogen Cyanide, Ammonium 
Nitrate/Fuel Oil, Black Powder and Reddot.  They also provided side information concerning the mass of the 
respective materials tested, and the relevant energies of interest that correspond to nuclear luorescence 
events for the various elements involved in the compounds measured.  Based on this information, we devel-
oped mathematical models of the observations for the purposes of designing automated target recognition 
algorithms, which we describe below.  
We assume that photon-counting detectors with high spectral resolution are looking at a volume of material 
that may contain multiple elements.  Associated with each element isotope mi are resonant energies em

i, i = 
1, …, nm; at each of these energies, there is a rate of nuclear luorescence towards the detector, sm

i, measured 
in photons/gram (we assume a known integration time, although that can also be a variable).  In addition, 
there is a mean level of background luorescence b(ek) at energies ek that is observed in real time, based on 
emissions at energies in neighborhoods of ek.  
The observations collected by the sensor consist of measured radiation y(ek) at different energy levels ek, k 
= 1, …, N, corresponding to the energy bins in the photon counting detectors.  We model the observations as 
the superposition of Poisson-distributed emissions [7, 8] from background and from the nuclear resonance 
luorescence of elements present, corrupted by small additive Gaussian noise, as:

where Mm is the unknown mass in grams of element m (which could be zero if the element is not present in 
the sample) and I[] is the indicator function.  Based on this model, we want to detect the presence or absence 
of element m, and estimate its mass Mm if the element is present.  Our approach is based on developing a 
generalized ratio test [12] for estimating the mass of each element based on a subset of measurements cor-
responding to its resonant peaks.   Speci ically we test the hypothesis that element m is present according to 
this model:

Figure 9: 2-D Reconstruction results.
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where H1 denotes the presence of the element and H0 its absence. The standard deviaton of the Gaussian er-
ror, σm

j is thus set to 0.01*b(em
j).    We assume conditional independence of the measurements at each energy 

level given the mass of the element, which results in a generalized likelihood ratio test (GLRT) of the form 

where T is a threshold to be chosen to satisfy desired false alarm probabilities, and p(y|H,M) are the densities 
implied by the statistical models above.  
To apply the GLRT we need to solve the maximization occuring in the numerator, effectively determining the 
best estimates of compositional mass under the assumption the material is present. The density p(y|H1,M)  
is given by: 

 
where the standard deviation is set as indicated previously.  To solve the maximization problem, we approx-
imate the Gaussian noise by a delta function and take the log-likelihood, to get

Differentiating the global log-likelihood and setting the result equal to zero yields the equation that the mass 
estimate Mm must satisfy:

Determining a solution is straightforward, as one can start with the estimate with no background contribu-
tion, and iterate to ind the maximum likelihood estimates. Once the mass estimates are obtained they can 
then be used in the GLRT to determine the presence or absence of a material. We have also explored approx-
imating the Poisson distribution model to simplify the optimization process [9].
We tested these algorithms on simulated data based on the data 
provided by Passports systems.  We estimated the rates sm

j from the 
measurements obtained for compounds that contained the differ-
ent elements, and tested the approach over a range of experiments.  
One experiment was aimed at detecting the presence of carbon and 
estimating the appropriate mass of carbon present in three materi-
als:  Carbon, Gasoline, and HPDE.  Our mass estimation results are 
shown in Figure 10.  We overestimated the mass in gasoline while 
having accurate estimates in the other two compounds.  
Figure 11 on the next page shows the receiver operating characteristic (ROC) in terms of probability of detec-
tion versus probability of false alarm for some of the elements we tested for, across many compounds.  The 
curves were computed over 100 Monte Carlo runs of the measurements, using the models indicated above.  
We simulated compounds that contained the elements, and declared a detection when the Generalized Like-
lihood Ratio test for the presence of the element exceeded the threshold.  The results indicate that many of 
the heavier elements were easy to detect, having a near perfect ROC.  Detecting the presence of chlorine and 
oxygen was harder, as the mass fraction of these elements was smaller.  

Figure 10: Estimate of Carbon mass in dif-

ferent materials.
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We also tried to characterize the potential mass estimation performance as a function of the available sig-
nal strength given the statistical model we developed.  We evaluated the Cramer Rao bound [12] to get an 
estimate of the best possible unbiased estimator variance, for the case with very light background, which 
allows for an analytical evaluation of the bound.  The Cramer Rao bound for the Fisher information  matrix is 
computed as

To make this computation tractable, we neglected the effect of the additive Gaussian noise and the back-
ground contribution.  This allows the computation of an analytic lower bound, as 

This bound was used to perform some interesting analysis.  For instance, we can compute the ratio of the 
lower bound on standard deviation of the error to the true mass, which is given as 

Such a ratio gives insight into the SNR required for a given level of estimation reliability. For example, to get 
an estimate standard deviation that is around 5% of the true mass value, one requires measured scattered 
radiation in the neighborhood of 400 counts when summed across the different detector energies that are 
relevant for the material m. In our simulation experiments, some of the elements had signi icantly lower 
counts, which correlates well with the error we saw in the estimate of mass fraction for those elements.  
When background radiation is added, the bound becomes

which is a smaller bound for the Fisher information matrix, and hence a larger bound for the standard devia-
tion.  Thus, higher observed counts would be required to achieve the ratio discussed above. 
As a inal set of results, we computed the classi ication performance for the entire set of compounds we 
had data for.  Ideally, one would detect the elements and infer the chemical formula for the compound.  As 
a preliminary step, we simulated the full multi-energy NRF response for the compounds, and developed a 
multi-element classi ier using a discriminant function based on a Poisson plus Gaussian noise model for the 
individual measurements at each energy level.  The results are shown in Figure 12 on the next page as a con-
fusion table.  Across all of the simulations, the compounds were easy to separate.  Of course, this test is very 
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Figure 11: ROC curves for element detection across the tested compounds.
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limited, as the universe of possibilities was limited to the 20 compounds.  Ideally, one would have to identify 
the presence of elements, and infer the chemical formula for the compounds of interest from the available 
mass fractions.  

C. Major Contributions

This is the irst complete year that this project has been active.  Last year, we began and completed a lit-
erature survey to identify areas of opportunity for enhanced algorithms for cargo inspection.  Our major 
contributions this year were the development of physical models for NRF sensing to develop approaches for 
new tomographic reconstruction techniques and for automatic material recognition algorithms.  We have 
developed simulation models for generating test data to support algorithm development, and we have de-
veloped initial tomographic reconstruction algorithms to use as a baseline for comparison with alternative 
direct measurement architectures.  We have also collaborated with Passport Systems, the developer of a 
commercial NRF imager for container screening, and obtained experimental data to support our model and 
algorithm development.  We have developed a set of approaches for material recognition, and characterized 
the expected accuracy for estimating the mass fraction associated with different elements.  

D. Milestones

• Development of initial high-energy X-ray sensing model of nuclear resonance luorescence.
• Design of ef icient coded aperture masks.
• Development of enhanced coded aperture inversion algorithms
• Evaluation of signal-to-noise enhancement for coded aperture NRF tomographic reconstruction
• Characterization of performance for element detection algorithms
• Development of robust compound detection algorithms
• Evaluation of robust compound detection algorithms

  Carb     Lead     Steel
    
Alum.     H2O     Mel.     Salt     CaCl     HDPE     Coca.     Bent.     Fert.     Toba.    Wood

    
Vodka     Gas.

    H. 
Cya.

    
ANFO

    B. 
Pwdr

    
Redd.

    Carbon 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

    Lead 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ŽŽ 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

    Aluminum 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

ŽŽ 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

    Melamine 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0 0

    Salt 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0 0

    CaCl 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0 0

    HDPE 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0 0

    Cocaine 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0 0

    Bentonite 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0 0

    Fertilizer 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0 0

    Tobacco 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0 0

    Wood 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0 0

ŽŽ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0 0

    Gasoline 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0 0

    H. Cyanide 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0 0

    ANFO 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0 0
    
BlackPowder 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100 0

    Reddot 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 100

Figure 12:  Confusion matrix for compound detection experiments.  Rows are the estimated types, columns are the true 

types. 
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E. Future Plans

Future plans include the continuation of our effort to create NRF sensing models appropriate for data inver-
sion and the creation of an associated accurate cargo sensing simulator for NRF based sensing in the MEV 
range, which can be used as a testbed for new coded aperture and tomographic sensing concepts. One aspect 
will focus on more complex, and faithful models of the NRF sensing physics. Our initial work has ignored 
path attenuation and further study is needed to understand if this is adequate. Another aspect will focus on 
CONOPS and geometry. We will initially continue with our 2-dimensional simpli ied geometry and optimize 
the coding mask, studying resulting SNR, reconstruction quality, and ease of inversion. We will then extend 
these developments to 2D, initially exploring the use of 1D excitation and 2D sensing. We also aim to examine 
if full sheet excitation is possible, which would greatly increase throughput.  We will examine non-rotational, 
sparse tomographic sensing con igurations, which would allow fast full volume measurements. We will apply 
compressed sensing methods to these challenging geometries. We will evaluate the performance of element 
classi iers and associated mass estimation algorithms based on variations of generalized likelihood ratio 
tests aimed at robust detection.  We will develop robust versions of compound classi iers by integrating phys-
ically meaningful chemical constraints with accurate characterization of mass estimation errors.  We will also 
develop dictionary-based compound classi iers utilizing libraries of compounds of interest.  

III. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

The development of new methods of fully three dimensional non-helical screening and direct material identi-
ication of checked baggage and cargo would provide increased security.  Currently, inspection of cargo mate-

rials is required, but is often done only with exterior sampling rather than with imaging of the cargo contents.  
However, there is a desire to have more accurate inspection of cargo and shipping containers that can detect 
hidden explosives.  If our technology proves feasible, it could reduce the scanning time for shipping contain-
ers and provide a modality that can provide atomic composition of materials in areas of interest, as well as 
automatic threat detection and identi ication algorithms.  Such approaches could have direct relevance at the 
checkpoint.

B. Potential for Transition

This project is directly relevant to the shipping container screening system developed by Passport Systems, 
Inc. Passport Systems has provided data for our use and a joint project on the classi ication aspect of the 
problem was done with them.  Furthermore, the concepts can be scaled down for smaller cargo inspection 
systems provided acquisition time is reduced. The technology for limited angle tomographic reconstruction 
can also be applied to 3-D X-ray systems with constrained source-detector geometries.

C. Transition Pathway 

• We plan to disseminate our work to different vendors through workshops.
• We expect to provide summer interns to work with Passport Systems for transitioning of ideas. 
• We will provide our results and conclusions to Passport Systems for their system design. 
• We have started a separate project with Passport Systems funded via the John Adams Innovation Institute 

collaboration with ALERT.
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D. Customer Connections

Cody Wilson, Passport Systems is in weekly contact with us. 

IV. PROJECT DOCUMENTATION 

A. Other Presentations 

1. Castañón, D. “X-Ray Diffraction for Cargo Inspection.” ADSA11 Workshop, October 2014.
2. Karl, C. “Coded Aperture X-Ray Fluorescence Cargo Inspection.” ADSA11 Workshop, October 2014.

B. New and Existing Courses Developed and Student Enrollment

New or 

Existing

Course/Module/

Degree/Cert.

Title Description Student                    

Enrollment

Existing Course Image reconstruc-

tion and restoration

Graduate course on image formation 15
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