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II. PROJECT DESCRIPTION 

A. Overview and Signi icance

The development of energy selective photon counting detectors for X-ray sensing applications has created 
the possibility for signi icantly enhancing materials characterization capabilities relative to existing energy 
integrating or dual-energy systems. Energy integrating methods provide information only regarding material 
density while dual energy systems, at best, can image both density and effective atomic number (or equiv-
alently spatial maps of Compton and photoelectric coef icients).  In practice, the overlapping nature of the 
spectra employed in ielded dual energy systems as well as the nature of X-ray physics, signi icantly com-
plicates the stable recovery of atomic number.  As we argue in this report, multi- or hyper-spectral forms of 
sensing, where data are collected over a large number of narrow energy bins in such a manner as to re lect 
both attenuation as well as X-ray scattering, have the potential to move X-ray based screening signi icantly 
beyond the limitations of the current state-of-the-art systems.
In a bit more detail, the energy integrating and dual-energy methods recover information concerning the 
object of interest based on the manner in which X-rays are attenuated as they pass through the medium.  The 
attenuation properties in turn re lect both the absorption of the X-rays as well as the scattering of the X-ray 
photons from the beam.  For all ielded X-ray systems in use by DHS, these scattered photons are ignored1.  It 
is our hypothesis that there is signi icant information embedded in these photons such that their collection 
and processing can enhance the ability of DHS to characterize materials from X-ray data speci ically in the 
context of limited view systems currently under investigation and development. Indeed, in recent years, DHS 
has been exploring X-ray systems comprised of spatially ixed sources and detectors in contrast to traditional 
computed tomography (CT) types of systems where source/detector arrays rotate around the items being 
scanned. Complicating the development of these systems, the limited number of source-detector paths com-
pared to the full-scale CT case creates substantial challenges in terms of image formation and, ultimately, 
1 Th e one exception here is the Morpho Yxlon XES 3000 system, which collects and processes diff racted photons.  As we 
discuss shortly, the eff ort in this project is focused not on diff raction, but rather on Compton scattering.  While both processes 
result in photons exiting the main X-ray beam, the physical processes underlying these modalities are distinct.  Our focus here 
is on Compton scattering.  Over the long term, there may well be reason to consider fusing data from both of these processes.
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target detection. As we demonstrate in this report, using the detectors in these systems to collect scattered 
photons (in addition to the traditional attenuation-based data) signi icantly increases the number of “looks” 
we have at the scene even in these ixed geometries potentially allowing us to greatly enhance the informa-
tion content provided by these systems. 
In this regard, the most interesting scattering process for the energy range of interest in this application do-
main, Compton scattering, is characterized by two key properties.  First, the intensity of Compton scattering 
is directly proportional to the electron density in the vicinity of the event.  Second, Compton scattering is in-
elastic, meaning that the energy of the photons shift after a scattering event, thereby necessitating the use of 
energy resolving detectors to usefully capture and quantify these processes.  The shift in energy determines 
the direction in which photons are scattered.  In a sense that we make more precise shortly, this energy-de-
pendent scattering direction very much “encodes” electron density at a speci ic location.  These two proper-
ties have signi icant systems-level implications for DHS.
Realizing this potential, however, requires that we address a number of challenges.  First, the physical pro-
cesses and mathematical/computational models associated with these scattering processes are more com-
plex than traditional attenuation imaging. The development of a model, which links the observed data to the 
material properties of interest, is necessary to address the second challenge: how we use these scattered 
photons in addition to traditional attenuation data to form images. Only after these image formation methods 
are in place can we quantify the true bene its of these new data; e.g., attainable image resolution and reduc-
tion in imaging artifacts, as well as target detection and false alarm rates.
Over the past year, we have focused on the irst of these challenges: model development. By building on relat-
ed efforts in Compton and Fluorescence X-ray imaging, we have constructed a mathematical model relating 
the scattered photon data to the spatial distributions of material properties that we will seek to image, spe-
ci ically the photoelectric absorption coef icient and mass density, which is proportional to electron density 
[22]. In this time period, we have developed a computational code for this model using the Matlab program-
ming environment. The code has been designed speci ically to be ef icient when used as part of an image 
formation algorithm, which will take observed data and produce estimates of photoelectric coef icients and 
density.  Developing these algorithms and using them to quantify the value of this new and interesting data 
type constitute the work on this project for the remaining two years.  
The signi icance of this project relative to the larger ALERT program lies in the potential of these models and 
associated processing methods to improve the accuracy of screening both checked baggage as well as luggage 
inspected at the checkpoint. The algorithms at the heart of the current collection of TSA certi ied systems are 
not suf icient for the processing of the data that will be produced by the next generation of X-ray scanning 
systems.  Even the state-of-the-art model based iterative reconstruction methods are not designed to fully 
exploit the information provided by multi-/hyper-spectral X-ray data.  Neither are they capable of addressing 
the challenges encountered when considering the severely limited view nature of the data provided by these 
ixed source/ ixed detector systems. Our proposed approach to explore the utility of scattered X-ray infor-

mation to materials characterization is intended to address both of these challenges and, to the best of our 
knowledge, is the only effort within the ALERT program with this focus.    
Finally, we note the steps taken by this team in the area of technology transition. In addition to regular atten-
dance and presentation of this work at the Advanced Development for Security Applications (ADSA) meet-
ings held over the past seven years, Professors Miller and Tracey are partnering with American Science and 
Engineering (AS&E) and Lawrence Livermore National Laboratory (LLNL) on a soon-to-be awarded project 
under the 13-05 DHS RFP devoted to the development of next generation X-ray scanning systems.  As part 
of this collaboration, AS&E has committed to collecting data on the system they will be developing and that 
will be employed speci ically to validate the models and processing methods being developed as part of this 
project.   
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B. State-of-the-Art and Technical Approach

X-ray CT has been used widely in ields ranging from medical imaging [1] and non-destructive evaluation [2] 
to the investigation of the internal structures of geo-materials [3] and luggage screening [4], the application 
of speci ic interest here. Motivated by a desire to construct spatial maps of materials properties, in recent 
years, increased attention has been given to X-ray based approaches in which information is extracted from 
observations of photons other than those associated with the incident beams.  Of particular relevance to this 
project are X-ray luorescence computed tomography (XFCT) [5] and Compton scatter tomography [6], each 
of which is based on distinct physical processes associated with the interaction of X-rays with matter.  In the 
case of XFCT, used for example in micro-tomography applied to analyze biological samples [7], the sample is 
irradiated with a monochromatic synchrotron beam of low energy (less than 25 keV), which is still greater 
than the K-shell energy of the elements in the sample. As a result of photoelectric interactions occurring 
between the X-ray photons and the atoms of the elements, luorescence X-rays are produced and used as the 
basis for image reconstruction [8].   For Compton tomography, incoherent scattering [6] is the fundamental 
physical process giving rise to photons leaving the main beam. This modality has been considered for prob-
lems including analyzing human tissues [9].  While Compton scattering is most germane to the ideas we are 
pursuing for DHS, the mathematics of the models relating observations to material properties for XFCT and 
Compton tomography are quite similar.  Thus, both modalities are informative to our longer term interests in 
data processing and are reviewed here.
In terms of image reconstruction, a wide range of methods have been considered for both XFCT as well as 
Compton tomography.  In the case of X-ray luorescence, several different techniques have been developed 
to recover maps of both attenuation and material density. For example, a statistical approach has been intro-
duced in [10] assuming a Poisson distribution for the data. However, for problems where the K-shell binding 
energy of the element of interest lays between the emission energy and the K-shell binding energies of the 
other materials in the sample, it is necessary to update the system matrix at each iteration, which is a time 
consuming process. Alternatively, an iterative data re inement technique has been provided in [11], which 
updates the unknown density and luorescence attenuation at each iteration by minimizing a least square 
error type of objective function. At each iteration, one of the unknown quantities is replaced with the current 
value and the equations are solved for the other one.  A joint penalized-likelihood Poisson objective function 
of the unknown element of interest’s density and luorescence attenuation map is introduced in [12] as a 
continuation of the work done in [10].  One of the drawbacks of this method is the need to choose a number 
of parameters, included in the likelihood objective function, to avoid convergence into local minima of the 
cost function. 
In most applications of XFCT, the unknown luorescence attenuation map has been approximated as a linear 
combination of the density of the element and a modi ied version of the absorption attenuation, which may 
be a good approximation for low energies appropriate for XFCT. It is not at all clear, however, that this approx-
imation is suitable for the higher energies of interest here. Moreover, these studies have been restricted to 
cases in which a single, monochromatic source is used to illuminate the object which is rotated as a means of 
acquiring a diversity of views.    For DHS applications, more restrictive, limited view geometries are more the 
norm and data may be acquired over a range of energies. Thus, while the physical model structure of XFCT 
and the general iterative reconstruction approaches considered to date are of interest and will motivate the 
ideas we consider, signi icant work remains in terms of adapting and extending these ideas to our application 
domain.
In addition to XFCT, Compton tomography provides a powerful tool for materials characterization [14].  Most 
of the research done on Compton scattering tomography can be divided into analytical and numerical ap-
proaches.  A comprehensive review of the analytical solutions is provided in [15]. The ideas introduced in 
[16] are the basis of most of the research in the analytical domain. It is shown in [16] that the scattered beams 
collected by detectors located on a circular arc connecting the source to the detector, called the “isogonic 
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line”, allow for a closed form reconstruction algorithm not unlike conventional iltered backprojection.  In a 
related study, a Radon-transform-like model for a rotating single source/single detector system is introduced 
in [17] and provides a closed form solution for recovering the electron density on the arcs passing through 
the source and detector for each point inside the object. Further developments in [18] show that a Chebyshev 
integral transform is also applicable to the arcs passing through each point inside the object, which con irms 
the results provided by [17]. The same idea has been employed in [19] for luggage screening applications. 
There it was shown that a combination of the proposed method and conventional attenuation tomography 
can produce a map of atomic numbers. However the approach is not robust to the noise, necessitating the use 
of an ad-hoc pre-processing step of smoothing of the data. Although the analytical methods provide ef icient, 
closed form solutions, they can only be applied to very speci ic data acquisition geometries. Only numerical 
methods provide the lexibility to robustly process data for the more general class of systems currently of 
interest to DHS. 
In terms of the numerical methods for Compton scatter tomography, most of the work has focused on recov-
ering either the electron density or the total attenuation. A generalized Compton scattering transform that 
falls in the irst category was proposed in [20] to reconstruct the attenuation map of the object of interest. 
The energy dependency of the attenuation coef icient at the scattering point was not considered there. In 
[21], the energy dependency of the attenuation is taken into account by approximating the attenuation as 
a linear function of energy. The algorithm tries to recover the total attenuation coef icient with an itera-
tive minimization method and performed robustly in the presence of noise. The linear approximation to 
the attenuation holds in the cases that the range of energy change is small, which again is not the regime of 
interest in our work. One of the few studies seeking to recover the electron density combines three different 
interactions, luorescence, Campton and absorption, of the X-ray with the elements within the sample [22] 
to directly estimate the unknown luorescence attenuation map using Compton scattering measurements. 
Another approach in X-ray Compton tomography assumes the attenuation coef icient is known from a prior, 
traditional CT scan, resulting in a linear mapping from density to observations [23]. In addition to ignoring 
the dependence of attenuation on density, for the limited view problems of interest to us, it is far from clear 
that a high idelity attenuation map will be in our possession.
To summarize, the majority of the research to date in the area of Compton tomography focuses on either ana-
lytical solutions which are suitable for limited system geometries or on the recovery of either attenuation or 
electron density over a limited energy range. We contend that to characterize the materials inside the object 
of interest for DHS applications, recovery of the electron density (or in our case, the mass density) along with 
attenuation is essential. Thus, here we develop a physical model for Compton scattering tomography which 
considers both density and the photoelectric coef icient as the quantities to be estimated in subsequent pro-
cessing work. The model accounts in a rigorous manner for both scatter (dependent on density) and atten-
uation (depending on density and photoelectric absorption coef icient) and is appropriate for limited view, 
multi-energy data acquisition systems of the type currently under consideration by DHS vendors.
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To be concrete, Figure 1 represents the setup of 
the sources and detectors and is motivated by 
the systems under consideration in our collabo-
rative efforts with AS&E. Each source produces a 
pencil beam that can be scattered while traveling 
through the object and, as a result, is detected po-
tentially by all detectors.  In the Compton scatter-
ing process, the X-ray photon transfers part of its 
energy to an electron and is scattered in a differ-
ent direction. Therefore, the scattering process 
is highly related to the material characteristics, 
especially to the density, which will be one of the 
physical properties we seek to recover.  The ener-
gy of the scattered photon is 

                                                                       (1)

where E is the incident energy,  and me  is 
the electron mass, c is the light velocity and θ(r, rD 
, rD ,)  is the scattering angle, which can be calcu-

lated based on the position of sources and detectors via
          (2)     
     
Referring to Figure 1, r-rD is the vector from the interaction point r to the detector located at rD and similarly 
for r-rD , . By integrating over the contribution of each interaction point along the ray path from an individual 
source to detector D, the total absorbed intensity at detector D´ which detects scattered rays can be written 
as 
            (3)

where
•  I0 is the initial intensity of the X-ray beam.
• h(r2 , r1 , E) is the attenuation of the beam intensity at energy E along the line connecting r1  and r2 .
• ρ(r) is the mass density at the interaction point.  
• S(r , θ , E) is the scattering factor where we have suppressed the dependence of θ on r, rD and rD , to ease 

notation.
•  is a delta function along the line connecting the source to the primary detector. 
In a bit more detail, the attenuation of the beam at energy E along a linear path between two points r1 and r2 
is related to the absorption coef icient via

                   (4)

where μ(r , E) is the absorption coef icient here taken as a the linear combination of Compton and photo-elec-
tric absorption as follows:
                    (5)

In (6), ρ(r) is the mass density, NA is the Avogadro number, Z(r) and A(r) are the atomic number and atomic 

Figure 1: Setup of the sources and detectors. A ray from source 

S
1
 to primary detector D

2
 is scattered with angle θ3 at the inter-

action point r and is absorbed by detector D´.
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weight, p(r) is the photoelectric coef icients, fp(E) = E-3  and  fKN(E) is the Klein-Nishina cross section
            (6)

The scattering factor, S(r , θ , E), in our model is related to the Compton scattering cross section via

              (8)

where  is the differential Klein-Nishina cross section which gives the fraction of the X-ray energy 
scattered at angle θ as 
           (9)

where re is the electron radius.  Finally we note that the ratio  can be approximated to  for most of the 
elements [22], thereby simplifying both (5) and (8).

B.1. X-ray tomography model in discrete form

To obtain a discrete form of this model, we begin by assuming that the object area is discretized on a Carte-
sian grid with Np = N × N elements as shown in Figure 1.  Now, the number of sources and detectors, NS and 
ND, determine NSD = NS × ND , the total number of raypaths over which absorption data will be collected.  For 
each ray path j = 1, ... , NSD, the total attenuated beam intensity caused by scattering is calculated for each de-
tector D'k , k ∈ {1,2,... , ND}\{j} , which is not located on the straight raypath as shown in Figure 1.  Replacing all 
integrals by Riemann sums, the discrete equivalent to (3) is
                 (11)

where rj , l is the midpoint of the l-th pixel on raypath 
j,  is the midpoint of the line segment along the 
raypath through this pixel and  is the length of 
the line segment along raypath j crossing this pixel 
as demonstrated in Figure 2.
Because one of the goals in terms of the imaging is 
the recovery of the density, and different rays cross 
the same pixel in many ways, we make the distinc-
tion between rj , l and   so that only one unknown 
will be associated with each pixel but we still pro-
vide the correct geometry (speci ically, the correct 
scattering angles) in the speci ication of the forward 
model.  In this discrete model, attenuation due to 
absorption between two points is
      (12)

where  is a row vector of length Np whose en-
tries correspond to the length of the line segments 
crossing each pixel on the path from point r1 to r2 

and μ(E) is the lexicographically ordered vector of attenuation coef icients at energy E.  Finally, the discrete 
form of the scattering coef icient S is related to the scattering angle and the initial energy such that

Figure 2: Along the raypath j, which is from source S to 

detector D, rj , l is the midpoint of the l-th pixel,  is the 

midpoint of the line segment inside of the pixel along the 

raypath and  is the length of the line segment.
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          (13)
where  can be computed using (2). 

B.2. Results

We consider a system consisting of a single source and 81 detectors arranged as in Figure 1. We assign a num-
ber to each detector, starting clockwise from the upper left corner. The primary absorption detector (number 
41) is taken to be the one on the diagonal. The region of interest is a size of 20 × 20 cm and is discretized 
into  200 × 200 pixels. We have chosen a range of energies from 20 KeV to 120 KeV. To best understand the 
nature of the data available from our model, we assume that the source is monochromatic and leave it to 
future efforts to consider the complexities associated with a polychromatic source spectrum. To explore the 
nature of the data obtained by considering scatter, we consider a simpli ied problem of a single, homoge-
neous, circularly shaped object located in the center of the ield of view embedded in air.  We then vary the 
material (aluminum, plastic and water) as well as the radius (2 cm and 4 cm). Compton and photoelectric 
attenuation coef icients are obtained from [24].  All calculations are performed in Matlab on a Macbook Air 
with a con iguration of 1.3 GHz Intel Core i5 processor and 4 GB memory. The computation time of the model 
is approximately 10 minutes.
To begin, we consider the case of a plastic phantom of radius 4 cm. As is evident from (11), the data are a 
function of detector location, the incident energy of the monochromatic X-ray beam and the scattered energy.  
Thus, for given incident energy, the model predicts that each detector received data at a collection of energies 
depending on where the scattering events took place in the region of interest.  In Figure 3, we plot off the log 
of the data (interpolated) as a function of scattered energy and detector position for two incident energies, 
20 KeV and 120 KeV.  From Figure 3, it is evident that there is signi icant structure in the data as a function 
of space (detector location), observed scattered energy and the energy of the incident beam even when only 
a single absorption raypath is used. As we discuss in some more detail below, “opening up” the data space to 
include spatially distributed observation of scatter as a function of energy supports our hypothesis that even 
in sensing geometries traditionally regarded as limited view, there is information which can help improve 
image formation and materials characterization.  

For ease of visualization and interpretation however, in the remainder of this report, we will “integrate out” 
the scattered energy variable and plot according to the following equation: 
                        (14)  

Figure 3: Scattered energy distribution as a function of detector position and energy for 4 cm plastic target for two 

incident energies.
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In Figure 4, we display  for the 4 cm plastic phantom 
as illustrated.  The presence of the object is indicated by 
a sudden decline in the scattered intensity function for 
detectors 20 to 60. In other words, we see a distinct, en-
ergy dependent spatial “signature” associated with this 
target using only a single primary attenuation raypath 
and no rotation of either the sources and detectors or 
the target.  This observation enhances our con idence 
in being able to turn data into meaningful maps of ma-
terial properties in the coming years as described more 
fully below.
Figure 5 represents the results of the proposed forward 
model for three different materials, water, plastic and 
aluminum, at several incident energy levels. As we can 
see there are signi icant differences among the differ-
ent materials especially between metal and the other 
two.  As the energy increases, so do the distinctions.  
This result bodes well especially for locating metals 
and correspondingly reducing the associated imaging 
artifacts that plague current CT systems.   These plots 
also suggest that by considering Compton scattering, more distinguishing features like the material of the ob-
ject, are retrievable even with access to limited views which is almost impossible in conventional absorption 
attenuation based methods.

In a inal experiment, we examine the extent to which object size is re lected in the data.  Figure 6 on the 
next page illustrates the scattered intensity results for different energy levels for two aluminum targets, one 
of radius 2 cm and the other 4 cm.  As it is shown in the plots, there is a noticeable difference between the 
scattered intensity values and also the number of the detectors that received most of the scattered beam is 
limited for the smaller object. In this way, we can also obtain some information about the size of the object 
inside the luggage based on a single view. 

Figure 4: Scattered beam intensity function observed 

by each detector. The energy range of 20 KeV-120 is ap-

plied to a circle-shaped object of radius 4 cm.

Figure 5: Scattered intensity for three diff erent materials water, plastic and aluminum at diff erent energy levels.
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In summary, the results of the forward model support our hypothesis that even with limited view data, the 
use of scattered energy gives rise to distinct spatial-spectral signatures in the data corresponding to vari-
ations in object size, shape and location. These observations also support our feeling that there is strong 
value in building an algorithm to reconstruct the density and the photoelectric coef icient which provides us 
essential information about the objects and leads us to solve the issues preventing the high quality images of 
the objects like metal artifacts. 

C. Major Contributions

• Phase 2, Year 2: We have developed a tractable, analytical model capable for X-ray scattering and attenu-
ation.  The model has been instantiated in the form of a Matlab-based code that will be made accessible 
to the broader DHS community. We believe that the model can be used effectively and ef iciently in the 
context of image reconstruction methods seeking to recover spatial maps of electron density and pho-
to-electric absorption information from limited view, multi-energy X-ray data.  

• Phase 2, Year 1: Our initial efforts under Phase 2 of ALERT support was the development of a compu-
tational forward model for multi-energy, limited view X-ray scanner modeled on the AS&E CANSCAN 
system, the limited view system which is to form the basis for the 13-05 project. At the start of Phase 2, 
Year 2, we decided to move away from this absorption-only model as we began to explore the potential 
for scattered photon data to address the many challenges associated with the processing of limited view 
information. 

D. Milestones

Having developed the fundamental physical model, the tasks to be completed in the coming years are as fol-
lows:
• The development of image formation algorithms. Building on our work in [26] as well as the X-ray luores-

cence inversion ideas discussed in our review of the state of the art, we will develop variationally-based, 

Figure 6: Scattered intensity for an object made of aluminum with two diff erent sizes.
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iterative methods for stably recovering maps of density and photoelectric absorption coef icients from 
multi-energy X-ray absorption and scattering data collected in geometries similar to those considered in 
the technical approach section of this report.

• The validation of image formation algorithms. In conjunction with the AS&E 13-05 project, we will un-
dertake a data collection campaign to obtain scanner data that can be used to validate the performance 
of our processing methods. Of speci ic interest here are: (a) quantifying the ability of our approach to 
successfully identify materials of interest both in isolation and when embedded in a cluttered environ-
ment; (b) exploring the ability of these scatter-based methods to naturally reduce artifacts arising from 
the presence of metal items in the region of interest; and (c) resolving the organic-type materials that are 
located in close proximity to metal objects.

E. Future Plans

In the coming year we will be focusing on the development of an initial algorithm based on the model described 
in this report for constructing photoelectric and electron density images from limited view, multi-energy 
X-ray absorption and scatter data.  The work will be based on: (a) the ideas developed in [26] in the context 
of the full-view dual energy reconstruction problem considered under Task Order 3, where we were looking 
to form images of Compton scattering and photoelectric absorption maps coupled; and (b) the methods in 
[10,12], where joint scatter and absorption reconstruction was considered for X-ray luorescence problems. 
Under our Task Order 3 effort, a variational (optimization-based) algorithm was created which exploited the 
fact that the Compton scattering pro ile was, in a mathematically precise sense, “easier” to recover than the 
photoelectric. The underlying cost function was created which used the Compton image to help stabilize the 
photoelectric and an ef icient Alternating Direction, Method of Multipliers (ADMM) optimization algorithm 
was developed to recover images from data. For the coming year, we will expand on these ideas in a number 
of ways in light of the speci ic nature of the problem under consideration here:
• Rather than dual-energy data, we will be provided with multi-energy data.  It may well be the case that 

the information content of these data with respect to photoelectric and density will differ from the dual 
energy situation. Speci ically, we hypothesize that low energy data will be of great use in recovering pho-
toelectric absorption information while the higher energy data will be more sensitive to electron density.  
We will explore this hypothesis via sensitivity analysis derived from the physical model. Should it prove 
true, we will develop regularization methods which encourage similarity between the photoelectric and 
density images in a more symmetric manner than was the case in [26].  If photoelectric absorption is still 
dif icult to recover, regularization based on the work in [26] will be adapted. 

• In [26], absorption projection data were acquired from around the region of interest though, perhaps, 
sampled coarsely in angle. For the problem of interest here, the source/detector geometry is far more 
constrained; however our work over the past year indicates that collection of scatter data should add 
a good deal of information. Again, quantifying just how much information and developing appropriate 
mathematical stabilization methods will be of interest over the coming year. For example, referring to 
Figure 1, with sources in the lower left corner, recovery of high resolution reconstructions in the upper 
left and lower right region of the scene may be challenging, while information about structures close to 
the main anti-diagonal and in the upper right corner may be easier to obtain. Should this, or some similar 
type of space varying maximal resolution, be encountered, we can build in Prof. Miller’s work in [27-29] 
to construct scale and space adaptive regularization methods.

• The inal component of the work over the coming year will be the development of an iterative method 
for solving the resulting optimization problem. Here we are con ident that an ADMM approach can be 
synthesized, which will draw also on the methods considered for the X-ray luorescence imaging methods 
mentioned above. We anticipate that the resulting iterative scheme will be comprised of relatively simple 
individual steps, with the most complex requiring the solution to a linear least square problem. Of inter-
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est to us will be using existing iterative methods such LSQR [30] to provide ef icient methods for solving 
these linear least square “sub-problems”. Success here will be important in terms of the long term utility 
of our research, where ef icient implementation will be more of a concern.

III. EDUCATION AND WORKFORCE DEVELOPMENT ACTIVITY

A. Student Internship, Job or Research Opportunities

A portion of AS&E’s membership fee was used to provide support for Jon Foley to engage in summer work 
which led to his Master’s thesis on post-processing methods for X-ray baggage scanning.

B. Other outcomes that relate to educational improvement or workforce development

The two students who have worked on this project both have bene itted greatly from the experience.    Mr. Jon-
athan Foley received his Master’s in Electrical and Computer Engineering from Tufts University in the spring 
of 2015 where his thesis work focused on image analysis and target enhancement for three-dimensional, 
limited view X-ray CT data.  This effort represented for him an opportunity to apply and extend the ideas he 
learned in the classroom to a problem of immediate practical relevance.  Speci ically, he employed advanced 
image processing techniques for contrast enhancement of features, which in turn signi icantly improved the 
identi ications of objects of interest in luggage. Additionally, he was able to apply computer science theory to 
improve the ef iciency of the algorithms necessary for data transforms between physically collected linear 
absorption data and mathematically modeled spatial density arrays.  Upon graduation, Mr. Foley was hired 
as a Technical Support Engineer at Cognex Corp, Natick MA, a leading supplier of industrial machine vision 
systems in no small part because of the direct applicability of the methods he explored in his MS thesis work 
to the problem so interest to Cognex.   
The second student, Ms. Hamideh Rezaee, is currently pursuing her PhD in Electrical and Computer Engi-
neering at Tufts under full support from ALERT. This project has provided her with a special educational 
opportunity to engage in fundamental research on a problem that is of intense interest to a wide range of 
people. By attending the most recent ALERT program review in March, 2015, where Prof. Miller made an oral 
presentation to the review committee and the attending community about the progress of her project, Ms. 
Rezaee was able to experience, irsthand, the high level of interest and relevance in her work. In the inter-
vening months, as Professors Miller and Tracey have worked with Dr. Couture from AS&E to plan for 13-05, 
her effort on multi-energy Computon scatter reconstruction has proven to be central to this collaboration. In 
the remaining years of her PhD studies, Ms. Rezaee will be provided with a rather unique experience where 
the results of her efforts will be directly translated to our industrial partner, and via the ADSA workshops, 
disseminated to a broader community of researchers from academia, corporate labs and the government. 

IV. RELEVANCE AND TRANSITION

A. Relevance of Research to the DHS Enterprise

We are seeking to address challenges associated with automated scanning and threat detection in both 
checked luggage and baggage that is inspected at checkpoints. The overall goal is to determine spatial maps 
of material properties in an automated manner from multi-energy X-ray data collected in limited-view types 
of geometries characteristic of many systems currently under development by DHS contractors.   The results 
of these efforts will be a reduction in the false alarm rate of these systems along with increased accuracy in 
the localization and characterization (size, shape, material type) of threat objects.  Any metric that quanti ies 
the accuracy of the material maps can be used to evaluate the performance of our work including:
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• Confusion matrices capturing the percentage of correctly and incorrectly labeled pixels for scenarios 
where ground truth is known.

• If one is concerned with purely binary problems (threat object versus all other types of materials), then 
that receiver operating curve’s plotting detection probabilities versus false alarm measures could be de-
veloped.

• Finally, we could visualize accuracy using uncertainty cloud analysis developed as part of ALERT Task 
Order 3 and employed in [26]. These clouds would plot the average value and irst standard deviation 
ellipse of the distribution of photoelectric and electron density over known target regions in our recon-
structions.  In comparing multiple candidate processing methods, smaller ellipses and means closer to 
ground truth are indicators of higher accuracy.  

B. Potential for Transition

The Tufts groups is part of a team led by commercialization partner, AS&E, and includes researchers from 
LLNL who are developing a next generation multi-energy X-ray scanning system and associated threat de-
tection algorithms under support from DHS via the 13-05 program. As part of this effort, AS&E has agreed 
to collect data that can be used to validate the algorithms and models discussed in this report. Professors 
Miller and Tracey have collaborated with AS&E on a continual basis since 2011 on projects related to im-
age processing and threat detection from a variety of X-ray-based data sources in the context of personnel 
screening, vehicle screening and luggage inspection. As both the work under 13-05 and ALERT proceeds, we 
will certainly look to transition the methods developed under ALERT support to the system being developed 
under 13-05. 

C. Data and/or IP Acquisition Strategy

As noted above, data will be acquired under the 13-05 effort involving Tufts, AS&E (lead) and LLNL to val-
idate and re ine the methods being developed under support from ALERT. Any Intellectual Property devel-
oped during the effort will be disclosed, potentially become patent disclosure and perhaps a patent, if the 
importance of the IP warrants.

D. Transition Pathway 

In addition to the collaboration with AS&E, the team at Tufts is very willing to present the work discussed in 
this report at future ADSA meetings.  In addition, Professors Miller and Tracey have engaged in discussions 
with the following vendors concerning collaboration on X-ray imaging algorithms:

1. Analogic: David Lieblich
2. Rapiscan: Shiva Kumar, Dan Strellis, Ed Franco

While these discussions have not as yet yielded the same level of engagement as the AS&E collaboration, we 
are always willing and interested in pursuing transition activities.  

E. User and Commercialization Partner Connections

See response above.
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V. PROJECT DOCUMENTATION 

A. Peer Reviewed Journal Articles 

Pending - 

1. Brian H. Tracey and Eric L. Miller, “Stabilizing dual-energy X-ray computed tomography reconstruc-
tions using patch-based regularization,” Inverse Problems. In review.

B. Other Conference Proceedings

1. Eric Miller, “R4-B.2: Multi-energy, Limited View Computed Tomography,” presented as part of the 
ALERT Second Year review, March 10, 2015.

2. Jon Foley, Brian Tracey and Eric Miller, “Few-view, high-resolution inspection”, presented at ADSA 
11, November 5, 2014.

C. Student Theses or Dissertations 

1. Jon Foley, “3D Localization Algorithms for Industrial Few-View X-ray CT Imaging Systems”, April 17, 
2015, Master of Science in Electrical Engineering.

D. Software Developed

1. We have developed a fully commented Matlab code and associated user manual implementing the 
absorption and scattering model described in this report.  We are currently working with the ALERT 
administration to determine how it can be distributed to the community and expect that this can be 
accomplished by August 31, 2015.
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