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F3-A1: Advanced Model-based Algorithms for 
X-Ray Portal Screening

Abstract — We present novel analysis, modeling, and reconstruction methods for X-ray based 
portal screening. One part of this work continues development of a new tomographic screen-
ing configuration based on limited-angle linear tomography. In contrast to conventional 
methods, this new configuration aims to produce a tomographic, 3D reconstruction from 
time sequential 2D views of moving objects. Another thrust is focused on understanding and 
exploitation of multi-energy X-ray CT. Part of this multi-energy work aims at a first-principles 
understanding of the benefits and limitations of multi-energy sensing. We demonstrate re-
sults suggesting that the use of more than two energies can be beneficial for X-ray based dis-
crimination tasks and further that the conventionally used Compton and photoelectric basis 
functions may not be optimal. Another part of the work focuses on improving existing dual-
energy X-ray methods. We present application of learning based methods to the problem of 
discrimination of explosives from non-explosives through the optimization of multi-energy 
sensing.

I. PARTICIPANTS

Faculty/Staff

Name Title Institution Email Phone

Clem Karl Professor Boston University wckarl@bu.edu 617.353.9788

Students

Name Degree 
Pursued 

Institution Email Intended Year of 
Graduation

Limor Eger PhD Boston University limor@bu.edu 2012

Zachary Sun PhD Boston University zsun86@bu.edu 2013

Ahmet Tuysuzoglu PhD Boston University atuysuzoglu@bu.edu 2013

II. PROJECT OVERVIEW AND SIGNIFICANCE

X-ray based screening of material is widely used for its ability to look inside baggage and reveal potential 
explosive threats without the need for time consuming physical examination. Planar radiography is compact, 
fast, and inexpensive, but only provides a projected view of an object, with interior structure overlaid on it-
self. The use of tomography can provide a 3-dimensional representation of the interior of the objects through 
the use of larger, more expensive and time consuming scanners. Existing X-ray based tomographic methods 
can provide excellent structural information but are limited in their ability to discriminate different material 
properties. 
In this project we address these existing limitations of current X-ray based screening systems. In one thrust 
we have been developing a motion based limited-angle linear tomography method for 3D baggage scanning 
that relies on existing compact screening hardware. The aim is to provide enhanced 3D image formation from 
existing small footprint hardware allowing for enhanced explosive screening. Another thrust is focused on 
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multi-energy X-ray imaging. Traditional multi-energy X-ray tomography is limited to the use of 2 energies and 
material decompositions involving only the photoelectric and Compton basis functions. Our previous work 
suggests this is not sufficient to model complex scenes. In this period we began applying machine learning 
approaches to optimize the multi-energy sensing and discrimination process and maximize the information 
extracted from multi-energy CT measurements. Benefits of this work include a unified theory of multi-energy 
imaging and improved discrimination of explosive and non-explosive materials.

III. RESEARCH AND EDUCATION ACTIVITY

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

A.1 Dual Energy Image Formation

The dual energy technique is designed for and frequently used in medical applications such as material char-
acterization in tissues, cardiac and coronary imaging, and bone densitometry [7] as well as luggage screening 
[2]. The standard approach is to reconstruct the attenuation coefficient for two different energy levels using 
conventional filtered back projection (FBP) and map these reconstructions into density and atomic number 
images which provide unique information about material properties [2, 3]. However, the FBP method ne-
glects the polychromatic nature of the X-ray source and the energy dependency of the X-ray interactions. As 
a result, the reconstructions suffer from streak artifacts in the presence of high atomic number (Z) materials 
such as metals [4]. Ying et al. [5] proposed a two-step polychromatic dual energy method, which first estimat-
ed the Radon transforms of Compton scatter and photoelectric effect images from dual energy projections via 
a non-linear constrained optimization process and then used FBP reconstruction to obtain the correspond-
ing images. Their results show inaccuracies in low effective atomic number (Zeff) reconstructions mainly due 
to the fact that the measurement data is insensitive to the photoelectric effect which is insignificant for low Z 
materials. To the extent of our knowledge, the literature lacks CT methods for luggage screening that do not 
neglect the polychromatic nature of the source; are able to cope with the high variety of material types that 
can be found in a luggage; and are sufficiently accurate in terms of identifying explosives.
The conventional approach to tomographic imaging has historically been to acquire projection data using a 
single X-ray source spectrum  with measurements that average the material attenuation across this range of 
illumination energies E. Density images formed by this approach correspond to the assumption that material 
attenuation μ is governed by an energy independent effective material density. In reality, different materials 
exhibit different attenuation dependences on X-ray energy μ(E).  In the seminal work [8], a basis decomposi-
tion approach for multi-energy imaging was proposed, wherein the overall energy dependence of any mate-
rial was represented as a weighted linear combination of a photoelectric component and a Compton scatter-
ing component, based on physical arguments:

where fp(E)  represents the photoelectric component and   fc(E) 
represents the Compton scattering component. Given a low or high 
X-ray spectrum SL,H(E) each projection is an integral of the total at-
tenuation for each angle over the X-ray energy range. Projections 
are functions of the measurement angle Θ  and the position on x’ 
which is the tilted version of the x axis by Θ:

In this formulation, Ac(Θ,x) and Ap(Θ,x)  are the Radon transforms 
for the X-ray path of each measurement of Compton and photoelec-
tric coefficients respectively (see Figure 1).
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Figure 1: Measurement Geometry

( ),( , ') ( ) exp ( ) ( , ') ( ) ( , ') dL H KN c p pP x S E f E A x f E A x Eθ θ θ= − −∫

ALERT 
Year 5 Annual Report

Appendix A: Project Reports 
Thrust 3: Explosives Detection Sensor Systems 

Project F3-A1



Linear and Limited Tomography Work:
Existing X-ray-based carry-on baggage screening systems are primarily line-scanner based, providing only 
one or two projection views of a bag. Since objects are overlaid and a limited viewpoint is obtained, threat 
discrimination is confounded. For example, a knife viewed end-on has a very small profile and may be missed. 
Thus, fully 3D reconstruction of carry-on baggage is desirable. Unfortunately, carry-on scanners are con-
strained in size and cost. In response, we have proposed examining a linear motion tomography configura-
tion that exploits existing stationary hardware as well as more general limited angle tomography configura-
tions. The aim is to provide 3D tomographic reconstructions without the need for complex helical scanning 
hardware. 
The linear tomography configuration uses a 2D planar detector geometry together with stationary X-ray 
sources. As an object is moved over the detector by a transport belt, projections are acquired. The motion of 
the object provides projections at a variety of angles, as illustrated in Figure 2a.
The range of projection angles is severely limited and the projections are incomplete, thus reconstruction is 
extremely challenging. Other limited tomography setups share these challenges. Figure 2b shows another 
configuration we have examined. 

We are using our experience in advanced model-based 
iterative reconstruction methods to develop and apply 
model-based algorithms to this problem. This year we fo-
cused on developing and applying a discrete-tomography 
framework for limited data inverse problems. This frame-
work solves the tomographic inverse problem assuming 
the reconstructed field values are limited to finite and dis-
crete range of values. Including this constraint stabilized 
the reconstruction in the face of limited data and sup-
presses artifacts. 
Unfortunately, while restricting the number and value of 
the reconstructed levels focuses the information in the 
projection data, the resulting inversion problem is compu-

Time 1 Time 2 Time 3

Figure 2a : Linear Tomography Concept. Object moves from left to right on belt illuminated by a single X-ray source 
(red) above a flat panel detector (gray). Position 1 is shown on the top left with the associated projection beneath it. 
Position 2 is shown on the right with its associated projection beneath it.

Figure 2b: Limited angle stationary scanner
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tationally challenging, due to its discrete nature. To overcome this challenge we have mapped this problem to 
a graph and formulated as a maximal flow/minimum cut graph problem. In many discrete problems, graph-
cut methods have shown themselves to be efficient tools for obtaining solutions to label-based problems. 
Historically, these approaches have had limited use in inverse problem contexts because of the coupled struc-
ture of the operators of these problems, which inhibit their direct mapping to graphs. What we have done is 
develop a new method, which we term
Tomography on Trees (TOG) to overcome this limitation. The new method represents an extension of exist-
ing graph cut methods and provides an efficient solution for discrete label tomographic inverse problems. 
Our method is based on creating of a surrogate energy function which is graph representable. This surrogate 
function replaces the tomographic-based log-likelihood function by a separable Taylor series approximation 
that is graph representable. This method is general, inherently discrete, and allows the use of efficient graph-
cut based solution methods. 
In Figure 3 we show an example of the reconstructions using our new approach on very limited angle, noisy 
tomographic data. The conventional approach, of post-segmentation of the standard FBP image produces se-
vere artifacts, making identification of structure in the image difficult. In contrast, our inherently label-based 
reconstruction had reconstructed the scene nearly perfectly. 

Multienergy Work:
In this work we have been examining the fundamental benefits of energy diversity in X-ray imaging. X-ray 
measurements are related to the linear attenuation coefficient (LAC) of materials in the field of view. The LAC 
is a function of energy and is different for each material, as illustrated in Figure 4.

True Segmented FBP TOG
Figure 3: Example discrete tomographic reconstructions. The conventional approach (middle) is filled with artifacts, 
while our new discrete-label method  (right) is nearly perfect, even with limited projections and noisy data.

Iodine Calcium Water
Figure 4: Illustration of material dependence of LAC energy for Iodine, Calcium and Water. These differences allow the 
discrimination of different materials from multi-energy X-ray observations.
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The LAC of compounds is composed of a density weighted sum of the LACs of the component elements:

Thus the discriminative material information in X-ray measurements of objects is contained in their LAC 
curves as a function of energy. Given this critical link between the energy dependence of LAC and X-ray obser-
vation, we have embarked on a fundamental investigation of the behavior of these attenuation-energy curves.
Current conventional dual-energy CT scanners use only two measurement energies and seek a correspond-
ing two-dimensional material expansion in terms of the photoelectric and Compton basis energy curves. 
This fundamentally represents a material through a two-dimensional feature. In previous work we studied 
the properties of the LAC curves of a collection of materials which included 114 non-explosives (including 
teflon, nylon, honey) and 84 explosives (including TNT, HMX, ANFO) using the XCOM database of material 
properties. Previously we used a dataset of Linear Attenuation Coefficient curves of materials obtained from 
XCOM with 124 explosives and 194 non-explosives. As part of the non-explosives class we have 12 biological 
materials such as soft tissue and bone. We compared the dimensionality of the LACs of the explosives with 
the LACs of the biological materials by calculating the singular value decomposition and examining the num-
ber of non-zero singular values. For biological materials the first two singular values are significantly larger 
than then remaining singular values. On the other hand, for the explosives class and for the entire compounds 
dataset there are more than two large singular values. This demonstrated that the dimensionality of the LAC 
curves is higher in the case of luggage scanning and motivates the use of more than two features/energies.
Another direction of this work has focused on adapting the selection of multi-energy features to the explosive 
detection task to increase detection performance. In particular, we developed a new learning-based feature 
selection approach we termed sequential linear discriminant analysis (SLDA) and demonstrated that it could 
improve discrimination performance. In Figure 5 we show the area under the ROC (AUC) of the optimal likeli-
hood ratio test classifier for both our learning based signature selection method as well as the conventional 
(static) photo-Compton dual-energy features and features chosen via typical SVD analysis SVD analysis. Sig-
nificant performance improvement is achieved using the classification aware, learning based method. Perfor-
mance was also compared using different 
We have continued investigation methods for multi-energy feature selection in the present period. We ap-
plied different classification-aware methods and tested their performance both by the area under the ROC 
(AUC) and by classification accuracy. Figure 5 shows the AUC results, as well as the accuracy of both a linear 
and a non-linear classifier, as a function of feature dimension. It can be seen that SLDA provides the highest 
accuracy. 
In addition, the impact of these different signature 
choices on the performance of popular SVM classifi-
ers was  examined. As can be seen in Figure 6 on the 
following page, when using a non-linear classifier, 
classification accuracy is increased as the dimen-
sion increases, as opposed to the linear classifier. 
This shows that the problem is not linearly sepa-
rable and requires more complex detection rules. In 
either case, use of the optimized signature set pro-
vided by SLDA results in improved performance.
In the current period we have begun the process of 
extending and applying these results to real tomo-
graphic multi-energy data obtained from a medical 
scanner. We have modeled the scanner geometry 
and performed calibration studies.
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Figure 5: AUC results as a function of feature dimension. 
It can be seen that SLDA provides the highest AUC 
performance. Using more than two multi-energy features 
and using classification-aware features improves 
performance
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B.	 Major	Contributions	
Our work to date is contributing to X-ray based explosive detection by:
1. Providing new configurations of sensing systems exploiting model-based reconstruction methods for 3D 

reconstruction. These configurations could allow for compact, cost-effective 3D sensing for portal based 
carry-on screening. 

2. Providing extensions of existing image-based methods and new algorithms for existing systems provid-
ing the possibility of improved information extraction from these existing systems. In particular, creating 
a new label-based tomographic inversion method. 

3. Providing a first principles understanding of the value of energy diversity in X-ray sensing. 
4. Optimizing information extraction in multi-energy X-ray sensing.

IV. FUTURE PLANS

Limited angle tomography:
We will continue to optimize our tomographic models to reduce artifacts and improve quality. We will con-
tinue the development of graph-based methods for tomographic inversion and apply these methods to real 
tomographic problems of interest. In addition we will reduce computation time through improved precon-
ditioning of the resulting optimization problem.  We will incorporate prior information into the reconstruc-
tion algorithm to improve quality. We will also explore the use of multi-core and GPU implementation of our 
algorithms for reduction in computation time. Finally, we will explore the possibility of explosive detection 
without reconstruction by developing and applying the tools for high-dimensional learning. 
Multi-energy:
We plan to continue our examination of the fundamental properties and benefits of multi-energy diversity 
in X-ray sensing of materials. We will focus on the nature and optimality of the representational material 
subspace. In addition, we will work on iterative reconstruction of the multi-energy features from raw tomo-
graphic data and the inclusion of accurate models of tomographic data uncertainty into our formulation. 

V. RELEVANCE AND TRANSITION

Current commercial EDS systems are created based on conventional sensing geometries and algorithms and 
in the absence of an understanding of the fundamental limits of X-ray based performance. Developing new 
methods for limited angle tomographic sensing can allow the creation of a new generation EDS machines 

Figure 6: Classifier accuracy as a function of signature dimension and choice. It can be seen that SLDA provides the 
highest classifier accuracy. Finding a specific classifier able to exploit the information in the features is challenging.
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that are more efficient and lower cost and which have better discrimination performance. Further, exist-
ing systems rely on ad hoc, proprietary choices of discrimination signatures driven by fixed certification 
thresholds. A principled analysis of the information in and classification behavior from X-ray signatures can 
provide insight on both the fundamental limits to the information available in X-ray sensed data as well as 
the relative benefit of different signature choices. This knowledge can be used to increase the discrimination 
between explosive threats and stream-of-commerce clutter. Taken together, such knowledge can lead to prac-
tical systems that operate at the limits to performance, with enhanced security, and improved throughput, 
and reduced false alarms.
Transition:
• Astrophysics has expressed interest in our work on model-based tomographic inversion for limited angle 

configurations
• Photo-Diagnostics Systems has engaged us in discussions regarding our work on multi-energy signatures.

VI. DOCUMENTATION

A.	 Peer	Reviewed	Archival	Publications	

1. Tuysuzoglu and W. C. Karl, “A Graph-Cut Method for Tomographic Reconstruction,” IEEE Workshop 
on Statistical Signal Processing, Special Session on Signal Processing for Materials Science, Ann Ar-
bor, Michigan, August, 2012

2. Z. Sun; W. C. Karl; P. Ishwar; V. Saligrama, “Sensing Aware Dimensionality Reduction for Nearest 
Neighbor Classification of High Dimensional Signals,” IEEE Workshop on Statistical Signal Process-
ing, Special Session on Signal Processing for Materials Science, Ann Arbor, Michigan, August 5-8, 
2012

3. A. Tuysuzoglu, W. C. Karl, D. A. Castanon, S. Unlu, “Joint Reconstruction and Segmentation of Electron 
tomography data,” in Computational Imaging, C. A. Bouman, I. Pollak, P. J. Wolfe, editors, Proc. SPIE, 
Vol. 8657, SPIE, San Francisco, CA, February 3-7, 2013.

B.	 Technology	Transfer

Graduate student Limor Eger worked at Analogic as a summer intern, summer 2012, implementing some of 
the research on inverse methods for tomography.

C.	 Seminars,	Workshops	and	Short	Courses	

1. W. C. Karl, Co-Organizer, Special Session of 2012 IEEE Statistical Signal Processing Workshop on 
Challenges in HighDimensional Learning, 2012.

2. W. C. Karl, invited speaker at the CIMI Workshop on “Optimization and Statistics in Image Process-
ing,” on “Graph-cut methods for joint reconstruction and labeling”.
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