
R4-B.2: Multi-energy, Limited View Computed 

Tomography (CT)

Abstract— The objective of this project is the development of advanced methods for the processing 
of multi-energy X-ray data collected in limited view geometries.  Such data holds the promise 
of providing much improved capability relative to single and dual energy systems for mapping 
materials throughout a piece of luggage and, hence, more accurately identifying threat items.  
Complicating this task are two issues.  First, current ideas for deployable multi-energy systems are 
all of the limited view variety.  Thus, existing image formation methods based on Fourier techniques 
are no longer applicable.  Second, traditional methods that process data on an energy-by-energy 
basis fail to fully exploit the inter-energy information content that is embedded within these data.   
The approach pursued here is based on the use of sophisticated iterative processing methods for 
forming images that make use of and extend recently developed ideas from multi-linear algebra.  
These techniques consider the full spatial-spectral structure of the data.  Within the context of full 
view, angle decimated data processing of our prior work has demonstrated the clear benefi ts of 
this approach.  This project is focused on extending these ideas to the limited view case.  The initial 
year of this project has been devoted to the development of a computational forward model for a 
limited view system that is based on a prototype system developed by our industrial collaborators at 
American Science and Engineering (AS&E).
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II. PROJECT OVERVIEW AND SIGNIFICANCE

Building on our current efforts in dual and multi-energy X-ray CT reconstruction, we are developing a new 
class of reconstruction techniques based on principles of compressive imaging and convex optimization ex-
tended to multi-linear objects arising naturally in the CT problem.  Our efforts will provide the enabling 
algorithmic technology for future multi-energy CT systems that will be required to meet the needs of DHS 
in protecting the United States against state-of-the art explosive devices.  Of speci ic concern are techniques 
that consider the muilti-linear nature of the reconstruction problem.  Issues that will be explored include:
1. The development of tensor nuclear norm regularization methods based on Tucker and/or CAMEDCOMP/
PARAFAC decompositions;
2. The use of patch dictionaries for purposes of recovering multi-energy texture in X-ray CT images;
3. The development of adaptive compressive methods for optimal sampling of projection data; and
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4. The incorporation of nonlinear but convex physical models into the ADMM processing methods used for 
image reconstruction.

III. RESEARCH ACTIVITY

A. State-of-the-art and technical approach

The focus of our efforts this year has been on the development 
of a computational model for a limited view, multi-energy X-ray 
luggage scanning system based on the prototype CANSCAN sys-
tem developed by our industrial partner AS&E.   As illustrated 
in Figure 1, we consider a system with arrays of NS sources and 
ND detectors arranged parallel to one another between which an 
object moves with constant velocity v.  All  NS × ND raypaths can, 
depending on the location of the object relative to the sources and 
detectors, contribute data for processing.  We denote by S(E) the 
known and common energy spectrum of the sources.  Motivated 
by recent work in [1], we model each of the detectors as being 
capable of resolving X-ray counts at energies Ek for k=1,2...,NE .  Fi-
nally, data are collected at NT evenly spaced time points between 
t1 and t2 , where t1, typically taken as zero, is the time when the front edge of the object irst intersects the 
line between the irst source and detector, and t2 represents the time when then trailing end of the object just 
extends past the line between the last source-detector pair. Under these conditions, the data collected at time 
tj , energy Ek at detector  d due to source s can be modeled as a Poisson random variable with mean
          (1)

where μ(x, y, E) is the X-ray absorption profile of the object as a function 
of the two space dimensions, x and y, and energy, E . The quantity L         is 
defined to be the line connecting detector d to source s if the object intersects 
this line at time j and zero otherwise.  

Our effort this year has been focused on implementing a discrete version of 
this model.   As illustrated in Figure 2, the object is decomposed into a grid 
of Nx × Ny pixels.   At each time tj , the y position of the object is  vtj from which 
we irst determine the set of source detector pairs that are “active” at this 
time.  According to (1), y(k, sj , dj) can be calculated as

         (2) 

 where the symbol “ ” is used to indicate that we are computing a discrete 
approximation, μ(m, n, Ek) is the three-tensor representing the discretized 
absorption pro ile as a function of two spatial and one energy dimensions, 
and A(k, sj , dj , m, n) is the ive tensor mapping absorption into data.  Accord-

ing to the model in (1), A(k, sj , dj , m, n) is equal to the product of S(Ek ) and the length of the line through pixel  
n, m connecting one of the sources and detectors active at time j.  In the case of Figure 2, the object has been 
decomposed into an array of 32 pixels ordered column-wise from the leading to the trailing edge.  For the 
source-detector pair illustrated in Figure 2, only those m, n in A(k, sj , dj , m, n)  associated with pixels 29, 25, 

Figure 1: Conceptual model for the system 

under consideration.

,j js d

Figure 2: Discretization procedure.
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26, 22, 23, 24 and 20 will be nonzero.
To illustrate the capabilities of our model, we consider a speci ic case shown in Figure 4a, where there are 
two sources located at (0,0) cm and (0, 44.5) cm, as well as three detectors at (100, 0) cm, (100, 22.3) cm, 
and (100, 44.5) cm.  The 60 cm by 30 cm object is intended to model a small carry-on piece of luggage and 
is discretized into an array of 600 
X 300 pixels.  The velocity of the 
object is 1 cm/s and the sampling 
rate is 4 Hz.  Within the object, we 
simulate a bottle of water near the 
front boundary, a piece of alumi-
num shown by the red rectangle 
and a C-shaped piece of rubber.  
In Figure 3a, we show the attenu-
ation curve of each object in the 
suitcase; when the energy of X-ray 
increases, the attenuation decreas-
es. The spectrum of the sources is 
shown in Figure 3b.

In Figures 4b and 4c, we plot the signals collected at the three different detectors as a function of time due 
to the different sources.  From the source 1, detector 1 plot in Figure 4b, we clearly can identify the various 
objects within the ield of view including the front and rear boundaries of the bag and, most obviously, the 
aluminum block.  The patterns become far less easy to interpret for the other source-detector pairs.  Indeed, 
it is of interest to note that the symmetry of the sources and detectors with respect to the y axis is not re-
lected in symmetric responses due to the 

arbitrary, asymmetrical distribution of ob-
jects within the phantom. Continuing with 
the analysis of the source 1, detector 1 data 
in Figure 5, we display the time-energy sig-
nal on a logarithmic scale.  At any particular 
energy, the time-dependent signal indicates 
the presence of different objects.  The en-
ergy dependent nature of these patterns, 
however, clearly differs from one object 
in the phantom to the next.  Based on this 

Figure 3: (a) Attenuation curves for objects in the suitcase obtained from XCOM 

database; (b) Source spectrum modeled after 90keV Imatron scanner spectrum 

used in the Task Order 3 “Research and Development of Reconstruction 

Advances in CT-based Object Detection Systems” eff ort supported by DHS Task 

Order Number HSHQDC-10-J00396.

Figure 4:  Simulation results at 30KeV.

Figure 5: Plot of source 1 – detector 1 energy profi le.
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qualitative examination of the data, we feel that the spatial, spectral and temporal diversity provided by this 
type of system will provide a wealth of information regarding the contents of the object under consideration.  
Still, the limited view nature of the problem will complicate image formation, requiring the development of 
sophisticated processing methods to detect and characterize threat items.

B. Major contributions

Year 1:
1. Development of computational forward model for multi-energy, limited view X-ray scanner modeled on 
AS&E developed CANSCAN systems.

C. Future plans

The next year of the program will focus on the use of the forward model in the development of advanced pro-
cessing methods for multi-energy, limited view X-ray data.  Two activities will be undertaken:
First, we will extend the existing methods prototypes in [1] to large scale, 2D reconstruction problems.  Spe-
ci ically, performance of the techniques in [1] was explored for recovery of relative small images, 128 X 128 
pixels.  To be more relevant to the end-user, it is important that we be capable of solving problems of a more 
realistic size.  Under the Task Order 3 “Research and Development of Reconstruction Advances in CT-based 
Object Detection Systems” effort supported by DHS Task Order Number HSHQDC-10-J00396, we scaled up 
related methods to allow for the recovery of objects of the size (in pixels) of the one considered in the above 
analysis.  Over the coming year, we will adapt the algorithmic ideas that worked well there (speci ically al-
ternating direction, method of multiplier (ADMM) optimization techniques) to our existing tensor recovery 
methods.
Second, we will develop more sophisticated tensor nuclear norm regularization strategies.  The methods we 
have considered to date make use of two ways of decomposing a tensor: unfolding and the t-SVD approach 
developed in [1].  The intent of both of these methods is to provide a convex approximation to the rank of a 
tensor.  It is known that the unfolding approach is a rather weak approximation and the t-SVD technique as 
it currently stands is only appropriate for 3D tensors.   Given the need to move from 3D to 4D (three space 
and one energy) reconstruction problems, there is motivation for developing new concepts of tensor nuclear 
norm.  Here, based on the success of the t-SVD decomposition as the basis for regularization, we hypoth-
esize that alternative approaches to tensor decomposition; speci ically the Tucker and PARFAC/CANDECOMP 
methods will be of use for moving to higher dimensional problems.

IV. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

Our efforts will provide the enabling algorithmic technology for future multi-energy CT systems that will be 
required to meet the needs of DHS in protecting the United States against state-of-the-art explosive devices.

B. Anticipated end-user technology transfer

This project is being carried out in close collaboration with Dr. Seth van Liew of AS&E.  Profs. Tracey and 
Miller have been collaborating with AS&E since 2010, developing image enhancement, object identi ication, 
and related processing methods for personnel and vehicular screening using X-ray transmission and back-
scatter data.  The project described in this document is being executed in parallel with the AS&E-led effort 
that included both Tufts and Lawrence Livermore National Laboratory, funded under DHS RFP 13-05.  Both 
projects are concerned with advanced process of limited view multi-energy data.  Whereas the 13-05 project 
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is focusing on less computationally demanding techniques that can be implemented in vendor systems over 
the short-medium term, the work supported by ALERT is considering more sophisticated (and, hence, higher 
performing), tensor-based methods where the complexity of prototype implementation is prohibitive, but 
where additional work would result in ef icient implementations.
In addition to AS&E, Profs. Tracey and Miller are currently discussing with Rapiscan Technologies a project 
that will build on the dual energy processing ideas developed with support from ALERT in Phase 1, as well 
as Task Order 3.

V. LEVERAGING OF RESOURCES

As noted above, we are looking to work with both AS&E, as well as Rapiscan to transition a number of the 
methods and ideas developed with DHS support under the auspices of ALERT into industry.  Additionally, 
we are in discussions with researchers at Boston University and Lawrence Livermore National Laboratory 
regarding a possible submission against the DHS S&T LRBAA in the area of explosives detection.  Finally, 
Profs. Miller and Tracey are very interested in responding to DHS SBIR requests for proposals.  Our doing so, 
however, is hampered by the lack of a small business collaborators.

VI. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed journal articles

1. B.H. Tracey, E.L. Miller, Y. Wu, P. Natarajan, J.P. Noonan, A constrained optimization approach to com-
bining multiple non-local means denoising estimates, Signal Processing, Available online 28 Decem-
ber 2013, ISSN 0165-1684, http://dx.doi.org/10.1016/j.sigpro.2013.12.021.

2. Semerci, O.; Ning Hao; Kilmer, M.E.; Miller, E.L., “Tensor-Based Formulation and Nuclear Norm Regu-
larization for Multienergy Computed Tomography,” Image Processing, IEEE Transactions on , vol.23, 
no.4, pp.1678,1693, April 2014, doi: 10.1109/TIP.2014.2305840

 Pending-
1. B.H. Tracey, E.L. Miller, “Stabilizing dual-energy X-ray computed tomography reconstructions using 

patch-based regularization,” under review, Inverse Problems. Available on arxiv.org.

B. Other conference proceedings

1. B.H. Tracey and E.L. Miller, “Simultaneous segmentation and reconstruction for dual-energy CT: Ex-
perimental results,” The Third International Conference on  Image Formation  in X-Ray Computed 
Tomography  June 22-25, 2014 Fort Douglas/Olympic Village, Salt Lake City, Utah, USA

C. Software developed

1. We have developed a computational forward model for simulation of data acquired by a multi-en-
ergy X-ray system in which a 2D object moves along a linear trajectory with sources located along 
one side parallel to the direction of motion and detectors on the other side.  The user can arbitrarily 
specify source-detector geometry, velocity of the object, size of the object and discretization (num-
ber and size of pixels).  The user must specify energy dependence of all material of interest.  The 
code is written in Matlab and available upon request.
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