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Abstract — Dual-energy X-ray computed tomography (DECT) is a powerful tool for non-destruc-
tive evaluation for security. In security applications where DECT is used for scanning checked lug-
gage, many different materials may be scanned in various degrees of clutter and metal objects are 
common. Conventionally, fi ltered back-projection (FBP) is used for image formation and there is 
no unifi ed treatment of metal artifacts. In the security context, image noise and metal artifacts can 
be severe and lead to less reliable image estimates and object splitting, lowering the accuracy of 
material identifi cation. In this project, we develop a structure-preserving dual-energy (SPDE) CT 
reconstruction method for security, which provides enhanced estimates of material-dependent basis 
coeffi cient images. The proposed approach aims at mitigating metal artifacts and providing precise 
object localization. The basis coeffi cient images are generated jointly as the solution of a single mod-
el-based optimization problem. An auxiliary variable corresponding to the mutual boundary fi eld 
is estimated as well and applied to the basis coeffi cient images to improve object localization and 
smoothing inside the objects. In addition, metal aware data weighting is included to reduce streaks. 
By using such a unifi ed approach, signifi cant reduction in noise and metal artifacts can be achieved 
in the image formation process. These improved images, in turn, can yield lower false alarm rates 
and improved material and object identifi cation.
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II. PROJECT OVERVIEW AND SIGNIFICANCE

Explosives represent a continuing threat to aviation security. DECT attempts to use the additional energy-
dependent material information obtained by making multiple energy-selective measurements of attenua-
tion. DECT methods estimate a small number of material-speci ic parameters at each image location and use 
them for material discrimination. A pair of commonly used parameters are the photoelectric and Compton 
coef icients, which are derived from a physics-based X-ray attenuation model. Conventional DECT methods 
are mostly targeted at medical applications, which have fewer artifacts. In the security application, many 
different materials may be scanned in various degrees of clutter and metal objects are common. In this ap-
plication, image noise and metal artifacts are more severe and can lead to less reliable estimates of the pho-
toelectric and Compton coef icients. In this project we develop a new SPDE for the formation of enhanced 
photoelectric and Compton coef icient images. This framework greatly reduces the noise and artifacts pres-
ent in photoelectric and Compton images compared to conventional DECT results. The improved images can 
lead to more accurate material and object identi ication resulting in greater security and reduced passenger 
inconvenience.
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III. RESEARCH ACTIVITY

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

Several DECT techniques have been suggested since the 1970s [1, 2, 3]. They are mostly targeted at medical 
applications and do not deal with image artifact mitigation. In contrast to this existing work, this project de-
velops a new structure-preserving dual-energy inversion method (SPDE) for the formation of enhanced pho-
toelectric and Compton coef icient images. We form the images as the solution of an optimization problem 
which explicitly models the physical tomographic projection process. Metal induced streaking is reduced by 
appropriately down-weighting unreliable data. A boundary-preserving prior based on [4] is incorporated to 
improve object localization. In particular, we estimate a mutual boundary- ield along with the photoelectric 
and Compton images. The boundary ield provides accurate object localization and allows smoothing inside 
the objects.
The observed normalized log-sinogram data in DECT sensing follows the non-linear Beer-Lambert law:

where ws(E) is the spectral weighting used in the measurement, nd μ(x, E)is the LAC of the material at spatial 
location X and energy E, and Is (  ) is the measurement along ray-path     for spectral weighting s. Examples of 
LAC curves and spectral weighting functions are shown in Figure 1.

The characteristics of the material at spatial location X are captured through the energy dependent function 
μ(x, E). Typically, this function is approximated as a linear combination of a few basis functions. A common 
choice of basis functions in DECT are the photoelectric and Compton functions. The LAC representation in the 
photo-Compton model is given by:

where fp(E) and fc(E) are the photoelectric and Compton energy-dependent basis functions, and ap(x) and 
ac(x) are the corresponding material-dependent coef icients at each spatial location x. The photoelectric and 
Compton basis functions and photoelectric and Compton coef icient pairs for a few example materials are 
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Figure 1:   Left: the linear attenuation coeffi  cient (LAC) curves of a few example materials. Right: examples of spectral 

weighting functions ws(E) (normalized to unit sum).
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shown in Figure 2. The goal is to separate materials on the basis of their coef icient values.

In many DECT methods, the goal is to reconstruct the coef icient images ap(x) and ac(x), given the dual-energy 
measurements I1 (  ) and I2 (  ). Since the problem is nonlinear and high-dimensional, a well-known solution 
approach is to separate it into two decoupled sub-problems. In the irst sub-problem, a nonlinear set of equa-
tions is solved for the basis coef icient sinograms Ap(l) and Ac(l) de ined as 
      and    .
 
The second sub-problem is reconstruction of the basis coef icient images ap(x) and ac(x) from these sino-
grams. This reconstruction step is usually accomplished by applying iltered back projection (FBP) individu-
ally to each sinogram individually.
Our focus in this work is on improving the solution of the second sub-problem in DECT; i.e., reconstruction 
of the basis coef icient images from the basis coef icient sinograms. This problem is related to the ield of 
multi-sensor image fusion. Each basis coef icient sinogram may be regarded as observations obtained from a 
different measurement channel/modality. In our SPDE method, we utilize the mutual structure information 
and reconstruct the coef icient images jointly. In this way, object localization may be improved in both im-
ages. An illustration contrasting the similarities and differences between the typical DECT and the proposed 
approaches are shown in Figure 3 on the next page.

Figure 2: Top:  The photoelectric and Compton basis functions. Bottom: A scatter plot of the photoelectric and Compton 

coeffi  cients of a few example materials.
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The general formulation of SPDE in vector form is the following:

where s is a common fused boundary ield, T is the tomographic operator, D is the derivative operator, Wz  is a 
data weighting matrix, Wps  and Wcs  are weighting matrices derived from s, and λi are non-negative regulariza-
tion parameters. 
Three effects are explicitly captured in the formulation above. First, the tomographic model T is explicitly 
used. Second, explicit use is made of an object boundary- ield s to mitigate and limit the propagation of ar-
tifacts. Third, the sinogram data are weighted through Wz to reduce the effect of unreliable rays due to the 
presence of low count rays caused by metal. 

B. Major contributions

The new framework generates a uni ied, joint estimate of the coef icient images where object boundary in-
formation from both scans are combined to provide explicit preservation of region values. In particular, the 
more robust Compton image information helps stabilize the more noise sensitive Photoelectric image. In this 
period, we have demonstrated preliminary results in reducing the artifacts in dual-energy photoelectric and 
Compton imagery. In particular, we have reduced metal artifacts and object splitting and improved material 
property uniformity. Figure 4 on the next page shows results obtained from 95kVp and 130kVp data ob-

Figure 3: Top:  Typical DECT reconstruction approach. Bottom: Proposed approach.
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tained from the Imatron C300 CT scanner. 
The top row shows the results of conven-
tional reconstructions of the photoelectric 
and Compton coef icients. The presence of 
metal causes severe streaking in the pho-
toelectric image and shading and inten-
sity variation in homogeneous regions of 
the Compton image. Such light and dark 
streaking can lead to object splitting in 
subsequent segmentation and labeling 
tasks of an ATR, compromising threat 
identi ication. In contrast, the bottom row 
shows our new SPDE method. The reduc-
tion of streaking artifacts is readily appar-
ent, as is the improved uniformity of ho-
mogeneous object regions.
Figure 5 shows scatter or cloud plots of 
the photoelectric mean versus Compton 
mean for different objects. These points 
illustrate the potential for improvement 
in material separability possible with the 
new method. With SPDE the material clus-
ters become tighter relative to the conven-
tional approach. SPDE shows promise for 
more accurate and reliable material classi-
ication results.

C. Future plans

Future plans include continuing development of the method. This includes direct incorporation of projec-
tion data into the formulation, rather than starting with conventionally formed component sinograms. In 
additional, future plans include the extension of the method to multi-energy sensing, as well as fully 3-di-
mensional scanning geometries. We would also like to develop and incorporate learning-based, multi-energy 

Figure 4:  Top: conventional photoelectric and Compton 

reconstruction. Severe streaking and shading due to metal are 

present. Bottom: New SPDE reconstructions. Reduction of streaking 

and improved uniformity of object regions demonstrated.

Figure 5:  Cloud (scatter) plots of photoelectric mean versus Compton mean. Each point corresponds to one object. 

Ellipsoids correspond to 1-sigma line. Left: Results with the conventional DECT method. Right: Results with SPDE. It 

can be seen that the material clusters are tighter in the case of SPDE, which shows potential for more accurate material 

classifi cation.
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material classi iers into the estimation process.

IV. EDUCATION & WORKFORCE DEVELOPMENT ACTIVITY

L. Martin gave a presentation at the symposium for the Task Order 3 “Research and Development of Re-
construction Advances in CT-based Object Detection Systems” effort supported by DHS Task Order Number 
HSHQDC-10-J00396.

V. RELEVANCE AND TRANSITION

A. Relevance of your research to the DHS enterprise

This project is of relevance to the DHS enterprise because it is developing methods to reduce artifacts in 
multi-energy imagery. In addition, the long range aim is to optimize the extraction of information from multi-
energy CT data. These approaches can reduce false alarms and improve throughput. 

B. Anticipated end-user technology transfer

TSL/S&T personnel (C. Love, R. Krauss, R. Klueg) expressed interest in collaborating to see how these meth-
ods would perform on laboratory material samples. This ongoing collaboration has lead to TSL sharing some 
dual-energy data with our laboratory for experimental use.

VI. LEVERAGING OF RESOURCES

DHS BAA 13-05 funding was pursued and we are currently in negotiation for a contract. Another proposal to 
DHS is being considered, focusing on object based reconstruction methods.

VII. PROJECT DOCUMENTATION AND DELIVERABLES

A. Peer reviewed conference proceedings

1. L. Martin, W. C. Karl and P. Ishwar, ``Artifact reduction in dual-energy CT reconstruction for security 
applications,’’ Proc. of  The Third International Conference on Image Formation in X-Ray  Computed 
Tomography, special session on security, Salt Lake City,  Utah, June 22-25, 2014

2. S. Do and W. C. Karl, ``Sinogram Sparsi ied Metal Artifact Reduction Technology (SSMART),’’ Proc. of 
The Third International Conference on Image Formation in X-Ray Computed Tomography, special 
session on security, Salt Lake City, Utah, June 22-25, 2014

B. Other presentations

1. L. Martin, W. C. Karl, and P. Ishwar, ” Structure-preserving dual-energy CT reconstruction for secu-
rity” Gordon Conference on Imaging Science, Stonehill College, Easton, MA, June 8-13, 2014.

C. Student theses or dissertations

1. L. Eger, ̀ `Exploiting Energy Diversity in Multi-energy CT for Detection of Explosives,’’ Doctoral thesis, 
BU, ECE Department, December 2013.

2. Tuysuzoglu, ̀ `Robust Inversion and Detection Techniques for  Improved Imaging Performance,’’ Doc-
toral thesis, BU, ECE Department,  June 2014.

ALERT 
Phase 2 Year 1 Annual Report 

Appendix A: Project Reports 
Thrust R4: Video Analytics & Signature Analysis 

Project R4-C.1



D. Software developed

1. Datasets
a. TO3 and TO4 Data resources.

E. Requests for assistance/advice

1. From DHS
a. Request for collaboration from TSL/S&T C. Love, R. Krauss, R. Klueg.
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