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IMAGE RECONSTRUCTION BASED ON PARAMETRIC MODELS

This application claims priority to U.S. Provisional Patent Application No.
61/446,558 filed February 25, 2011, the contents of which are incorporated herein by

reference.

Description

Technical Field

[0001] Systems, methods, and computer-readable products consistent with the present
invention are directed generally to image reconstruction, and more particularly to image

reconstruction based on parametric models.

Background

[0002] Baggage scanners can be used for baggage inspection, for example, at an airport or
a train station, to detect the presence of liquid and other prohibited objects in baggage or
luggage. For example, baggage scanners can be employed at airports and can include one
or more sets of stationary x-ray scanning arrays. A set of x-ray scanning arrays can contain
one or more radiation sources that are configured to emit x-ray radiation towards an item
under inspection, and an array of detectors on the opposite side of the item to detect the x-

ray radiation that is not completely absorbed by the item.

Summary

[0003] In one aspect, the present disclosure is directed to a method of modeling. The
method can include acquiring scan data, wherein the scan data comprises data associated
with a plurality of x-ray projections of an item. The method can further include determining
at least one closed boundary curve associated with the item. For example, the method can
determine a first maximum area based on the data associated with the plurality of x-ray
projections and determine at least one edge of the first maximum area. The method can
further generate a model of the item using the closed boundary curve and a set of material
specific parameters including at least a first material specific parameter, for a material
within the closed boundary curve. The method can utilize the model to generate computed
scan data, compare the computed scan data to the scan data, and determine a goodness of fit.

The method can further adjust the model of the item by altering at least one of the set of: the
-1-
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at least one closed boundary curve and the set of material specific parameters including at
least the first material specific parameter.

[0004] In another aspect, the present disclosure is directed to a system. The system can
include a scanner configured to acquire scan data, wherein the scan data comprises data
associated with a plurality of x-ray projections of an item. The system can further include a
processor configured to determine at least one closed boundary curve associated with the
item. For example, the processor can determine a first maximum area based on the data
associated with the plurality of x-ray projections and determine at least one edge of the first
maximum area. The processor can further generate a model of the item using the closed
boundary curve and a first material specific parameter for a material within the closed
boundary curve. The processor can utilize the model to generate computed scan data,
compare the computed scan data to the scan data, and determine a goodness of fit. The
processor can further adjust the model of the item by altering at least one of the set of: the at
least one closed boundary curve and the material specific parameter.

[0005] In another aspect, the present disclosure is directed to computer-readable medium
comprising instructions stored thereon, wherein the instructions cause a computer to
perform a method of modeling. The method can include acquiring scan data, wherein the
scan data comprises data associated with a plurality of x-ray projections of an item. The
method can further include determining at least one closed boundary curve associated with
the item. For example, the method can determine a first maximum area based on the data
associated with the plurality of x-ray projections and determine at least one edge of the first
maximum area. The method can further generate a model of the item using the closed
boundary curve and a first material specific parameter for a material within the closed
boundary curve. The method can utilize the model to generate computed scan data,
compare the computed scan data to the scan data, and determine a goodness of fit. The
method can further adjust the model of the item by altering at least one of the set of: the at

least one closed boundary curve and the material specific parameter.

Brief Description of the Drawings

[0006] FIG. 1 is a schematic diagram of an inspection system consistent with an
exemplary embodiment of the present invention;

[0007] FIG. 2 shows a two-dimensional projection image of a bottle of wine;
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[0008] FIG. 3 is a schematic diagram of a data processing system, consistent with the
exemplary disclosed embodiment shown in FIG. 1;

[0009] FIG. 4 is a flow chart of an exemplary process of analyzing an item, consistent
with a disclosed embodiment;

[0010] FIG. 5 is an illustration of x-rays tangential to the inner and outer boundary curves
of an exemplary object;

[0011] FIG. 6 is a chart illustrating projection data, obtained consistent with the
exemplary embodiment of FIG. 8;

[0012] FIG. 7 illustrates convex polygon formed by tangential x-rays, consistent with an
exemplary embodiment using three point x-ray sources;

[0013] FIG. 8 is a schematic diagram of an exemplary parametric model of a cross-
section of a cylindrical container, consistent with a disclosed embodiment;

[0014] FIG. 9 is a flow chart of an exemplary process for initializing a voxel array,
consistent with a disclosed embodiment;

[0015] FIG. 10 is a flow chart of an exemplary process of parametric image
reconstruction from projection data, consistent with a disclosed embodiment and

[0016] FIG. 11 shows a set of reconstructed boundary curves of a cashew nut shaped wine

bottle, consistent with an exemplary disclosed embodiment.

Detailed Description

[0017] FIG. 1 is a schematic diagram of an inspection system 100 according to an
exemplary embodiment of the present disclosure. The inspection system 100 can be
configured to inspect a container 10 and detect any material or object of interest contained
in the container 10. For example, container 10 can be a crate, bag, bdx, or item of luggage.
The container 10 can be any item that is to be transported by an airplane, sea vessel, train, or
other mode of conveyance or into or within infrastructure, which can contain a plurality of
objects such as clothes, shoes, electronic devices, books, etc. The container 10 also can
contain an item 11 exhibiting a certain shape. For example, the item 11 can be a bottle of
wine or water, a can of beverage, a bottle of liquid explosives, a boxed juice, a bottle of
shampoo or conditioner, and the like. For example, FIG. 1 shows an item 11 in the
container 10.

[0018] The item 11 can include two or more materials. For example, the item 11 can be a

bottle of wine that includes a glass bottle and wine therein. When the bottle is not

-3-
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completely filled with wine, there can also be air in the bottle. In one embodiment, the
inspection system 100 can be employed at a security check point for checked baggage or
carry-on baggage at an airport to detect these objects of interest or materials in the container
10. While the above example relates to a bottle of wine, it is contemplated that the
inspection system 100 can be employed to detect any object of interest or material in any
item capable of being scanned and yielding material-specific information.

[0019] The inspection system 100 can include a conveyor 110, a scanner 120, and a data
processing system 140 coupled to scanner 120. The conveyor 110 can include belts for
supporting the container 10 and one or more motors that drive the belts. The belts can
rotate intermittently or continuously to convey or provide the container 10 from a loading
area through a central aperture of the scanner 120. The conveyor 110 is illustrated as
including a plurality of individual conveyor sections in FIG. 1; however, it is contemplated
that other forms of conveyors can be used.

[0020] The scanner 120 can be any suitable scanner. For example, the scanner 120 can
include multiple sets of x-ray source and detector arrays. As illustrated in FIG. 1, the
scanner 120 can include, among other things, four sets of source and detector arrays,
including x-ray sources 131, 133, 135, and 137, and x-ray detector arrays 132, 134, 136, and
138. It is contemplated that the scanner 120 can include more or less sets of source and
detector arrays as depicted in FIG. 1. In some embodiments, any one of—or all of—the x-
ray sources 131, 133, 135, and 137 can be a point source, and any of the x-ray detector
arrays 132, 134, 136, and 138 can present an array of detectors arranged substantially along
a line, or substantially along two lines that intersect at a right angle—as is depicted in FIG.
1. In some embodiments, the x-ray detector arrays 132, 134, 136, and 138 can present an
array of detectors arranged substantially along a curve or other path, or combinations of
such paths. The x-ray sources 131, 133, 135, and 137 and the x-ray detector arrays 132, 134,
136, and 138 can be mounted, stationary, and arranged such that a respective x-ray source
and corresponding detector array are on opposite sides of the aperture through which the
container 10 is conveyed. Although FIG. 1 shows the aperture in a substantially square
shape, it is contemplated that the aperture can be of any other suitable shape, such as, for
example, a substantially circular or oval shape or a substantially rectangular shape, or any
combination thereof.

[0021] The x-ray sources 131, 133, 135, and 137 and x-ray detector arrays 132, 134, 136,
and 138 can be located at different positions along the length of the conveyor 110.
Accordingly, when the container 10 is displaced through the aperture by operation of the

-4
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conveyor 110, it can sequentially pass through a plurality of scanning planes 151, 152, 153,
and 154. In some embodiments, the separation between successive scanning planes (as
between scanning plane 151 and 152) can be approximately 20 cm.

[0022] As described above, each combination of x-ray source and detector array, such as
a combination including one of the x-ray sources 131, 133, 135, and 137, and one of the
detector arrays 132, 134, 136, and 138, can define a scanning plane (respectively, scanning
plane 151, 152, 153, and 154 in FIG. 1). Each of the x-ray sources 131, 133, 135, and 137
can generate a fan beam of x-ray radiation over a fan-shaped two-dimensional cross-section
through which the container 10 can pass. The x-ray beams within the respective scanning
planes can pass through and be partially attenuated by the container 10 and then received by
the corresponding x-ray detector array associated with that scanning plane. In some
embodiments, the x-ray sources 131, 133, 135, and 137 can be oriented to direct the fan-
shaped beam in different directions (relative to each other), and as a result, radiation data
associated with different projection angles can be obtained from the x-ray detector arrays
132, 134, 136, and 138.

[0023] As used herein, the radiation data acquired by an x-ray detector array is referred to
as “projection data,” and the perspective defined by the uniform cross-section intersecting
with the scanned item is referred to as a “projection perspective.” During a scan, the x-ray
detector arrays can collect multiple sets of projection data representative of the integral of
absorption coefficients of the volumetric segment of container 10 through which the x-ray
beams pass. The measurement of projection data can be used to form a raster line of a two-
dimensional projection image. For example, FIG. 2 shows a two-dimensional projection
image of a bottle of wine in a tray.

[0024] A plurality of projection views of the container 10 at different projection
perspectives can be generated and a corresponding plurality of sets of two-dimensional
projection data can be acquired by the x-ray detector arrays 132, 134, 136, and 138.
Although the image in FIG. 2 shows only one “view” of the item, other views can be
obtained by other detector arrays simultaneously and/or sequentially.

[0025] In an embodiment, the scanner 120 can be a multi-energy scanner. For example,
in a source-detector-array set, x-ray beams can be generated at different energy levels, by
multiple x-ray sources or by a single source that operates in a switched manner. In some
embodiments, multi-energy scanning can be performed using a broad spectrum x-ray source
and x-ray detector arrays that detect x-ray radiation in separate energy ranges. For example,

in a dual energy scanner, Hi and Low scan data can be collected by each detector array.
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[0026] The x-ray detector arrays 132, 134, 136, and 138 can be coupled with data
processing system 140 via one or more data transmission lines. Multi-angle projection data
acquired by the scanner 120 can be transferred to a data processing system 140 via the data
transmission lines. The projection data can also be transferred wirelessly to the data
processing system 140.

[0027] The data processing system 140 can include one or more computer assemblies
configured to analyze scan data acquired from the scanner 120 and associated with a scan of
an item exhibiting a certain shape or a material contained therein, such as a liquid material,
in the container 10. The data processing system 140 can be associated with one or more
software applications, including, for example, an image reconstruction tool. These software
applications can be stored on the data processing system 140, and can be accessed by an
authorized user, such as an operator at a customs, ports and borders contrdl, or airport. The
software applications also can be stored on a computer readable medium, such as a hard
drive, computer disk, CD- ROM, or any other suitable medium.

[0028] FIG. 3 is a schematic diagram of the data processing system 140. The data
processing system 140 can include a processor 241, a memory module 242, a scanner
control interface 243, a storage device 244, an input/output interface 245, and a display
device 246. The data processing system 140 can include additional, fewer, and/or different
components than those listed above. The type and number of listed devices are exemplary
only and not intended to be limiting.

[0029] The processor 241 can be a central processing unit (“CPU”) or a graphic
processing unit (“GPU™). The processor 241 can execute sequences of computer program
instructions to perform various processes that will be explained in greater detail below. The
memory module 242 can include, among other things, a random access memory (“RAM”)
and a read-only memory (“ROM”). The computer program instructions can be accessed
and read from the ROM, or any other suitable memory location, and loaded into the RAM
for execution by the processor 241. The processor 241 can include one or more printed
circuit boards, and/or a microprocessor chip.

[0030] The scanner control interface 243 can be configured for two way communication
between the scanner 120 and the data processing system 140. Consistent with one
embodiment, the scanner control interface 243 can be configured to receive scan data from
the scanner 120 and store the data into the storage device 244. The scanner control interface

243 can be further configured to send scan control instructions to the scanner 120 to initiate
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and stop scan operations, or to configure the scanners. For example, the scan control
instructions can include configuration parameters,.

[0031] The storage device 244 can include any type of mass storage suitable for storing
information. For example, the storage device 244 can include one or more hard disk
devices, optical disk devices, or any other storage devices that provide data storage space.
For example, the storage device 244 can store data related to a data processing process, such
as the processing of scan data received from the scanner 120, and any intermediate data
created during the data processing process. The storage device 244 can also store one or
more models and their associated parameters that can be used for assisting the data
processing. For example, the storage device 244 can store a model of a generic object
having a same or similar shape to an object of interest, e.g., the item 11 in the container 10.
The model of the generic object may be used for reconstructing the image of the item 11.
The storage device 244 can also include analysis and organization tools for analyzing and
organizing data and/or information contained therein.

[0032] The data processing system 140 can be accessed and controlled by a user, such as
a security officer, using the input/output interface 245. The input/output interface 245 can
be available for the user to input information into data processing system 140, and can
include, for example, a keyboard, a mouse, a touch screen and/or optical or wireless
computer input devices. The user can input control instructions via the input/output
interface 245 to control the operation of the conveyor 110, and/or the scanner 120. For
example, the user can push certain buttons on a keyboard to stop the conveyor 110, instruct
it to go in reverse (e.g., backwards), or resume going forward. The user can also input
parameters to adjust the operation of the data processing system 140.

[0033] The data processing system 140 can also provide visualized information to the
user via the display device 246. For example, the display device 246 can include a
computer screen (not shown) and make available a graphical user interface (“GUI”) to the
user. The display device 246 can display an image of the item 11 and/or the container 10 in
its entirety, such as a three-dimensional image, multiple projection images and/or a two-
dimensional cross-section image. Consistent with another embodiment, the display device
246 can also display an inspection report to the user indicating certain characteristics of
items contained in the container 10, such as a presence of bottled liquid, the type of liquid,
and the volume of the liquid, in the container 10.

[0034] One or more components of the inspection system 100 can be used to implement a

process for analyzing the container 10 containing at least one object. FIG. 4 is a flow chart
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of an exemplary process of modeling a target item utilizing the inspection system 100. Scan
data associated with an item, such as exemplary item 11, may be acquired (step 401). By
way of example only, and without limitation, item 11 can be made available, inside the
container 10, to the scanner 120 by the conveyor 110. An x-ray scan can be conducted on
the item 11 by the scanner 120. During the scan, multiple sets of two-dimensional
projection data can be acquired by multiple sets of x-ray source and detector arrays. The
acquired projection data can be transferred to the data processing system 140.

[0035] The projection data can be used to reconstruct image slices perpendicular to the
plane of the projection data and to determine one or more closed boundary curves
associated with the item (steps 402-412). Any suitable image reconstruction methods,
including, but not limited to, filtered back projection, Fourier reconstruction, and iterative
reconstruction, can be used to transform the projection data and determine the one or more
closed boundary curves. In one embodiment consistent with the present disclosure, the data
processing system 140 can use a parametric image reconstruction method.

[0036] For example, a first maximum area can be determined based on a combination of
x-ray projections (step 402) and optionally, a second maximum area can also be determined
(step 403). In some embodiments, the second maximum area may be completely inside of
the first maximum area. As shown in FIG. 5, when a cross-section of a glass bottle 901 is
scanned by the scanner 120, a fan beam x-ray pattern can be generated by the x-ray source
131. The x-ray beams can pass through and be partially attenuated by the glass bottle 901
of interest and then received by the x-ray detector array 132. FIG. 5 shows x-ray 902 and x-
ray 903 that are tangential to the outer and inner boundary curves of the glass bottle 901. X-
rays 902 and 903 can intersect with the x-ray detector array 132 at locations x; and xa,
respectively. The projection data received by the x-ray detector array 132 is shown in FIG.
6. It can be observed from FIG. 6, that the attenuation values to the left of location x; is
close to 0, and once past x;, the attenuation value increases dramatically to a peak value
around location x», after which, the attenuation value starts to decrease. Therefore,
locations x; and x; can be found based on the projection data, and the tangential x-rays can
be identified by projecting the x-rays from locations x; and x; back to the x-ray source 131.
As shown in FIG. 5, four tangential x-rays can be identified from projection data of each
projection angle.

[0037] When sufficient tangential x-rays are determined as described above, they can be
used to form two maximum areas: a first maximum area associated with the outer boundary

and a second maximum area associated with the inner boundary. For example, one or more
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of maximum areas can be in the shape of a convex polygon, such as shown in FIG. 7. As
illustrated in FIG. 7, three point x-ray sources 1001-1003 can be used in the scanner 120.

In one embodiment, x-ray sources 1001-1003 can correspond to any three of the x-ray
sources 131, 133, 135, and 137 depicted in FIG. 1. As described above, tangential x-rays
1011 and 1012 can be identified for source 1001, tangential x-rays 1021 and 1022 can be
identified for source 1002, and tangential x-rays 1031 and 1032 can be identified for source
1003, respectively. A convex polygon, as the one shown in bold lines, can be formed using
the tangential x-rays and intersections thereof. Another convex polygon can be formed in a
similar manner for the inner boundary curve.

[0038] Once the maximum areas are determined, one or more edges of the maximum
areas can be determined (steps 404 and 405). For example, the edges may be detected by
applying image processing methods to the area as shown in FIG. 7. An outer boundary
curve can be determined based on the edges of the first maximum area (step 406) and an
inner boundary curve may be determined based on the edges of the second maximum area
(step 407). In one embodiment, the convex polygons become the inner and outer boundary
curves of the item.

[0039] In another embodiment, solutions closer to the real boundary curves can be
generated, e.g. by fitting a simplified model comprising two concentric ellipses, into the
convex polygons. The two concentric ellipses can be uniquely determined by a total of six
parameters: the coordinates (m,, m;,) of the common center point of the two ellipses, the
radii (r, 7,) of the main axis of the outer ellipse, the thickness of the glass d as well as the
angle of rotation ¢. The fitting process can be implemented using optimization approaches,
such as, for example, Simulated Annealing (SA). During the optimization, the sum of the
squares of the smallest distances between the tangential x-rays and the associated ellipse can
be minimized. Once determined, the two concentric ellipses, instead of the convex
polygons, become the inner and outer boundary curves of the item.

[0040] A model of the item can be generated (step 408). The model can depend upon a
set of parameters. In some embodiments, the parametric model can include the inner and
outer boundary curves determined in steps 406-407, and a set of material specific
parameters including one or more material specific parameters. For example, FIG. 8 is a
schematic illustration associated with a parametric model 600 of a cross-section of a
cylindrical item that exhibits two closed boundary curves. In some embodiments, model

600 can be described by a set of material specific parameters, including a first material
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specific parameter of the receptacle material 601. In some embodiments, model 600 can be
further described by a second material specific parameter of the material content 602 in the
receptacle. For example, the item may be a bottle filled with liquid. In this example, the
first material specific parameter can be an x-ray absorption coefficient of glass, plastic or
any other receptacle material 601. The second material specific parameter can be an x-ray
absorption coefficient of alcohol, water, or any other material content 602. In one
embodiment, the model 600 can further include a third material specific parameter
corresponding to material content 603, such as air.

[0041] Model 600 can also include a set of shape parameters describing the two closed
boundary curves. For example, model 600 may include an outer curvature 604 of the
container and an inner curvature 605 of the container. In some embodiments, outer
curvature 604 and inner curvature 605 can be of a same shape or two different shapes,
including circular, oval, square, rectangular, or any other suitable shapes. For example, the
boundary curves 604 and 605 can be approximated by two ellipses, which have
corresponding center points and angles of rotation. Accordingly, the radii of the two
ellipses can differ in the direction of the major axis by the thickness of the container.
Furthermore, for example, each boundary curve can also be approximated by a polygon
whose shape can be determined by a set of points. Examples of this explicit representation
can be found in published work e.g. Soussen et al., “Polygonal and Polyhedral Contour
Reconstruction in Computed Tomography”, IEEE Transactions on Image Processing, vol.
13, no. 11, pp. 1507-1523, Nov. 2004. In some embodiments, an implicit, level-set based
representation of the boundary curve, similarly to that of Feng et al., “A Curve Evolution
Approach to Object-Based Tomographic Reconstruction”, IEEE Transactions on Image
Processing, vol. 12, no. 1, pp. 44-57, Jan. 2003, could alternatively be used.

[0042] In one embodiment, the model 600 can further include a third boundary curve that
is either closed or open, such as the upper surface of the material content in the receptacle.
Accordingly, the set of shape parameters can further include a maximal distance 606
between at least two distal boundaries of the material contents. As illustrated in FIG. 8, the
maximal distance 606 can be the distance between this flat surface and the lowest point of
the inner curvature of the closed boundary curve 605. In another embodiment the maximal
distance can be the distance between this flat surface and the origin of the coordinate
system. It is contemplated that the distal boundaries of the material content can be of any
shape. Although the exemplary model illustrated in FIG. 8 is two-dimensional, it is

contemplated that the model can be three-dimensional.
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[0043] The set of parameters can be assigned a set of initial values. For example, the
initial locations of the two closed boundary curves 604 and 605 can be determined as
described above in steps 402-407. In one embodiment, the initial values of the material
specific parameters can be set to a reasonable known value to start with. Alternatively, the
initial values can also be selected based on a solution provided by a conventional image
reconstruction method. For example, FBP or regularized iterative method can be employed
to reconstruct the image first, and the solution may be used as the initial values. A library
of initial values of the first material specific parameter and the second material specific
parameter can be accessible to the processor 241.
[0044] In some embodiments, a set of material specific parameters of objects outside the
outer boundary curve can also be determined concurrently in step 408. For example,
another object other than the item 11 can be located in a region outside outer curvature of
closed boundary curve 604 of the item 11 the x-ray absorption coefficients of this object can
be determined as a voxel array based on the scan data. Any suitable reconstruction
methods, such as the parametric reconstruction method, can be utilized for determining the
voxel array.
[0045] FIG. 9 is a flow chart of an exemplary process for initializing a voxel array,
consistent with a disclosed embodiment. A voxel array can be defined as a three-
dimensional array representing the entire scan volume of the container 10 (step 901).
Alternatively, in one embodiment, the voxel array can represent a single slice of the volume
(that is, virtually a 2-D representation), For example, the value of each voxel may be
associated with the x-ray absorption coefficient of a corresponding region in the scan
volume. The voxel array can be segmented into two areas: a first area including voxels
outside the item, and a second area including voxels that are occupied by the item (steps 902
and 903). For example, the voxel array can be estimated from the scan data using any
existing image reconstruction method, and then the reconstructed image can be segmented
using any existing image segmentation method.
[0046] Initial values can be set to the voxels in the first area (step 904). In some
embodiments, the initial values can be set to be equal to those estimated from the scan data.
The voxels in the second area can be set to zero (step 905). In some embodiments, the
voxels in the second area can remain zero throughout the entire process shown in FIG. 4.
For example, during each iteration, the values of voxels in the second area may be

computed along with the values of voxels in the first area, and as a result, voxels in the

-11 -



WO 2012/114199 PCT/IB2012/000416

second area may carry on values different than zero, but these values can be
suppressed/forced to zero during the iteration.

[0047] Once a model is generated and the initial values for the model parameters are set,
computed scan data can be generated based on the model (step 409). In some embodiment,
the computed scan data can include multiple projections of the model based on the
projection perspectives of the scanner 120. The computed data can be calculated, for
example, using forward projection method.

The computed scan data can be compared with the scan data acquired in step 401 (step 410),
and determine a goodness of fit based on the comparison (step 411). In some embodiments,
the goodness of fit can be measured by a cost function that includes a data term assessing
the difference between the computed scan data and acquired scan data. For example, the

difference can be a Lp-Norm difference , where 1 < p < «, or a Pseudo-Norm difference

with p < 1 between the computed scan data and acquired scan data. An exemplary cost
function will be described in greater detail in connection with Fig. 10.

[0048] The determined goodness of fit can be compared against an iteration stopping
criteria (step 412). In some embodiments, the iteration stopping criteria can be set as a
sufficiently small number. The smaller the number is, however, the longer time the process
may take to achieve convergence. If the goodness of fit does not meet the iteration stopping
criteria (step 412: no), process may go back to step 408, and the model can be adjusted. For
example, the inner closed boundary curve and the outer closed boundary curve, and/or any
of the set of material specific parameters can be altered to adjust the model of the item.
Steps 408-412 can be iteratively repeated until the goodness of fit meets the iteration
stopping criteria.

[0049]  Once the criteria is met (step 412: yes), the data processing system 140 can
determine if the material specific parameter or the set of material specific parameters
corresponds to a material specific parameter of a material that satisfies a further criteria.

For example, and without limitation, further criteria can include a determination that the
material is among a set of materials considered dangerous and therefore not allowed to be
carried on an airplane (step 413).

[0050] In some embodiment, an indication that the material content 602 corresponds to a
prohibited material can be included in an inspection report to the user. Based on the report,
the user can choose to open the container 10 for a visual inspection if the report suggests

that prohibited objects are contained in the item. The process can conclude after step 413.
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[0051] FIG. 10 is a flow chart of an exemplary process of parametric image
reconstruction from projection data, consistent with the present invention. The scan data
acquired by the scanner 120 can have noise due to, e.g., scattering of x-ray beams, device
inaccuracies associated with the detector arrays, and etc. Noisy data can impair the quality
of a reconstructed image, especially when the scan data are under-sampled. In one
embodiment, the scan data can be pre-processed to reduce noise (step 1001). For example,
various filtering techniques can be used for noise reduction. In particular, filtering can be
conducted using an optimization approach. For example, the filtering can be based on

optimizing an Ly-L; cost function:

o 4

y M

where b is a vector of filtered scan data, b is a vector of the acquired scan data, and M is a
matrix of a discrete gradient operator. In one embodiment, the M matrix can have a
horizontal and a vertical component, calculated using forward differences.

[0052] The first term of Equation (1), also known as the data term, dictates a difference
between the filtered scan data and the acquired scan data. It is formulated as a Lo-Norm
under the assumption that scan data noise follows a Gaussian distribution. However, it is
contemplated that the data term can also be formulated following a different noise
distribution, such as a Poisson distribution. The second term, also known as the
regularization term, dictates the total gradient of the acquired scan data. The regularization
term preserves the boundaries of the scan data because of the application of the L;-Norm.
The regularization term used in Equation (1) is exemplary only, and it is contemplated that
other types of L;-regularization terms can also be used, such as a Total Variation (TV). The
parameter X can determine the relative weight of the second term, i.e., the strength of the
regularization.

[0053] The cost function of Equation (1) can be optimized using various iterative
methods. For example, Equation (1) can be minimized with Iterative Coordinate Descent
(ICD) method, which is effectively a Gauss-Seidel iteration. Using this method, in each
iteration step, one data value is optimized while adjacent data values are held constant. It is
contemplated that other suitable iterative methods, such as Conjugate Gradient (CG), can
also be used. When multi-energy projection data are acquired from the scanner 120, the
noise reduction step 1001 can be performed on the multiple channel scan data, such as the
Hi and Low scan data individually. In one embodiment, the filtered multi-energy projection

data can be broken down into a polyethylene (PE) portion of scan data and an aluminum
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(Al) portion of scan data to be employed during the projection bound identification process
of [0036].

[0054] As described in connection with step 408, a parametric model, such as model 600
shown schematically in FIG. 8, can be constructed before iteratively reconstructing the
image. Model 600 can depend on a set of parameters such as the material specific
parameters associated with the receptacle material 601 and material content 602; 601-603
and the shape parameters associated with the closed boundary curves 604, 605 and the
maximal distance 606; 604-606. The data processing system 140 may be configured to
determine and set initial values for these parameters as a starting point of an iterative
process (step 1002). In one embodiment, initial values may be selected based on prior
knowledge about the item 11 in the container 10. For example, if the object is known to be
a cylindrical bottle, the outer and inner curvatures of the closed boundary curves 604, 605
can be easily modeled as two circles.

[0055] In one embodiment, the estimated boundaries can be determined in two steps: (A)
find the projection rays that are tangential to the inner and outer curvature of the container;
and (B) use the projection rays found in (A) to construct two convex polygons as the
estimated inner and outer boundaries.

[0056] Initial values can also be set for a voxel array (step 1003). For example, a voxel
array can be defined and initialized as described above in connection with FIG. 9. In some
embodiments, the voxels in the second area can be forced to zeros throughout the entire
process shown in FIG. 10.

[0057] After the initial values for both the parametric model and the voxel array are set,
the data processing system 140 can be further configured to construct a cost function for the

reconstruction problem (step 1004). An exemplary cost function is given by Equation (2):
2

+CV(X)+EICm(mi),

2 i=0

N, -1
C(x,m,,i=0,...,N, -1) = ”A-x+ D p(m,)-b

i=0

@
where x is the voxel array, m; is a parameter vector of the i-th parametric model containing
the position vectors of the inner and outer boundary curves 604 and 605, A is the voxel-
related projection matrix, p()is a projection operator applied on the parametric model, b is a
vector of scan data. The shape parameter vector m; of the i-th parametric model can be

represented by Equation (3):
— — T
m, =(PiT,o:---’PfT,z-N,-lahiaﬂg,i’,ul,i) . 3)
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where P, ; and ; are the shape parameters: P, ; are the position vectors of the 2- N, points

on the inner and the outer boundary curves 604 and 605, and 4; is the maximal distance
parameter indicative of the filling level of the material content, and the material specific
parameters pg;and y;; such as absorption values of the glass bottle and liquid filled therein.
The first term of the cost function is a data term that assesses the deviation between the
model-based projection data and the measured projection data, the second term and the third
term are regularization terms that allows prior knowledge about the nature of the solution
into the reconstruction process. The second term is a voxel/pixel value related
regularization term, and the third term is a model-related regularization term. The voxel-
related regularization term comprises three components, namely a term which penalizes
voxel gradients, a term which supports the positivity of the values assigned to the voxels
and finally a term which keeps the values of those voxels close to zero that are covered by

any of the N, parametric models. Furthermore, each of the model related regularization

terms hosts a component that tries to avoid an excessive local curvature along each of the
boundary curves. A second component drives the outer boundary curve to touch each of the
edges of the outer convex hull, while a third component keeps the inner boundary curve a
minimum distance away from but inside the outer boundary curve. The components can be

computed as a weighted sum:
Cm (ml) =a- Ccurv (ml) + ﬂ : Cconv (ml) + Z ' C(.'rass (mi)’ (5)

The actual regime under which the cost function of Equation (2) is optimized follows that of
a Gauss-Seidel iteration. In each iteration, a specific group of parameters is updated
conditioned on the tentative estimate of the remaining parameters from the previous
iteration. For example, during the n-th iteration the vector of voxels x could be updated first,
e.g. upon invoking a Conjugate Gradient (CG) step, conditioned on the tentative estimate of
the models’ parameters from the [n-1]-th iteration, while in a second step during the n-th
iteration the models’ parameters could be updated conditioned on the vector of voxels most
recently updated. Variations of this approach are conceivable as well as other optimization
techniques such as stochastic approaches, for example.

[0058] In one embodiment, L;-Norm may be used instead of Lo-Norm in order to improve
robustness of the method.

[0059] During each iteration, a gradient term of the cost function can be computed (step

1005). In one embodiment, the gradient of each term in the cost function can be separately
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computed and then summed up to obtain the overall gradient term of the cost function. In
each iteration, two gradients can be calculated in an alternating manner: the gradient of cost
function with respect to voxel array x and the gradient of cost function with respect to the

parameter vectorm,. The gradient computation of cost function C() with respect to the

voxel vector x is known in the art, for example, and can be carried out in the context of the
CG method.
[0060] Going back to FIG. 10, based on the gradient of the cost function, the set of

parameters m,,i =0,..., N, —1 can be adjusted (step 1006). In one embodiment, the
voxel/pixel values x and the parameters m, can be adjusted alternately.

[0061] After both x and m; are adjusted, a value of the cost function of Equation (2) can
be calculated (step 1007). In one embodiment, other values associated with the cost
function can be calculated instead, such as the values of the gradients. The calculated value
in step 1007 can be compared to an iteration stopping criteria (step 1008). The iteration
stopping criteria can be set to measure if the iterations have converged. Once the cost
function value is below the iteration stopping criteria (step 1008: Yes), the iterations can
stop and the process may terminate. Otherwise, if the cost function value is above or equal
to the iteration stopping criteria (step 1008: No), the next iteration can occur.

[0062] FIG. 11 shows a set of reconstructed boundary curves of a cashew nut shaped wine
bottle, consistent with an exemplary embodiment of the present disclosure. The convex

polygons can be used to set the initial positions of points p on the outer and inner boundary

curve, respectively. During the iterations, the positions of these points can be gradually
adjusted to approach the real curvatures of the inner and outer boundaries of the object.
Throughout the iterations, the curvatures can be bounded by the convex polygons, and the
distance between the two curvatures must exceed a minimum threshold. As shown in FIG.
11, the resulted curvatures can exhibit a cashew nut shape.

[0063] It is contemplated that the steps associated with FIGS. 4 and 10 of the present
invention can be implemented as a combination of hardware and software or in hardware
alone. Furthermore, although certain aspects of the present invention are described as being
stored in memory, one skilled in the art will appreciate that these aspects can also be stored
on or read from other computer-readable media, such as secondary storage devices, like
hard disks, floppy disks, or CD-Rom; or other forms of RAM or ROM. Moreover, although
certain aspects of the present invention are described with regard to database instances

associated with long-term storage, one skilled in the art will appreciate that the database
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instances can also be associated with memory records loaded into temporary storage, such
as RAM.

Industrial Applicability

[0064] The disclosed system and method can be applied to detect objects of interest using
an automated or semi-automated process. Although disclosed embodiments are described
in association with container, crate or baggage inspection such as at an airport, train station,
cargo inspection or other port- and border- applications, the disclosed inspection system and
inspection method can be used in other applications, such as medical imaging in a hospital
or imaging facility, and product quality control in a factory, etc..

[0065] It will be apparent to those skilled in the art that various modifications and
variations can be made in the disclosed system and method without departing from the
scope of the disclosure. Additionally, other embodiments of the disclosed system and
method will be apparent to those skilled in the art from consideration of the specification. It
is intended that the specification and examples be considered as exemplary only, with a true

scope of the disclosure being indicated by the following claims and their equivalents.
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Claims

What is claimed is:
1. A method of modeling comprising:
acquiring scan data, wherein the scan data comprises data associated with a plurality
of x-ray projections of an item; and
determining at least one closed boundary curve associated with the item comprising:
determining a first maximum area based on the data associated with the
plurality of x-ray projections;
determining at least one edge of the first maximum area;
generating a model of the item using the at least one closed boundary curve
and a set of material specific parameters comprising at least a first
material specific parameter for a material within the closed boundary
curve, utilizing the model to generate computed scan data and
comparing the computed scan data to the scan data, determining a
goodness of fit, and
adjusting the model of the item by altering at least one of the set of: the at
least one closed boundary curve and the set of material specific

parameters comprising at least the first material specific parameter.

2. The method of claim 1, wherein the material within the closed boundary

curve comprises a homogenous material.

3. The method of claim 1, wherein the first material specific parameter is an

absorption coefficient p.

4. The method of claim 1, further comprising:

determining if the goodness of fit satisfies a predetermined criteria.

5. The method of claim 1, wherein the goodness of fit is measured by a

difference between the scan data and the computed scan data.

6. The method of claim 1, wherein altering the set of material specific

parameters further comprises:

-18 -



WO 2012/114199 PCT/IB2012/000416

determining a cost function and a cost function gradient associated with the
closed boundary curve and the set of material specific parameters;
and

altering the set of material specific parameters based on the cost function

gradient.
7. The method of claim 1, wherein the maximum area is a polygon.
8. The method of claim 1, wherein determining at least one closed boundary

curve comprises:

determining at least two closed boundary curves associated with the item;

determining a first closed boundary curve based on the at least one edge of
the first maximum area;

determining a second maximum area based on the data associated with the
plurality of x-ray projections, wherein the second maximum area is
less than the first maximum area;

determining at least one edge of the second maximum area;

determining a second closed boundary curve based on the at least one edge
of the second maximum area; and

wherein generating a model of the item comprises:

generating a model of the item using the first and second closed boundary
curve, the first material specific parameter, and a second material
specific parameter, utilizing the model to generate computed scan
data and comparing the computed scan data to the scan data,
determining a goodness of fit, and

wherein adjusting the model of the item comprises: altering at least one of
the set of: the first and second closed boundary curves and the first
and second material specific parameters;

wherein the first material specific parameter is associated with a first
material between the first boundary curve and the second boundary
curve; and

wherein the second material specific parameter is associated with a second

material within the second closed boundary curve.
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10.

11.

12.

13.

14.

15.

The method of claim 8, wherein the first closed boundary curve is associated
with an outer curvature of a container and wherein the second closed

boundary curve is associated with an inner curvature of the container.

The method of claim 8, wherein each of the first material specific parameter

and the second material specific parameter is an absorption coefficient p.

The method of claim 8, further comprising: determining a third boundary
curve associated with the liquid level in the item, wherein the third boundary
curve is at least one of: a closed boundary curve and an open boundary

curve.

The method of claim 11, further comprising: determining a liquid volume

utilizing the second closed boundary curve and the third boundary curve.

The method of claim 12, further comprising: comparing the liquid volume
with a threshold, wherein the threshold is predetermined based on security

regulations.

The method of claim 11, further comprising: comparing the second material
specific parameter with a threshold, wherein the threshold is predetermined

based on security regulations.

The method of claim 1, wherein determining at least one closed boundary

curve further comprises:

defining a voxel array of a scan volume associated with the item;

determining a first area of the voxel array associated with a plurality of
voxels outside the item;

determining a second area of the voxel array associated with a plurality of
voxels co-positioned with the item;

setting the voxels of said second area to zero;

generating a model of the scan volume using the closed boundary curve, the

first material specific parameter for the material within the closed
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16.

17.

boundary curve, and a second set of material specific parameters for
the voxels of the first area, utilizing the model to generate computed
scan data and comparing the computed scan data to the scan data,
determining a goodness of fit, and
adjusting the model of the scan volume by altering at least one of the set of:
the at least one closed boundary curve, the first material specific parameter

and the second set of material specific parameters.

The method of 15, wherein generating computed scan data further comprises:

generating a first subset of the computed scan data based on the voxel array;
and

generating a second subset of the computed scan data based on the closed

boundary curve and the first material specific parameter.

The method of claim 8, wherein determining at least one closed boundary

curve further comprises:

defining a voxel array of a scan volume associated with the item;

determining a first area of the voxel array associated with a plurality of
voxels outside the item;

determining a second area of the voxel array associated with a plurality of
voxels co-positioned with the item;

setting the voxels of said second area to zero;

generating a model of the scan volume using the first closed boundary curve,
the second closed boundary curve, the first material specific
parameter for the first material between the closed boundary curves,
the second material specific parameter for the second material within
the second closed boundary curve and a third set of material specific
parameters for the voxels of the first area, utilizing the model to
generate computed scan data and comparing the computed scan data
to the scan data, determining a goodness of fit, and

adjusting the model of the scan volume by altering at least one of the set of:
the first closed boundary curve, the second closed boundary curve,
the first material specific parameter, the second material specific

parameters and the third set of material specific parameters.

-21-



WO 2012/114199 PCT/IB2012/000416

18.

19.

20.

21.

22.

23.

24.

The method of claim 17, wherein the first closed boundary curve is
associated with an outer curvature of a container and wherein the second

closed boundary curve is associated with an inner curvature of the container.

The method of claim 17, wherein each of the first material specific parameter
and the second material specific parameter is an absorption coefficient p and

the third set of material specific parameters is a set of absorption coefficients.

The method of claim 17, further comprising: determining a third boundary
curve associated with the liquid level in the item, wherein the third boundary
curve is at least one of:

a closed boundary curve and an open boundary curve.

The method of claim 20, further comprising determining a liquid volume

utilizing the second closed boundary curve and the third boundary curve.

The method of claim 21, further comprising comparing the liquid volume
with a threshold, wherein the threshold is predetermined based on security

regulations.

The method of claim 20, further comprising: comparing the second material
specific parameter with a threshold, wherein the threshold is predetermined

based on security regulations.

A system comprising:
a scanner configured to acquire scan data, wherein the scan data comprises
data associated with a plurality of x-ray projections of an item; and
a processor configured to determine at least one closed boundary curve
associated with the item, the processor configured to:
determine a first maximum area based on the data associated with the
plurality of x-ray projections;

determine at least one edge of the first maximum area;
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25.

26.

217.

28.

29.

30.

31.

generate a model of the item using the closed boundary curve and a
set of material specific parameters comprising at least a first
material specific parameter for a material within the closed
boundary curve;

utilize the model to generate computed scan data;

compare the computed scan data to the scan data, determining a
goodness of fit; and

adjust the model of the item by altering at least one of the set of: the
at least one closed boundary curve and the set of material
specific parameters comprising at least the first material

specific parameter.

The system of claim 24, wherein the material within the closed boundary

curve comprises a homogenous material.

The system of claim 24, wherein the first material specific parameter is an

absorption coefficient p.

The system of claim 24, wherein the processor is further configured to:

determine if the goodness of fit satisfies a predetermined criteria.

The system of claim 24, wherein the goodness of fit is measured by a

difference between the scan data and the computed scan data.

The system of claim 24, wherein the processor is further configured to:

determine a cost function and a cost function gradient associated with the
closed boundary curve and the set of material specific parameters;
and

alter the set of material specific parameters based on the cost function

gradient.

The system of claim 24, wherein the maximum area is a polygon.

The system of claim 24, wherein the processor is further configured to:

-23-



WO 2012/114199 PCT/IB2012/000416

determine at least two closed boundary curves associated with the item;

determine a first closed boundary curve based on the at least one edge of the
first maximum area;

determine a second maximum area based on the data associated with the
plurality of x-ray projections, wherein the second maximum area is
less than the first maximum area;

determine at least one edge of the second maximum area; and

determine a second closed boundary curve based on the at least one edge of
the second maximum area; and

wherein the processor configured to generate a model of the item is further
configured to:

generate a model of the item using the first and second closed boundary
curve, the first material specific parameter, and a second material
specific parameter;

utilize the model to generate computed scan data and compare the computed
scan data to the scan data, and

determine a goodness of fit, and

wherein the processor configured to adjust the model of the item is further
configured to: alter at least one of the set of: the first and second
closed boundary curves and the first and second material specific
parameter;

wherein the first material specific parameter is associated with a first
material between the first boundary curve and the second boundary
curve; and

wherein the second material specific parameter is associated with a second

material within the second closed boundary curve.
32.  The system of claim 31, wherein the first closed boundary curve is associated
with an outer curvature of a container and wherein the second closed

boundary curve is associated with an inner curvature of the container.

33.  The system of claim 31, wherein each of the first material specific parameter

and the second material specific parameter is an absorption coefficient p.
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34.

35.

36.

37.

38.

The system of claim 31, wherein the processor is further configured to:
determine a third boundary curve associated with the liquid level in the item,
wherein the third boundary curve is at least one of: a closed boundary curve

and an open boundary curve.

The system of claim 34, wherein the processor is further configured to:
determine a liquid volume utilizing the second closed boundary curve and

the third boundary curve.

The system of claim 35, wherein the processor is further configured to:
compare the liquid volume with a threshold, wherein the threshold is

predetermined based on security regulations.

The system of claim 34, wherein the processor is further configured to:
compare the second material specific parameter with a threshold, wherein the

threshold is predetermined based on security regulations.

The system of claim 24, wherein the processor is further configured to:

define a voxel array of a scan volume associated with the item;

determine a first area of the voxel array associated with a plurality of voxels
outside the item;

determine a second area of the voxel array associated with a plurality of
voxels co-positioned with the item;

set the voxels of said second area to zero;

generate a model of the scan volume using the closed boundary curve, the
first material specific parameter for the material within the closed
boundary curve, and a second set of material specific parameters for
the voxels of the first area,

utilize the model to generate computed scan data; and

compare the computed scan data to the scan data to determine a goodness of
fit, and

adjust the model of the scan volume by altering at least one of the set of:
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39.

40.

41.

the at least one closed boundary curve, the first material specific

parameter and the second set of material specific parameters.

The system of 38, wherein the processor is further configured to:

generate a first subset of the computed scan data based on the voxel array;
and

generate a second subset of the computed scan data based on the closed

boundary curve and the first material specific parameter.

The system of claim 31, wherein the processor configured to determine at

least one closed boundary curve is further configured to:

define a voxel array of a scan volume associated with the item;

determine a first area of the voxel array associated with a plurality of voxels
outside the item;

determine a second area of the voxel array associated with a plurality of
voxels co-positioned with the item;

set the voxels of said second area to zero;

generate a model of the scan volume using the first closed boundary curve,
the second closed boundary curve, the first material specific
parameter for the first material between the closed boundary curves,
the second material specific parameter for the second material within
the second closed boundary curve and a third set of material specific
parameters for the voxels of the first area;

utilize the model to generate computed scan data;

compare the computed scan data to the scan data to determine a goodness of
fit; and

adjust the model of the scan volume by altering at least one of the set of: the
first closed boundary curve, the second closed boundary curve, the
first material specific parameter, the second material specific

parameters and the third set of material specific parameters.

The system of claim 40, wherein the first closed boundary curve is associated
with an outer curvature of a container and wherein the second closed

boundary curve is associated with an inner curvature of the container.
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42.

43,

44,

45.

46.

47.

The system of claim 40, wherein each of the first material specific parameter
and the second material specific parameter is an absorption coefficient p and

the third set of material specific parameters is a set of absorption coefficients.

The system of claim 40, wherein the processor is further configured to
determine a third boundary curve associated with the liquid level in the item,
wherein the third boundary curve is at least one of: a closed boundary curve

and an open boundary curve.

The system of claim 43, wherein the processor is further configured to
determine a liquid volume utilizing the second closed boundary curve and

the third boundary curve.

The system of claim 44, wherein the processor is further configured to
compare the liquid volume with a threshold, wherein the threshold is

predetermined based on security regulations.

The system of claim 43, wherein the processor is further configured to
compare the second material specific parameter with a threshold, wherein the

threshold is predetermined based on security regulations.

A computer-readable medium comprising instructions stored thereon,

wherein the instructions cause a computer to perform a method of modeling,

the method comprising:

acquiring scan data, wherein the scan data comprises data associated with a
plurality of x-ray projections of an item; and

determining at least one closed boundary curve associated with the item
comprising:

determining a first maximum area based on the data associated with the
plurality of x-ray projections;

determining at least one edge of the first maximum area;
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48.

49.

50.

51.

52.

53.

generating a model of the item using the at least one closed boundary curve
and a set of material specific parameters comprising at least a first
material specific parameter for a material within the closed boundary
curve, utilizing the model to generate computed scan data and
comparing the computed scan data to the scan data, determining a
goodness of fit, and

adjusting the model of the item by altering at least one of the set of: the at
least one closed boundary curve and the set of material specific

parameters comprising at least the first material specific parameter.

The computer-readable medium of claim 47, wherein the material within the

closed boundary curve comprises a homogenous material.

The computer-readable medium of claim 47, wherein the first material

specific parameter is an absorption coefficient p.

The computer-readable medium of claim 47, wherein the method further
comprises:

determining if the goodness of fit satisfies a predetermined criteria.

The computer-readable medium of claim 47, wherein the goodness of fit is

measured by a difference between the scan data and the computed scan data.

The computer-readable medium of claim 47, wherein altering the set of

material specific parameters further comprises:

determining a cost function and a cost function gradient associated with the
closed boundary curve and the set of material specific parameters;
and

altering the set of material specific parameters based on the cost function

gradient.

The computer-readable medium of claim 47, wherein the maximum area is a

polygon.
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54.

55.

56.

The computer-readable medium of claim 47, wherein determining at least

one closed boundary curve comprises:

determining at least two closed boundary curves associated with the item;

determining a first closed boundary curve based on the at least one edge of
the first maximum area;

determining a second maximum area based on the data associated with the
plurality of x-ray projections, wherein the second maximum area is
less than the first maximum area;

determining at least one edge of the second maximum area;

determining a second closed boundary curve based on the at least one edge
of the second maximum area; and

wherein generating a model of the item comprises:

generating a model of the item using the first and second closed boundary
curve, the first material specific parameter, and a second material
specific parameter, utilizing the model to generate computed scan
data and comparing the computed scan data to the scan data,
determining a goodness of fit, and

wherein adjusting the model of the item comprises: altering at least one of
the set of: the first and second closed boundary curves and the first
and second material specific parameter;

wherein the first material specific parameter is associated with a first
material between the first boundary curve and the second boundary
curve; and

wherein the second material specific parameter is associated with a second

material within the second closed boundary curve. |

The computer-readable medium of claim 54, wherein the first closed
boundary curve is associated with an outer curvature of a container and
wherein the second closed boundary curve is associated with an inner

curvature of the container.

The computer-readable medium of claim 54, wherein each of the first
material specific parameter and the second material specific parameter is an

absorption coefficient p.
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57.  The computer-readable medium of claim 54, wherein the method further
comprises determining a third boundary curve associated with the liquid
level in the item, wherein the third boundary curve is at least one of: a closed

boundary curve and an open boundary curve.

58.  The computer-readable medium of claim 57, wherein the method further
comprises determining a liquid volume utilizing on the second closed

boundary curve and the third boundary curve.

59.  The computer-readable medium of claim 58, wherein the method further
comprises comparing the liquid volume with a threshold, wherein the

threshold is predetermined based on security regulations.

60.  The computer-readable medium of claim 57, wherein the method further
comprises comparing the second material specific parameter with a
threshold, wherein the threshold is predetermined based on security

regulations.

61.  The computer-readable medium of claim 47, wherein determining at least

one closed boundary curve further comprises:

defining a voxel array of a scan volume associated with the item;

determining a first area of the voxel array associated with a plurality of
voxels outside the item;

determining a second area of the voxel array associated with a plurality of
voxels co-positioned with the item;

setting the voxels of said second area to zero;

generating a model of the scan volume using the closed boundary curve, the
first material specific parameter for the first material within the
closed boundary curve, and a second set of material specific
parameters for the voxels of the first area, utilizing the model to
generate computed scan data and comparing the computed scan data

to the scan data, determining a goodness of fit, and
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adjusting the model of the scan volume by altering at least one of the set of:
the at least one closed boundary curve, the first material specific

parameter and the second set of material specific parameters.

62.  The computer-readable medium of 61, wherein generating computed scan
data further comprises:
generating a first subset of the computed scan data based on the voxel array;
and
generating a second subset of the computed scan data based on the closed

boundary curve and the first material specific parameter.

63.  The computer-readable medium of claim 54, wherein determining at least

one closed boundary curve further comprises:

defining a voxel array of a scan volume associated with the item;

determining a first area of the voxel array associated with a plurality of
voxels outside the item;

determining a second area of the voxel array associated with a plurality of
voxels co-positioned with the item;

setting the voxels of said second area to zero;

generating a model of the scan volume using the first closed boundary curve,
the second closed boundary curve, the first material specific
parameter for the first material between the closed boundary curves,
the second material specific parameter for the second material within
the second closed boundary curve and a third set of material specific
parameters for the voxels of the first area, utilizing the model to
generate computed scan data and comparing the computed scan data
to the scan data, determining a goodness of fit, and

adjusting the model of the scan volume by altering at least one of the set of:
the first closed boundary curve, the second closed boundary curve,
the first material specific parameter, the second material specific

parameters and the third set of material specific parameters.

64.  The computer-readable medium of claim 63, wherein the first closed

boundary curve is associated with an outer curvature of a container and
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65.

66.

67.

68.

69.

wherein the second closed boundary curve is associated with an inner

curvature of the container.

The computer-readable medium of claim 63, wherein each of the first
material specific parameter and the second material specific parameter is an
absorption coefficient p and the third set of material specific parameters is a

set of absorption coefficients.

The computer-readable medium of claim 63, wherein the method further
comprises determining a third boundary curve associated with the liquid
level in the item, wherein the third boundary curve is at least one of:

a closed boundary curve and an open boundary curve.

The computer-readable medium of claim 66, wherein the method further
comprises determining a liquid volume utilizing on the second closed

boundary curve and the third boundary curve.

The computer-readable medium of claim 67, wherein the method further
comprises comparing the liquid volume with a threshold, wherein the

threshold is predetermined based on security regulations.

The computer-readable medium of claim 66, wherein the method further
comprises comparing the second material specific parameter with a
threshold, wherein the threshold is predetermined based on security

regulations.

-32-



PCT/IB2012/000416

WO 2012/114199

——

I

.
2
]
z

PR <& e

\

lE1 i

=
L

-
-

0zt

- \V . ‘ ~ 0Ll

BT LR T T papppap——")
-
~

LGl

1/10



WO 2012/114199 PCT/IB2012/000416

FIG. 2

pd
e

("
NN

?

2/10



WO 2012/114199

PCT/IB2012/000416

140

;

241
STORAGE USER INPUT
DEVICE INTERFACE
5 5
244 PROCESSOR 245
SCANNER MEMORY
CONTROL MODULE
INTERFACE
5 5
243 242
DISPLAY 246

FIG. 3

3/10



WO 2012/114199

PCT/IB2012/000416

{(  START )

ACQUIRE SCAN DATA ASSOCIATED WITH AN ITEM

401

l

l

DETERMINE A FIRST
MAXIMUM AREA

- L _

DETERMINE A SECOND
MAXIMUM AREA

!

DETERMINE EDGES OF THE
FIRST MAXIMUM AREA

o -

SECOND MAXIMUM AREA

l

DETERMINE EDGES OF THE | ...

CALCULATE OUTER
BOUNDARY CURVE BASED
ON EDGES OF THE FIRST
MAXIMUM AREA

Jz ———
CALCULATE OUTER

ON EDGES OF THE
SECOND MAXIMUM AREA

- 406 | BOUNDARY CURVE BASED | .-

GENERATE

A MODEL OF THE ITEM 408

. .

GENERATE COMPUTED SCAN DATE OF THE ITEMT ...... 409
BASED ON THE MODEL

Il

COMPARE ACQUIRED SCAN DATA WITH
COMPUTED SCAN DATA

~410

.

DETERMINE A GOODNESS OF FIT |

OODNESS OF FI
MEETS CRITERIA?

YES

DETERMINE MATERIAL CONTENT IN THE ITEM |~

413

END
FIG. 4

4/10

.. 403

405

407



WO 2012/114199 PCT/IB2012/000416

X (cmm)
FIG. 6

[
- ! W
i 1
N
7
'I
1'.
] o
—— ol - — o —— - ,:_-.&. _____________ A.Y__- x
) '-"‘-
..""—..,_ -~
_.._...-.......-__._..._..._.._....._._.__......_'.':_'.-.._—T_ _____ »
3 ] L i s 1 s #
3 W L] ut N ) — €y [
] o - =

anjeA uoienuayy

FIG. 5

5/10



WO 2012/114199 PCT/IB2012/000416

1003

FIG.7

6/10



WO 2012/114199 PCT/IB2012/000416

(o2
o
o

601 603

FIG. 8

7/10



WO 2012/114199 PCT/IB2012/000416

( START )

DEFINE A VOXEL ARRAY -

!

DETERMINE A FIRST AREA OF THE VOXEL |- 902
ARRAY OUTSIDE THE ITEM

I

DETERMINE A SECOND AREA OF THE VOXEL |.— 903
ARRAY OCCUPIED BY THE ITEM

1

SET INITIAL VALUES OF VOXELS IN THE FIRST | ..
AREA

- l

SET VOXEL VALUES TO ZEROS IN THE SECOND |~
AREA

. 901

904

905

END

FIG. 9

8/10



WO 2012/114199

( START )

REDUCE NOISE IN THE SCAN DATA |~

DETERMINE INITIAL PARAMETER
VALUES FOR THE MODEL

Il

DETERMINE INITIAL VALUES FOR
THE VOXEL ARRAY

+

CONSTRUCT A COST FUNCTION

L

COMPUTE A GRADIENT TERM OF
THE COST FUNCTION

L

SELECT ADJUSTE‘D l;’ARAMETER

VALUES FOR THE MODEL BASED ON -~

THE GRADIENT TERM

l

COMPUTE VALUE OF THE COST
FUNCTION BASED ON THE
ADJUSTED PARAMETER VALUES

VALUE OF COST
FUNCTION BELOW ITERATION
STOPPING CRITERIA?

YES

FIG. 10

9/10

PCT/IB2012/000416

.1001

1002

1003

1004

.~ 1005

-1006

1007

1008



PCT/IB2012/000416

WO 2012/114199

L1 "Old

085 09S ovs 0zs 00S 08y 09

1144

.+ % « « BAND Atepunoq isuu|
L ---+--- anund Aiepunoq Jaino
- ——— uobAjod xaAu0d Jouu|
com_zoa X8AU0D JBINO

o€

-1 001

-1 0Lt

- 0¢}

- 0El

ol

[ww] A

10/10



	Page 1 - front-page
	Page 2 - description
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - claims
	Page 24 - claims
	Page 25 - claims
	Page 26 - claims
	Page 27 - claims
	Page 28 - claims
	Page 29 - claims
	Page 30 - claims
	Page 31 - claims
	Page 32 - claims
	Page 33 - claims
	Page 34 - drawings
	Page 35 - drawings
	Page 36 - drawings
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings

