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METHODS FOR REMOVING A BACKGROUND OBJECT FROM AN IMAGE
FIELD

[0001] The present invention relates to x-ray scanning of objects. More
particularly, the present invention relates to x-ray scanning of objects for

determining the properties of the materials of which the objects are composed.
BACKGROUND

[0002] There are presently many methods and apparatus for scanning
objects and materials using electromagnetic radiation, such as x-rays, for the
purpose of identifying the material of which the object being scanned is made.
Although certain techniques are useful in basic medical imaging applications,
such techniques usually do not provide a continuous discrimination of materials
over a wide range of atomic composition required for identifying materials for
security screening, which involves identifying materials which may pose a
threat. Moreover, security screening of objects is often used at locations with
high throughput, such as airports, where people and baggage must be scanned

at a relatively high rate so as to avoid congestion at security checkpoints.

[0003] Liquid, aerosol or gel (LAG) materials are of particular concern
because they can be stored in small containers that are often carried by
passengers, such as drinking bottles, and may potentially be composed of an
explosive material. Moreover, non-explosive LAG materials, particularly liquids,
may be stored in separate containers and may potentially be later combined to
make a material which is explosive. The volume of potentially explosive LAG
material stored in small containers may be sufficient to damage an aircraft or
pose a serious safety risk to passengers nearby in an aircraft or in an airport.
Proper identification of LAG materials and their properties during screening

operations is therefore important.

[0004] In some systems, an object is scanned and an image of the scanned

object is generated for review by human operator such as security personnel at

an airport. In other systems, software may be used for the purpose of
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processing a generated or refined image to identify potentially threatening,
smuggled or illicit objects or materials. The software determines whether the
pixels of the image represent an object or material of interest and the image
may then be forwarded to a human operator for second-level screening. In
such cases, there is introduced a “human intervention” step and therefore a
step whereby human error may be introduced. For example, a human operator
reviewing the image may fail to identify potentially threatening materials or
objects contained in the image. There is also introduced a problem of limited
throughput at security stations due to the time required for security personnel
to review the image flagged by the software, as well as the decision-making
process for possible rerouting of personnel, baggage and/or passengers. Such
human intervention may cause undue delay at the security screening
checkpoint or may come at prohibitive cost. Moreover, while security personnel
review the information provided in the refined image, their attention is diverted
away from their surroundings and therefore away from potentially threatening

situations.

[0005] Some systems have been put in place to manage passenger
throughput at airport security screening checkpoints. However, the reliance on
refined image data and processing by human operators does not efficiently
address the complications associated with steady throughput at security

screening checkpoints.

[0006] In view of the above, advantage would be found with an apparatus
and method which facilitates automatic analysis of x-ray screening information
to limit or eliminate potential for human error and to process this information in
real time or near real time and preferably automatically so as to maintain

efficient throughput at locations where scanning may be performed.
SUMMARY

[0007] The present invention relates to x-ray scanning of objects. More
particularly, the present invention relates to x-ray scanning of objects for

determining the properties of the materials of which the objects are composed.
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[0008] In afirst aspect, there is provided a method for assigning an attribute
to an unknown object overlapping with a predetermined background object.
The method begins with the step of scanning the predetermined background
objectin a plurality of positions and orientations within an x-ray scanning device
to obtain a first plurality of predetermined background object dual-energy
attenuation images each having predetermined background object dual-energy
attenuation information representing the predetermined background object.
Next, the predetermined background object dual-energy attenuation images are
decomposed into predetermined background object dual-reference material
equivalent path length images having predetermined background object
reference material equivalent path lengths passing through the predetermined
background object. The unknown object is then scanned at least partially
overlapping with the predetermined background object within the x-ray
scanning device to obtain a second plurality of dual-energy attenuation images
having dual-energy attenuation information representing the background object
and an overlap region wherein the background object and the unknown object
overlap. The second plurality of dual-energy attenuation images is
decomposed into reference material equivalent path length images wherein the
overlap region has first and second reference material equivalent path lengths
passing through both the background object and the unknown object. The
position and orientation of the background object in one of the second plurality
of dual-energy attenuation images and the second reference material
equivalent path length images of the unknown object is determined by using a
segmentation algorithm to localize the background object. Corresponding ones
of the plurality of predetermined background object reference material
equivalent path length images which most closely corresponds with the position
and orientation of the background object in the dual-reference material
equivalent path length images of the unknown object are determined by
comparison.  The predetermined background object reference material
equivalent path lengths of the corresponding ones of the plurality of the
predetermined background object reference material equivalent path length

images are then eliminated from the overlap region in the dual-reference
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material equivalent path length images of the unknown object to provide
reference material equivalent path length images having first and second

reference material equivalent path lengths through only the unknown object.

[0009] The step of decomposing predetermined background object dual-
energy attenuation images into predetermined background object dual-
reference material equivalent path length images may further include the step
of retrieving, from lookup tables, saved dual-reference material equivalent path
lengths associated with the dual-energy x-ray attenuation information

corresponding with the dual-energy attenuation images.

[0010] In another aspect, the step of decomposing predetermined
background object dual-energy attenuation images into predetermined
background object dual-reference material equivalent path length images
further include the steps of scanning in the x-ray scanning device first and
second reference materials each having known atomic composition, known
dimensions and known orientation in the x-ray scanning device. The x-ray
scanning device emits x-rays which pass through the first reference material
with first reference material path lengths and through the second reference
material with second reference material path lengths to provide dual-energy x-
ray attenuation information. The dual-energy x-ray attenuation information for
each pixel in the dual-energy attenuation images is then associated with each
of the first reference material path lengths and the second reference material
path lengths. Each of the first reference material equivalent path lengths and
the second reference material equivalent path lengths are expressed
collectively as a function of the associated dual-energy x-ray attenuation
information to define dual-energy attenuation surfaces and dual-energy
attenuation information representing the predetermined background object is
then imposed onto the dual-energy attenuation surfaces to determine
corresponding first reference material equivalent path lengths and second
reference material equivalent path lengths representing the predetermined

background object.



WO 2019/136547 PCT/CA2018/051674

[0011] The dual-energy attenuation images may include low-energy
attenuation images and high-energy attenuation images, the dual-reference
material equivalent path length images may include first reference material
equivalent path length images and second reference material equivalent path
length images and the dual-energy x-ray attenuation information may include
high-energy x-ray attenuation information and low-energy x-ray attenuation
information.

[0012] The expressing step may further include the step of inverting
numerically point-by-point the dual-energy attenuation surfaces using an

optimization algorithm to provide inverse dual-energy attenuation surfaces.

[0013] In another aspect, the expressing step may further include the step
of selecting a model for expressing collectively each of the first reference
material equivalent path lengths and the second reference material equivalent
path lengths as a function of the associated dual-energy x-ray attenuation
information to define dual-energy attenuation surfaces.

[0014] The step of selecting the model further includes the steps of
selecting a set of coefficients to be applied to the model for fitting the dual-
energy x-ray attenuation information with the model and fitting the dual-energy

X-ray attenuation information with the model by optimizing the coefficients.

[0015] The step of selecting the model may further include the steps of
selecting a set of fitting constraints to be applied to the model for selecting the
coefficients and selecting the set of coefficients by applying the set of fitting

constraints to the model.

[0016] The dual-energy x-ray attenuation information may include high-
energy x-ray attenuation information and low-energy x-ray attenuation
information. The associating step may further include the steps of defining a
first space wherein the low-energy x-ray attenuation information of the first
reference material and the second reference material defines a first plane and

first reference material equivalent path lengths and second reference material
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equivalent path lengths each define a first height over the first plane, defining a
second space wherein the high-energy x-ray attenuation information of the first
reference material and the second reference material defines a second plane
and first reference material equivalent path lengths and second reference
material equivalent path lengths each define a second height over second the
plane and the step of representing collectively the first reference material
equivalent path lengths and the second reference material equivalent path
lengths using the model to define the dual-energy attenuation surfaces.

[0017] In another aspect, the model may be a second model, the dual-
energy attenuation surfaces may be inverse attenuation surfaces, and prior to
the associating step, the method may furtherinclude the steps associating each
of the dual-energy x-ray attenuation information with corresponding ones of
each of the first reference material equivalent path lengths and the second
reference material equivalent path lengths and selecting a first model for
expressing collectively the dual-energy x-ray attenuation information as a
function of the first reference material equivalent path lengths and the second

reference material equivalent path lengths to define direct attenuation surfaces.

[0018] The step of selecting the first model may further include the steps of
selecting a first set of coefficients to be applied to the first model for fitting the
dual-energy x-ray attenuation information with the first model and fitting the
dual-energy x-ray attenuation information with the first model by optimizing the
first coefficients. The step of selecting the second model further includes the
steps of selecting a second set of coefficients to be applied to the second model
for fitting the dual-energy x-ray attenuation information with the second model
and fitting the dual-energy x-ray attenuation information with the second model

optimizing the second set of coefficients.

[0019] The step of selecting the first model may further include the steps of
selecting a first set of fitting constraints to be applied to the first model for
selecting the first set of coefficients and selecting the set of first coefficients by

applying the first set of fitting constraints to the first model. The step of selecting
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second the model further includes the steps of selecting a second set of fitting
constraints to be applied to the second model for selecting the second set of
coefficients and selecting the second set of coefficients by applying the second
set of fitting constraints to the second model.

[0020] The step of decomposing the second plurality of dual-energy
attenuation images into reference material equivalent path length images may
further include the steps of retrieving from lookup tables saved dual-reference
material equivalent path lengths associated with the dual-energy x-ray
attenuation information corresponding with the dual-energy attenuation images.

[0021] In another aspect, the step of decomposing the second plurality of
dual-energy attenuation images into reference material equivalent path length
images may further include the steps of scanning in the x-ray scanning device,
first and second reference materials each having known atomic composition,
known dimensions and known orientation in the x-ray scanning device. The x-
ray scanning device emits x-rays which pass through the first reference material
with first reference material path lengths and through the second reference
material with second reference material path lengths to provide dual-energy x-
ray attenuation information. The method further includes the steps of
associating the dual-energy x-ray attenuation information for each pixel in the
dual-energy attenuation images with each of the first reference material path
lengths and the second reference material path lengths, expressing collectively
each of the first reference material equivalent path lengths and the second
reference material equivalent path lengths as a function of the associated dual-
energy x-ray attenuation information to define dual-energy attenuation
surfaces, and, imposing dual-energy attenuation information representing the
unknown object onto the dual-energy attenuation surfaces to determine
corresponding first reference material equivalent path lengths and second
reference material equivalent path lengths representing the unknown object

and the overlap region.



WO 2019/136547 PCT/CA2018/051674

[0022] The second plurality of dual-energy attenuation images may include
low-energy attenuation images and high-energy attenuation images, the dual-
reference material equivalent path length images may include first reference
material equivalent path length images and second reference material
equivalent path length images and the dual-energy x-ray attenuation
information may include high-energy x-ray attenuation information and low-

energy x-ray attenuation information.

[0023] The expressing step may further include the step of inverting
numerically point-by-point the dual-energy attenuation surfaces using an

optimization algorithm to provide inverse dual-energy attenuation surfaces.

[0024] In another aspect, the expressing step may further include the steps
of selecting a model for expressing collectively each of the first reference
material equivalent path lengths and the second reference material equivalent
path lengths as a function of the associated dual-energy x-ray attenuation
information to define dual-energy attenuation surfaces.

[0025] The step of selecting the model further includes the steps of
selecting a set of coefficients to be applied to the model for fitting the dual-
energy x-ray attenuation information with the model and fitting the dual-energy

X-ray attenuation information with the model by optimizing the coefficients.

[0026] The step of selecting the model may further include the steps of
selecting a set of fitting constraints to be applied to the model for selecting the
coefficients and selecting the set of coefficients by applying the set of fitting

constraints to the model.

[0027] In another aspect, the model may be a second model, the dual-
energy attenuation surfaces may be inverse attenuation surfaces, and prior to
the associating step, the method may furtherinclude the steps associating each
of the dual-energy x-ray attenuation information with corresponding ones of
each of the first reference material equivalent path lengths and the second

reference material equivalent path lengths and selecting a first model for
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expressing collectively the dual-energy x-ray attenuation information as a
function of the first reference material equivalent path lengths and the second

reference material equivalent path lengths to define direct attenuation surfaces.

[0028] The step of selecting the first model may further include the steps of
selecting a first set of coefficients to be applied to the first model for fitting the
dual-energy x-ray attenuation information with the first model and fitting the
dual-energy x-ray attenuation information with the first model by optimizing the
first coefficients. The step of selecting the second model further includes the
steps of selecting a second set of coefficients to be applied to the second model
for fitting the dual-energy x-ray attenuation information with the second model
and fitting the dual-energy x-ray attenuation information with the second model
optimizing the second set of coefficients.

[0029] The step of selecting the first model further includes the steps of
selecting a first set of fitting constraints to be applied to the first model for
selecting the first set of coefficients and selecting the set of first coefficients by
applying the first set of fitting constraints to the first model. The step of selecting
second the model further includes the steps of selecting a second set of fitting
constraints to be applied to the second model for selecting the second set of
coefficients and selecting the second set of coefficients by applying the second

set of fitting constraints to the second model.

[0030] The associating step may further include defining a space wherein
the first reference material equivalent path lengths and the second reference
material equivalent path lengths define a first plane and the high-energy x-ray
attenuation information and the low-energy x-ray attenuation information each
define a respective first and second height over the first plane and represent
collectively the high-energy x-ray attenuation information and the low-energy x-
ray attenuation information using the first model to define the direct attenuation
surfaces, and, defining an inverse space wherein the low-energy x-ray
attenuation information and the high-energy x-ray attenuation information

define a second plane and first reference material equivalent path lengths and

-9-



WO 2019/136547 PCT/CA2018/051674

second reference material equivalent path lengths each define a respective
third and fourth height over the second plane and representing collectively the
first reference material equivalent path lengths and the second reference
material equivalent path lengths using the second model to define the inverse
attenuation surfaces.

[0031] The background object may be a security screening tray.

[0032] The step of decomposing the predetermined background object
dual-energy attenuation images into predetermined background object dual-
reference material equivalent path length images may be performed in advance

of a scanning operation.

[0033] The predetermined background object dual-reference material

equivalent path length images may be stored in archive.

[0034] The method may further include the step of imposing reference
material equivalent path lengths of the unknown object onto the direct
attenuation surfaces to obtain corresponding dual-energy attenuation images

of the unknown object.

[0035] The method may further include the step of normalizing the dual-
energy attenuation image of the object of interest.

[0036] The step of decomposing the predetermined background object
dual-energy attenuation images into predetermined background object dual-
reference material equivalent path length images and the step of scanning the

unknown object may be reversible.

[0037] In another aspect, there is provided a method for assigning an
attribute to an unknown object overlapping with an unknown background object
having homogenous composition and thickness. The method include the steps
of scanning the unknown object at least partially overlapping with a portion of
the background object within the x-ray scanning device to obtain a plurality of
dual-energy attenuation images each having pixels distributed in rows and
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columns and each having dual-energy attenuation information, decomposing
each of the dual-energy attenuation images into dual-reference material
equivalent path length images including a background region with first and
second reference material equivalent path lengths passing through only the
background object and an overlap region with first and second reference
material equivalent path lengths passing through the unknown object
overlapping with the background object, determining the background region
and the overlap region by using a segmentation algorithm to localize the
background region, determining one of an average, a median and a mean of
the first and second reference material equivalent path lengths passing through
only the background object in each column, and eliminating the one of the
average, the median and the mean of the first and second reference material
equivalent path lengths passing through only the background object from the
first and second reference material equivalent path lengths of each column of
the overlap region to determine first and second reference material equivalent

path lengths representing only the unknown object.

[0038] The step of decomposing each of the plurality of dual-energy
attenuation images into dual-reference material equivalent path length images
may further include the steps of scanning in the x-ray scanning device, first and
second reference materials each having known atomic composition, known
dimensions and known orientation in the x-ray scanning device. The x-ray
scanning device emits x-rays which pass through the first reference material
with first reference material path lengths and through the second reference
material with second reference material path lengths to provide dual-energy x-
ray attenuation information. The method further includes the steps of
associating the dual-energy x-ray attenuation information for each pixel in the
dual-energy attenuation images with each of the first reference material path
lengths and the second reference material path lengths, expressing collectively
each of the first reference material equivalent path lengths and the second
reference material equivalent path lengths as a function of the associated dual-

energy x-ray attenuation information to define dual-energy attenuation
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surfaces, and, imposing dual-energy attenuation information representing the
unknown object onto the dual-energy attenuation surfaces to determine
corresponding first reference material equivalent path lengths and second
reference material equivalent path lengths representing the unknown object
and the overlap region.

[0039] The step of decomposing each of the plurality of dual-energy
attenuation images into dual-reference material equivalent path length images
may further include the step of retrieving from lookup tables saved dual-
reference material equivalent path lengths associated with the dual-energy x-
ray attenuation information corresponding with the dual-energy attenuation

images.

[0040] The dual-energy attenuation images may include low-energy
attenuation images and high-energy attenuation images, the dual-reference
material equivalent path length images may include first reference material
equivalent path length images and second reference material equivalent path
length images and the dual-energy x-ray attenuation information may include
high-energy x-ray attenuation information and low-energy x-ray attenuation
information.

[0041] The expressing step may further include inverting numerically point-
by-point the dual-energy attenuation surfaces using an optimization algorithm
to provide inverse dual-energy attenuation surfaces.

[0042] The expressing step may further include the step of selecting a
model for expressing collectively each of the first reference material equivalent
path lengths and the second reference material equivalent path lengths as a
function of the associated dual-energy x-ray attenuation information to define
dual-energy attenuation surfaces.

[0043] The step of selecting the model further includes the steps of
selecting a set of coefficients to be applied to the model for fitting the dual-
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energy x-ray attenuation information with the model and fitting the dual-energy

X-ray attenuation information with the model by optimizing the coefficients.

[0044] The step of selecting the model may further include the steps of
selecting a set of fitting constraints to be applied to the model for selecting the
coefficients and selecting the set of coefficients by applying the set of fitting

constraints to the model.

[0045] In another aspect, the model may be a second model, the dual-
energy attenuation surfaces may be inverse attenuation surfaces, and prior to
the associating step, the method may furtherinclude the steps associating each
of the dual-energy x-ray attenuation information with corresponding ones of
each of the first reference material equivalent path lengths and the second
reference material equivalent path lengths and selecting a first model for
expressing collectively the dual-energy x-ray attenuation information as a
function of the first reference material equivalent path lengths and the second

reference material equivalent path lengths to define direct attenuation surfaces.

[0046] The step of selecting the first model may further include the steps of
selecting a first set of coefficients to be applied to the first model for fitting the
dual-energy x-ray attenuation information with the first model and fitting the
dual-energy x-ray attenuation information with the first model by optimizing the
first coefficients. The step of selecting the second model further includes the
steps of selecting a second set of coefficients to be applied to the second model
for fitting the dual-energy x-ray attenuation information with the second model
and fitting the dual-energy x-ray attenuation information with the second model

optimizing the second set of coefficients.

[0047] The step of selecting the first model further includes the steps of
selecting a first set of fitting constraints to be applied to the first model for
selecting the first set of coefficients and selecting the set of first coefficients by
applying the first set of fitting constraints to the first model. The step of selecting
second the model further includes the steps of selecting a second set of fitting

constraints to be applied to the second model for selecting the second set of

-13-



WO 2019/136547 PCT/CA2018/051674

coefficients and selecting the second set of coefficients by applying the second

set of fitting constraints to the second model.

[0048] The associating step may further include defining a space wherein
the first reference material equivalent path lengths and the second reference
material equivalent path lengths define a first plane and the high-energy x-ray
attenuation information and the low-energy x-ray attenuation information each
define a respective first and second height over the first plane and represent
collectively the high-energy x-ray attenuation information and the low-energy x-
ray attenuation information using the first model to define the direct attenuation
surfaces, and, defining an inverse space wherein the low-energy Xx-ray
attenuation information and the high-energy x-ray attenuation information
define a second plane and first reference material equivalent path lengths and
second reference material equivalent path lengths each define a respective
third and fourth height over the second plane and representing collectively the
first reference material equivalent path lengths and the second reference
material equivalent path lengths using the second model to define the inverse
attenuation surfaces.

[0049] The method may further include the step of imposing reference
material equivalent path lengths of the unknown object onto the direct
attenuation surfaces to obtain corresponding dual-energy attenuation images
of the unknown object.

[0050] The method may further include the step of normalizing the dual-

energy attenuation image of the object of interest.

[0051] In another aspect, there is provided a method for assigning an
attribute to an unknown object overlapping with a background object having
homogenous composition and non-uniform known thickness including the steps
of scanning the unknown object at least partially overlapping with the
background object within the x-ray scanning device to obtain dual-energy
attenuation images each having pixels distributed in rows and columns and

each having dual-energy attenuation information, decomposing each of the
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dual-energy attenuation images into dual-reference material equivalent path
length images including a background region with first and second reference
material equivalent path lengths passing through only the background object
and an overlap region with first and second reference material equivalent path
lengths passing through the unknown object overlapping with the background
object, determining the effective atomic number of each pixel of the dual-
reference material equivalent path length images, determining the mass
thickness of each pixel of the background region and the overlap region in the
dual-reference material equivalent path length images, localizing the
background region and the overlap region in one of the dual-energy attenuation
images and the dual-reference material equivalent path length images by using
a segmentation algorithm, obtaining the known background path lengths
passing through the background region, dividing the mass thickness of each
pixel of the background region by the known background path lengths to
determine the mass density of each pixel of the background region, determining
one of an average, a median and a mean of the effective atomic number across
all pixels of the background region, determining one of an average, a median
and a mean of the mass density across all pixels of the background region, for
every pixel in the overlap region, multiplying the mass density of the background
region with the background object path lengths, for every pixel in the overlap
region, eliminating the mass thickness of the background region from the total
mass thickness of the background region and the overlap region to provide an
unknown object mass thickness, for every pixel in the overlap region, dividing
the unknown object mass thickness by the path length through the unknown
object of interest to provide the density of the unknown object, calculating the
effective atomic number of the unknown object by isolating the unknown object
effective atomic number using the following equation which links the total mass
thickness and effective atomic number values of every pixel with those of the

object and background in the overlap region:

9| Zesr D)ot ) = glZolpoto G ) + glZslpwty ()
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where Z is the effective atomic number of every pixel representing the unknown
object and background object in the overlap region, where g/Z] is an invertible
function of Z, where o and b represent the unknown object and background
object respectively, where pt is mass thickness, and where i and j represent the
pixel of the * row and jt" column; and isolating the effective atomic number of

the unknown object Z, gives:

w9 Zee G D]t ) = glZp)ptueon ()
Z,(,))=g )

ptoeob (i'j)

and, determining dual-reference material equivalent path lengths of the
unknown object t7 (i, j) and t3(i,j) by solving the following system of equation

for every pixel (i, j) in the overlap region ob:

{ Ptocon (L, ) = p1t? (L)) + p2t3 (4, ))
lZo (G PD]ptocon (4 )) = glZ1lp1t7 (4 )) + glZ2]p2t3 (0, ))

wherein the solutions are:

oy  Pocon(i) {g[zoo’,j)] - g[zz]}
v P1 glZ1] — glZ.]
to(. ) _ ptoeob(i'j) g[Zl] - g[Zo (l;])]
2= P2 glZ:] — glZ.] .

[0052] The step of decomposing each of the plurality of dual-energy
attenuation images into dual-reference material equivalent path length images
may further include the steps of scanning in the x-ray scanning device, first and
second reference materials each having known atomic composition, known
dimensions and known orientation in the x-ray scanning device. The x-ray
scanning device emits x-rays which pass through the first reference material
with first reference material path lengths and through the second reference
material with second reference material path lengths to provide dual-energy x-
ray attenuation information. The method further includes the steps of
associating the dual-energy x-ray attenuation information for each pixel in the

dual-energy attenuation images with each of the first reference material path
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lengths and the second reference material path lengths, expressing collectively
each of the first reference material equivalent path lengths and the second
reference material equivalent path lengths as a function of the associated dual-
energy x-ray attenuation information to define dual-energy attenuation
surfaces, and, imposing dual-energy attenuation information representing the
unknown object onto the dual-energy attenuation surfaces to determine
corresponding first reference material equivalent path lengths and second
reference material equivalent path lengths representing the unknown object

and the overlap region.

[0053] The step of decomposing each of the plurality of dual-energy
attenuation images into dual-reference material equivalent path length images
may further include the step of retrieving from lookup tables saved dual-
reference material equivalent path lengths associated with the dual-energy x-
ray attenuation information corresponding with the dual-energy attenuation
images.

[0054] The dual-energy attenuation images may include low-energy
attenuation images and high-energy attenuation images, the dual-reference
material equivalent path length images may include first reference material
equivalent path length images and second reference material equivalent path
length images and the dual-energy x-ray attenuation information may include
high-energy x-ray attenuation information and low-energy x-ray attenuation
information.

[0055] The expressing step may further include inverting numerically point-
by-point the dual-energy attenuation surfaces using an optimization algorithm

to provide inverse dual-energy attenuation surfaces.

[0056] The expressing step may further include the step of selecting a
model for expressing collectively each of the first reference material equivalent
path lengths and the second reference material equivalent path lengths as a
function of the associated dual-energy x-ray attenuation information to define

dual-energy attenuation surfaces.
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[0057] The step of selecting the model further includes the steps of
selecting a set of coefficients to be applied to the model for fitting the dual-
energy x-ray attenuation information with the model and fitting the dual-energy
X-ray attenuation information with the model by optimizing the coefficients.

[0058] The step of selecting the model may further include the steps of
selecting a set of fitting constraints to be applied to the model for selecting the
coefficients and selecting the set of coefficients by applying the set of fitting

constraints to the model.

[0059] In another aspect, the model may be a second model, the dual-
energy attenuation surfaces may be inverse attenuation surfaces, and prior to
the associating step, the method may further include the steps associating each
of the dual-energy x-ray attenuation information with corresponding ones of
each of the first reference material equivalent path lengths and the second
reference material equivalent path lengths and selecting a first model for
expressing collectively the dual-energy x-ray attenuation information as a
function of the first reference material equivalent path lengths and the second

reference material equivalent path lengths to define direct attenuation surfaces.

[0060] The step of selecting the first model may further include the steps of
selecting a first set of coefficients to be applied to the first model for fitting the
dual-energy x-ray attenuation information with the first model and fitting the
dual-energy x-ray attenuation information with the first model by optimizing the
first coefficients. The step of selecting the second model further includes the
steps of selecting a second set of coefficients to be applied to the second model
for fitting the dual-energy x-ray attenuation information with the second model
and fitting the dual-energy x-ray attenuation information with the second model

optimizing the second set of coefficients.

[0061] The step of selecting the first model further includes the steps of
selecting a first set of fitting constraints to be applied to the first model for
selecting the first set of coefficients and selecting the set of first coefficients by

applying the first set of fitting constraints to the first model. The step of selecting
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second the model further includes the steps of selecting a second set of fitting
constraints to be applied to the second model for selecting the second set of
coefficients and selecting the second set of coefficients by applying the second
set of fitting constraints to the second model.

[0062] The associating step may further include defining a space wherein
the first reference material equivalent path lengths and the second reference
material equivalent path lengths define a first plane and the high-energy x-ray
attenuation information and the low-energy x-ray attenuation information each
define a respective first and second height over the first plane and represent
collectively the high-energy x-ray attenuation information and the low-energy x-
ray attenuation information using the first model to define the direct attenuation
surfaces, and, defining an inverse space wherein the low-energy x-ray
attenuation information and the high-energy x-ray attenuation information
define a second plane and first reference material equivalent path lengths and
second reference material equivalent path lengths each define a respective
third and fourth height over the second plane and representing collectively the
first reference material equivalent path lengths and the second reference
material equivalent path lengths using the second model to define the inverse
attenuation surfaces.

[0063] The method may further include the step of imposing reference
material equivalent path lengths of the unknown object onto the direct
attenuation surfaces to obtain corresponding dual-energy attenuation images

of the unknown object.

[0064] The method may further include the step of normalizing the dual-

energy attenuation image of the object of interest.

[0065] A system of one or more computers can be configured to perform
the particular operations or actions as described herein by virtue of having
software, firmware, hardware, or a combination of them installed on the system
that in operation causes or cause the system to perform the actions

automatically and in real time or near real time. One or more computer
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programs can be configured to perform particular operations or actions
described herein by virtue of including instructions that, when executed by data
processing apparatus, cause the apparatus to perform the actions. Such
actions may be performed automatically and in real time or near real time.

BRIEF DESCRIPTION OF THE DRAWINGS

[0066] Fig. 1 is an illustration of an exemplary x-ray scanning device which
may be used in association with the present invention;

[0067] Fig. 2 is an illustration of a system which may be used in association
with the present invention;

[0068] Fig. 3 is a flow chart representing the calibration method of the
present invention;

[0069] Fig. 4 is a flow chart representing the method for modeling of dual-
material equivalent path lengths as a function of the dual-energy signal as
shown in Fig. 3;

[0070] Fig. 5 is an example plane wherein the dual-energy x-ray
attenuations measured by a detector are represented on the z axis, the first
material path length values t; are represented on the x axis and the second

material path length values t, are represented on the y axis;

[0071] Fig. 6 is an example three-dimensional space wherein the reference
material path length values for each pixel representing the reference materials
define a plane and wherein a z-axis also represents the corresponding
measured HE and LE x-ray attenuation as a height off of the plane;

[0072] Fig. 7 shows an example step wedge as may be used in association

with the present invention;

[0073] Fig. 8 shows a fitted direct attenuation surface with data points used
for the fitting for the low-energy domain;
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[0074] Fig. 9 shows a fitted direct attenuation surface with data points used

for the fitting for the high-energy domain;

[0075] Fig. 10A shows an inverted attenuation surface for the first reference

material path lengths {;;

[0076] Fig. 10B shows an inverted attenuation surface for the second

reference material path lengths t2;

[0077] Fig. 11 is a flow chart representing the method for assigning effective
atomic number values to the first and second reference material attenuation as

shown in Fig. 3;

[0078] Fig. 12 is a flow chart representing the method for assigning mass
thickness to the first and second reference material attenuation as shown in
Fig. 3;

[0079] Fig. 13 is a flow chart representing the method for assigning an

effective atomic number value to an unknown object;

[0080] Fig. 14 is a flow chart representing one aspect of a method for
removing a predetermined background object from an image;

[0081] Fig. 15 is an example representation of the object and background
path lengths showing an overlap region;

[0082] Fig. 16 is a flow chart representing another aspect of method for

removing a background object from an image;

[0083] Figs. 17A & B are a flow chart representing another aspect of method

for removing a background object from an image;

[0084] Fig. 18 is a flow chart representing one aspect of a method for

extending a range of calibration information;

[0085] Fig. 19 is a representation of the method shown in Fig. 18;
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[0086] Fig. 20 is another aspect of the method for extending a range of

calibration information;

[0087] Fig. 21 is another aspect of the method for extending a range of

calibration information;
[0088] Fig. 22 is a representation of the method shown in Fig. 21;

[0089] Figs. 23A & B are a flow chart representing one aspect of a method

for reconstructing an unknown object contained within a container,;

[0090] Fig. 24 is a flow chart representing one aspect of a method for
removing a background object as part of the method for reconstructing an

unknown object;

[0091] Fig. 25 is a flow chart representing another aspect of a method for
removing a background object as part of the method for reconstructing an

unknown object;

[0092] Fig. 26 is a flow chart representing one aspect of a method for

reconstructing an unknown object; and,

[0093] Fig. 27 is a flow chart representing one aspect of a method for

determining a safe of threat condition for an unknown object.
DESCRIPTION

[0094] The present invention relates to x-ray scanning of objects. More
particularly, the present invention relates to x-ray scanning of objects for
determining the properties of the materials of which the objects are composed.

[0095] The present invention provides methods and apparatuses which are
suitable for detection of potentially harmful objects scanned in an x-ray
scanning device which provides for automatic and real time or near real time

analysis of the information provided.
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[0096] According to the aspect shown in Fig. 1, there is provided an x-ray
scanning device 100. The x-ray scanning device 100 includes a housing 102
having openings 104 at either end thereof. The openings 104 provide access
to a scanning chamber 106 passing through the housing 102. The system 100
may further include a displacement assembly 108, such as a conveyor, which
extends through the scanning chamber 106 and which may be used to displace
at least one object of interest to be scanned using the x-ray scanning device
100.

[0097] The term “object” as used herein refers to any object of interest,
known or unknown, for scanning purposes and is not necessarily limited to a
specific shape, size, composition or configuration. The object of interest may
be a singular object composed of one or more materials, such as for example,
a liquid material contained within a container, or may include a plurality of

objects targeted for scanning, such as for example, the contents of a bag of

luggage.

[0098] The x-ray scanning device 100 further includes a source assembly
110. The source assembly 110 includes a source (not shown) for emitting
electromagnetic radiation such as x-rays, a source assembly housing 112 at
least partially enclosing the source, a pedestal 114 to which the source
assembly housing 112 is mounted and a collimator 116 mounted to the source
assembly housing 112 for directing x-rays emitted from the source. Collimator
116 may be of any suitable shape but is preferably a fan-shaped collimator for
directing the x-rays in a fan-shaped beam. Moreover, the pedestal 114 is not
required and may not necessarily be present in some x-ray scanning devices
suitable for the purposes of the present invention.

[0099] The x-ray scanning device 100 may further include a group of
detectors including at least one detector card 120 and preferably a plurality of
detector cards 120 each mounted to the bracket 122. It should be understood
to a person skilled in the art that the detector may be in a form other than a

detector card that would be suitable for the purposes of the present invention.
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In one aspect, the bracket is an L-shaped bracket which is positioned outside
the scanning chamber 106 such that the plurality of detector cards 120 mounted
thereto extend into the scanning chamber 106. In some aspects, the bracket
122 may be located within the scanning chamber. In the aspect shown in Fig.
1 there is shown mounted within the scanning chamber a single bracket 122. It
should be understood that in other aspects, the scanning chamber may include
more than one bracket positioned within the scanning chamber and that the
brackets do not have to have the same orientation or angular position. It should
be further understood that the bracket 122 does not have to be L-shaped.
Rather, the bracket 122 may be linear or arc shaped or any other suitable
shape.

[0100] In some embodiments, each detector card 120 includes at least one
individual detector. As shown in Fig. 2, detector cards 120 and the x-ray
scanning device 100 may be linked to a central processing unit (CPU) 200 or
other processing device so that x-ray signals detected by the detector cards
120 may be analyzed, processed, and used to output information, is further
disclosed herein. The processor 200 and its associated architecture may be
used to implement any of the processes or methods described herein as well
as one or more of their associated steps either automatically or in real-time or
both.

[0101] According to the aspect shown in Fig. 2, each detector card 120 may
comprise a first scintillator material 202, a filter 204 and a second scintillator
material 206. All of these may be sandwiched together or otherwise suitably
arranged as shown in Fig. 2. In a scanning operation, broad x-ray spectral
intensity is emitted by the source and is directed by the collimator 116 toward
the plurality of detector cards 120 within the scanning chamber 106. In the case
of each detector card 120, a plurality of the emitted x-rays encounter the first
scintillator material 202 which may be configured to detect preferentially the
lower portion of the emitted x-ray spectral intensity. The spectral intensity of x-
rays may then be stopped by the filter 204 and remaining x-rays’ spectral
intensity reach the second scintillator material 206. Due to the transmission
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through the first scintillator material 202 and the filter 204, the x-rays spectral
intensity reaching the second scintillator material 206 contains a higher portion
of high-energy x-rays than the x-rays spectral intensity reaching the first
scintillator material 202.

[0102] In the context of the present description, the term "processor" refers
to at least one computerized component for executing computer-executable
instructions. This may include, for example, a central processing unit (CPU), a
microprocessor, a controller, and/or the like. A plurality of such processors may
be provided, according to different aspects of the present invention, as can be
understood by a person skilled in the art. The processor may be provided within
one or more general-purpose computers, for/or any other suitable computing
device.

[0103] The term "storage" may refer to any computer data storage device
or assembly of such devices including, for example, a temporary storage unit
such as random-access memory (RAM) or dynamic RAM, permanent storage
medium such as a hard disk, and optical storage device, such as a CD or DVD
(rewritable or write once/read only), a flash memory, a database, and/or the
like. A plurality of such storage devices may be provided, as can be understood
by a person skilled in the art.

[0104] With further reference to Fig. 2, in one aspect, each of these
scintillator materials 202, 206 converts the absorbed x-ray energy to infrared,
visible and ultraviolet light. Each of these scintillator materials 202, 206 is
coupled with a photodiode 208 which captures the light from the respective
scintillator 202, 206 and generates a corresponding analog electric signal. The
analog electric signal is further digitized by a converter 210. The digitized signal
value is associated with a pixel of an image for providing a visual representation
of an object being scanned.

[0105] In the conversion of the infrared, visible and ultraviolet light into an
analog electric signal by the photodiodes 208, some uncertainties may be

introduced, in that a given x-ray spectral intensity may result in a different

-25-



WO 2019/136547 PCT/CA2018/051674

infrared, visible and ultraviolet light source which may also result in different
analog electric signals due to the fact that every detector in every detector card
may react slightly differently to the presence of electromagnetic radiation.
Slight variations in the x-ray and/or light sources may be taken into account in
all methods described herein. In order to correct these variations and for the
final image to appear more homogeneously, each pixel of the image may be
normalized by correcting an offset and gain in the light conversion. The
normalization procedure may be executed for example using a normalization
module 212 as shown in Fig. 2 in order to compensate for slight variations in
offset and gain for each detector, as well as for estimating the expected
uncertainties in low-energy and high-energy signals and/or attenuations for

each detector.

[0106] The apparatus may further include a dual-material decomposition
module 214 for decomposing low-energy and high-energy signals and/or
attenuations of known or unknown scanned materials into corresponding
reference material attribute information, a mass thickness determination
module 216 for determining the mass thickness of one or more objects of
interest, an effective atomic number module 218 for determining the effective
atomic number of one or more objects or materials of interest, a background
removal module 220 for distinguishing one object or material from another in a
dual-energy image and removing high and low-energy x-ray signal information
associated with specific objects which may not necessarily be of interest, a
reconstruction module 222 for reconstructing an object of interest once high
and low-energy x-ray signal information associated with the specific not-of-
interest objects have been removed and a threat determination module 224 for
determining whether one or more objects or materials of interest pose a threat
and correspondingly raising an alarm condition based on the determination.
Information acquired by any of the aforementioned modules may be saved to a
suitable storage medium such as a database 226. Moreover, images may be

output to a display 228.
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CALIBRATION METHOD

[0107] This calibration method described herein is directed to acquiring
reference data and deriving values representative of the real-world used for the
purpose of computing images representing physical properties of scanned

objects from dual-energy transmission images.

[0108] In one aspect, the source emits x-rays across an energy spectrum,
from O keV to the energy corresponding to the peak voltage of the source. The
peak voltage may be, for example, 160 kVp. The spectrum S(E) is a function
taking, in general, non-zero positive values all over the energy range 0 keV to
160 keV. This spectrum will be detected by two arrays of detectors stacked on
top of each other. The array closest to the source is the low-energy (LE)
detector and preferentially absorbs x-rays with low-energies among all the
energies available in the spectrum. The x-rays that are not absorbed by the LE
detectors, pass through the LE detectors and those which are not filtered out
by the filters reach the high-energy (HE) detectors, which absorbs x-rays with
higher energies due the hardening of the spectral intensity of the x-rays. The
materials composing the detectors may also induce a difference in the energies
they absorb. The low-energy x-ray signals and the high-energy x-ray signals
may be collectively referred to as “dual-energy signals”. Likewise, properties of
or derived independently from both high-energy x-ray signals and low-energy
x-ray signals, such as attenuation or images, for example, may likewise be
referred to as “dual-energy”. Moreover, since a detector includes both high-
energy and low-energy detectors, the detectors themselves may sometimes be
referred to as “dual-energy detectors”. A person skilled in the art will appreciate
that dual-energy signals can also be generated by other means, such as
switching the peak voltage of the source or by using two sources, but different
fixed peak voltages. In these embodiments, only one scintillator material for
each of the detector arrays associated with each of the source would be

required to acquire the dual-energy signals.
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[0109] The method described herein includes decomposing dual-energy x-
ray attenuation images into reference material path length images. Preferably,
two reference materials are used to provide the basis for the reference material
path length images. Accordingly, the set of images provided by the two
reference materials may be collectively referred to as the “dual-material” or the
“reference material” path length images. The reference material path length
images allow the further computation of both the mass thickness and effective
atomic number of an object of interest. The mass density of the object of
interest may then be deduced from the mass thickness and the path lengths of
the object of interest. The dual-material path length decomposition approach
includes the acquisition of reference data from reference objects, such as step
wedges, composed of two different materials scanned in several different
configurations and orientations within the scanning device, as is discussed in
further detail hereinafter. Fig. 7 shows an example step wedge composed of 2
plates of ABS stacked on top of 8 plates of Aluminum. The materials composing
the step wedges may include any homogeneous material such as, for example,
plexiglass, aluminum and/or steel. The step wedge materials are preferably in
the form of plates which may have different lengths and thicknesses but each
plate is preferably of uniform thickness. An example step wedge may include
10 steps built by stacking plates made of two basis materials on top of each
other or otherwise suitably arranged. The steps in the step wedge may be
varied in their composition by changing the stacking order of the plates of
material and the number of plates of each basis material used in the assembly.
For the purposes of providing a basis for decomposition of x-ray attenuation
images into reference material path length images, the dual-material step
wedges are of known configuration and thickness and are composed of known
materials having known atomic composition and mass density. The thickness
of each step in the step wedge may be measured directly on the step wedge
using a measurement tool such as a caliper. Also known are the relative
positions of the detectors with respect to their associated source. This
information is available from the mechanical design of the x-ray scanner or may

be determined by other suitable means.
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Assignment of Path Lengths to Reference Materials

[0110] In a first aspect as shown in Fig. 3, there is provided a method 300
for assigning an attribute, such as reference material path lengths, to x-ray
attenuation information. In a first step 302, dual-reference materials are
scanned, such as a dual-material step wedge having composed of first and
second reference materials, preferably in more than one orientation, such as
flat on the conveyor belt or on one of its sides and in more than one position
within the x-ray scanner such that all active detectors detect the profile of the
step wedge in at least one position. Thereby, there is provided dual-material
calibration data as in step 304. During each scan of the dual-material step
wedge, x-rays pass through the dual-material step wedge to be detected by
detectors. The detected x-rays produce dual-energy x-ray signals, which may
include low-energy x-ray signals and high-energy x-ray signals. These signals
may be used to generate a high-energy (HE) domain image and a low-energy
(LE) domain image. Together, the high-energy domain image and the low-
energy domain image may be referred to as a "dual-energy image” or a “set of
dual-energy images”. Each of the high-energy domain image and the low-
energy domain image is composed of a plurality of pixels distributed in columns
and rows. Each high-energy domain image and low-energy domain image of
the scanned dual-material step wedges may be saved in a suitable storage

medium such as an information database.

[0111] In each LE domain image and/or HE domain image, there will be
determined a region-of-interest (ROI). The ROI represents the pixels of the LE
or HE domain image representing the scanned step wedge The ROl may
exclude among other things the transitions between the steps of the step wedge
and other parts of the step wedge used to ensure its mechanical integrity such
as, for example, bolts, nuts and sustaining rack. In view of this, it should be
understood that the entire image or parts of it may be considered as a whole in
order to determine information more complex than that provided by a single

pixel.
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[0112] A path length is the length of the path of an x-ray directed from the
source focal point passing through the material to a given detector. Since the
thickness of each material of the dual-material step wedge is known, the
orientation of the dual-material step wedge within the x-ray scanner is known
and the position of the source and all active detectors is known, the path length
of the x-rays through material may be calculated for all active detectors. In one
aspect, these calculated values may further be placed in a database for storing
step wedge material path length values for later retrieval.

[0113] The reference material path lengths are mathematical variables
derived from the low-energy x-ray attenuation and high-energy x-ray
attenuation which corresponds with the path length of the x-rays through a
corresponding location in the reference material. The reference material path
lengths through a scanned material may be represented using notation t,,,, m =
1,2. For scanned reference materials, the first and second reference material
path lengths are measured and take specific known values denoted as £,,, m =
1,2. Therefore, the first reference material path length t; may take
corresponding measured first reference material path length values £,. The
second reference material path length £, may take corresponding measured
second reference material path length value £,. Further use of the expressions
“first material path lengths” and “second material path lengths” may refer to
either the mathematical variables t,,,, m = 1,2 derived from the low-energy x-ray
attenuation and high-energy x-ray attenuation or the corresponding known

(measured) values £,,,m = 1,2, as a person skilled in the art would recognize.

[0114] The dual reference material path length values t; and t, may then
be associated or modeled in step 306 as a function of the measured high and
low-energy x-ray attenuation values. In general, the high and low-energy
attenuation A associated with the high and low-energy normalized signal I is

given by

=-n(3)
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where R is an arbitrary strictly positive constant called the normalization range
and is equal to the normalized signal when no object is scanned. In view of this,
it should be understood to a person skilled in the art that the low-energy or high-
energy signal I and low-energy or high-energy attenuation A may be used
interchangeably by a person skilled in the art, and may be used interchangeably

herein, without departing from the scope of the invention.

[0115] Once the dual reference material path length values are modeled as
a function of the dual-energy signal, as in step 306, the values may be saved
in corresponding lookup tables for more efficient determination of the equivalent
path lengths of the first reference material associated with a particular x-ray
attenuation as in step 308 and for the path lengths of the second reference
material as in step 310. It should be understood that “equivalent’ does not
necessarily mean perfect physical or geometric equivalence. The term
“equivalent” as used herein may refer to close approximation or modeling of the
actual physical characteristic of a physical material or object, such as, for
example, x-ray path lengths, effective atomic number and mass thickness. As
with any modeled physical characteristic, there may be a slight difference
between the measured physical characteristic and the modeled physical
characteristic. The method may then proceed to step 312 wherein the path
length information may be used as a basis for assigning mass thickness values
to the dual-energy x-ray attenuation for each of the reference materials. Such
mass thickness values may likewise be saved in mass thickness lookup tables
as in step 314 for more efficient determination of the mass thickness values
associated with dual-energy x-ray attenuation associated with each of the first
and second reference materials. Step 312 is discussed in further detail
hereinafter. Once the first and second reference material path lengths are
associated with specific x-ray energy attenuation information provided by
scanning the first and second reference materials, the first and second
reference material path lengths may be used to subsequently determine an
appropriate effective atomic number, or Z.s, to be assigned to the

corresponding x-ray attenuation information as in step 316. This step is
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discussed in further detail hereinafter. Moreover, it should be understood that
this step 316 may be performed in advance of, in conjunction with or
independently of step 312. The associated effective atomic number values may
be saved in lookup tables for more efficient reference in future operations as
shown in step 318.

[0116] The step 306 for modeling of the dual-material equivalent path
lengths as a function of the dual-energy attenuation signal is further define with
reference to Fig. 4 wherein a three-dimensional space may then be defined for
each of the measured high and low-energy x-ray signals wherein material path
length values t; through the first material and material path length values t,
through the second material define points (t,,t,) forming a plane and each of
the corresponding measured high and low-energy x-ray attenuations each
define a height over the plane. There is thereby provided a first three-
dimensional space for high-energy x-ray attenuation and second three-
dimensional space low-energy x-ray attenuation. An example plane is shown
in Fig. 5 wherein the high-energy and low-energy x-ray attenuations measured
by a detector are represented on the z-axis, the path length values t; through
the first material are represented on the x-axis and the path length values ¢,
through the second material are represented on the y-axis. An example three-
dimensional space is shown in Fig. 6 wherein the reference material path length
values for each pixel representing the reference materials define a plane as in
Fig. 5, but wherein a z-axis also represents the corresponding measured HE
and LE x-ray attenuation for that detector as a height off of the plane.

[0117] At step 320, a first mathematical model is selected which is a function
to collectively represent the measured high-energy x-ray attenuations of at least
one of the detectors and collectively represent the low-energy x-ray
attenuations of the at least one of the detectors in terms of the material path
length values t,, for each of the basis materials m =12. A suitable
mathematical model can be selected to represent both high-energy x-ray
attenuations and low-energy x-ray attenuations, the only difference being the
value of the coefficients that best fit high-energy x-ray attenuations and low-
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energy x-ray attenuations. An initial set of coefficients including at least one
coefficient may then be selected for initializing the model for fitting the low-
energy x-ray attenuations and the high-energy x-ray attenuations with the
model. The sets of coefficients may be identified using vector notation ¢& where
E = LE, HE represents the energy level of the measured low and high-energy
x-ray signals. The initial set of coefficients includes at least one coefficient
which could potentially be applied to the model depending on the conditions of
the scanning operation.

[0118] A mathematical model such as, for example, a Pade’s approximant
would be suitable.

[0119] A set of fitting constraints may also be applied to the mathematical
model for selecting the coefficients reflecting the actual physical behavior of the
direct attenuation surfaces. These constraints force all the fitting coefficients to
respect certain mathematical expressions representing real-world physics in
order to assure that the inverse attenuation surfaces could be obtained and will

be physically meaningful.

[0120] The data set representing the high and low-energy x-ray
attenuations Af(t,,t,) may be fitted with the model AZ(t;,t,; @) using an
optimization algorithm as in step 322 and the fitting constraints to define the
direct attenuation surfaces within their respective three-dimensional space as
shown in steps 326 and 328, respectively. Fitted direct attenuation surfaces
800, 900 with data points used for the fitting for the LE and HE domains are
shown, respectively, in FIGS. 8 and 9. The optimization algorithm determines
the coefficients which provide the strongest correlation between the model and
the collective measured high and low-energy x-ray attenuations iteratively
starting with the selected initial set of coefficients. This may involve changes to
the coefficients as the optimization algorithm is applied until an optimum is
reached and/or the coefficients stops changing significantly. Such a
determination of the coefficients may be made on the basis of, for example, a
least-squares analysis or any other suitable method. Such a determination of
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the coefficients may also take advantage of known measurement uncertainties
in dual-energy attenuations and/or dual-material path length to weight the fitting
points in a suitable way. In other words, the coefficients applied to the model
are those which provide the closest representation of all of the measured high
and low-energy x-ray attenuations collectively by the model in the respective
three-dimensional space. The direct attenuation surface is therefore the
representation or expression of the collective measured high and low-energy x-
ray attenuations provided by the model for the respective energy domain image.
Such a representation may, for example, be a high-energy and a low-energy
three-dimensional surface 600 related closely to the measured high and low-

energy x-ray attenuations as shown in Fig. 6.

[0121] The coefficients optimized for the model may be saved in a database
as shown in step 324 to be used in further operations. This provides an
advantage whereby the potentially computationally intensive step of
determining the coefficients can be avoided.

[0122] An inverted three-dimensional space may then be defined for path
lengths of the first and the second material wherein the measured high and low-
energy x-ray attenuations define a second plane and the associated path
lengths for the x-rays passing through the respective material each define a
height off of the second plane. At step 330, a second model is selected which
is a function to collectively represent the first reference material path lengths
and second reference material path lengths as a function of the associated low-
energy x-ray attenuations and high-energy x-ray attenuations to each define an
inverted attenuation surface as shown in steps 332 and 334. Inverted
attenuation surfaces 1000, 1100 for each of {; and {, are shown, respectively,
in FIGS. 10 and 11. As with the first mathematical model, a second set of
coefficients including at least one second coefficient may be applied to the
second model for fitting the low-energy x-ray attenuations and high-energy x-
ray attenuations with the second model. A second set of fitting constraints
including at least one second fitting constraint may also be applied to the
second model for selecting the second coefficients. Once again, an
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optimization algorithm may be used, as shown in step 336, to determine the
“best fit” second set of coefficients for fitting the low- energy x-ray attenuations
and high-energy x-ray attenuations with the second model. From the inverted
attenuation surfaces, the path lengths through each of the two reference
materials may be determined when an imposed low-energy x-ray attenuation
value and high-energy x-ray attenuation value is imposed to the inverse
attenuation surface. First and second reference material path length values
associated with high and low-energy x-ray attenuation values may be saved in
lookup tables as shown in steps 308 and 310, respectively, for later reference,
although the steps 308 and 310 are not necessarily required for the purposes
of the method described herein. The method may also totally avoid the use of
the second model and determine numerically pointwise inverted surfaces using
an optimization algorithm inverting the attenuation surfaces, as shown in FIGS.
10 and 11. Alternatively, a second model may be selected for expressing the
pointwise inverted surfaces as a function low-energy x-ray attenuation and the

high-energy x-ray attenuation to define inverted attenuation surfaces.

[0123] It is preferable to first fit the first model with the first coefficients to
define the direct attenuation surfaces and then provide the respective inverse
attenuation surfaces within the inverted three-dimensional space using the
second mathematical model as described above since this is the more
numerically accurate and physically interpretable method of determining the
“best fit” coefficients. However, it should be understood that in a second aspect,
once the measured low-energy and high-energy x-ray attenuations are
associated with each of the first material path lengths and second material path
lengths as in the aforementioned method, the method may then proceed
directly to the step of selecting the second model to collectively represent all of
the first and second material path lengths as respective heights off of the
second plane to define the inverse attenuation surface. The second coefficients
and the second set of fitting constraints may be used with an optimization
algorithm to determine the coefficients directly for the inverted attenuation

surfaces without having to first define the direct attenuation surfaces.
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[0124] There is thereby provided an association between the high-energy
and low-energy x-ray attenuation values provided by scanning first and second
reference materials and corresponding first and second reference material path
lengths. Using the aforementioned method, the material path lengths through
each of the first and second reference materials may be determined when at
least one low-energy and high-energy x-ray attenuation value is imposed to the
inverted attenuation surface. Any pair of high-energy and low-energy x-ray
attenuation values imposed on the inverted attenuation surface corresponds to
a single path length value through each of the first material and the second
material. The path length information provided by the inverted attenuation
surface may be saved in an information database such as in a dual-material
path length look-up table for use in future operations relating to calibration or
other operations whereby it would be useful to determine the path length of
basis materials directly from measured x-ray attenuation values in the high

and/or low-energy image domains.

[0125] A system of one or more computers can be configured to perform
the particular operations or actions as described herein by virtue of having
software, firmware, hardware, or a combination of them installed on the system
that in operation causes or cause the system to perform the actions
automatically and in real time or near real time. One or more computer
programs can be configured to perform particular operations or actions
described herein by virtue of including instructions that, when executed by data
processing apparatus, cause the apparatus to perform the actions. Such

actions may be performed automatically and in real time or near real time.

Assignment of Z.4 to Reference Material Attenuation Information

[0126] The step 316 of effective atomic number lookup table generation is
discussed in further detail with reference to Fig. 11. Once the first and second
reference material equivalent path lengths are associated with specific x-ray
energy attenuation information provided by scanning the reference materials,

as in step 306, reference material equivalent path lengths may be used to
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subsequently determine an appropriate effective atomic number, or Z., to be

assigned to the corresponding x-ray attenuation information.

[0127] If the contribution of scattered X-rays to the raw signals reaching a
dual-energy detector after having passed through a certain length of an
homogeneous material M (also called a path length) are neglected, and if it is
assumed that the density and atomic composition are constant throughout the
material, the dual-energy signal, preferably a normalized dual-energy signal,
may be evaluated by integrating a weighted transmittance function of the

material over the incident X-ray energy:
Ly(ty) = RJ. WE(E")Ty (pu, tu, ENAE'
0

1E represents the X-ray signal intensity, R is a normalization constant, W¥ is a
weighting function, T,, us the transmittance function of the material M, E’ is the
X-ray energy, t,, is the path length trough the material and p,, is the material

mass density.

[0128] The weighting function used is energy dependent, and will therefore
vary depending on the X-ray source and detectors used:

E'DE(ENS(E")
I, E'DE(E")S(E")dE’

WE(E") =

Here, E' represents the X-ray energy; S(E') is the X-ray intensity spectrum
emitted by the source that comes out of the belt in the scanner; DE(E') are the
sensitivities of the dual-energy detectors to X-rays of energy E’. One

representation of the material transmittance function is:
14 ‘Ll 14
Tu(pm, tm, E") = exp [_thM; (E )}
M

The transmittance function of the material is an inverse exponential function of

the product of the mass density p,,, the path length t,, and the mass attenuation
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£ of the material. The material transmittance is represented by T,, in the above

Pm

equation and the mass density of the material is represented by p,, in the above
equation. The mass attenuation coefficient of a material is, according to the
mixture rule, the weighted average of the mass attenuation coefficients of the
chemical elements composing that material. Therefore, one representation of
the mixture rule may be:

£ (E") = ZieMWiE(Zi:E/),
Pm P

where E’ represents the x-ray energy. The elements i in the material,
represented by their atomic number Z;, are weighted by their weight fractions
w;, or in other words, the product of the number of atoms with the atomic mass
of each element divided by the total mass of the molecule of the material. Both

the mass attenuation coefficient, which may be represented by %(Zl-,E’), and

atomic masses, which may be represented by A;, of various elements are

available in atomic databases.

[0129] From an X-ray point of view, a material is totally described by its
energy-dependent attenuation cross section per mol of electron and electron
density because these two properties completely encapsulate the x-ray
absorption properties of a material. Therefore, to have physical meaning, the
effective atomic number, Z.¢, must be defined by specifying the attenuation
cross section of a material with a given Z.¢. For an element /i, with an atomic

number Z;, this may be represented as:
’ “ n Ai
0o (Z B') = Z(Zi, E)) 7,

where g, is the energy-dependent attenuation cross section of an element i with
atomic number Z;. The energy-dependent attenuation cross section per mol of
electron of an element is given by the product of the mass attenuation
coefficient with the molar mass over the number of electrons per (unionized)
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atom of that element, which also happens to be the atomic number of that

element.

[0130] Therefore, a first step to determining a Z.s-dependent attenuation
cross-section is to first determine an energy-dependent attenuation cross-
section for a material M as shown in steps 338 and 340 for the first and second
reference materials, respectively. In the context of assigning effective atomic
number values to the reference materials, the material M is one of the two
reference materials. Accordingly, the method described herein for assigning
Zesivalues to x-ray signal energy attenuation must be performed for each of the
two reference materials. The energy-dependent attenuation cross section for
a material M is given by the average of the energy-dependent attenuation cross
section per mol of electron of each element in that material, weighted by the

total number of electrons of each element.

[0131] Then, the way to assign a Z.¢ to a material that reproduces its cross
section is to define a Z ¢dependent cross section and to set the Z.« to the
value that best fits the previously defined energy-dependent attenuation cross
section for a material M, as shown in steps 342 and 344 for each of the first and
second reference materials, respectively. One suitable physics-based definition
for the Z.-dependent cross section is a linear combination of the cross sections
of the two elements Z; and Z,,, immediately adjacent to the Z« value. This
could be replaced by another model that fulfills the same purpose. However, if
it is considered that the best Z. value is such that the Z -dependent cross
section is equivalent to the energy-dependent attenuation cross section of a
material, the effective atomic numbers for each energy domain are fixed. In
order to define a single Z,, for material M, it is necessary to weight the energy

dependent curve of Z,, properly.

[0132] The evaluation of Z ¢ is based on transmission measurements of a
polychromatic X-ray spectrum emitted by the source through the material of
interest and other structural materials composing the scanner housing. Thus,

the weighting of the energy dependent Z.; curve must be based on the
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transmission measurements of the incoming X-ray spectrum. The fraction of
incoming X-ray of energy transmitted through the material, or simply the
material transmittance, is an inverse exponential function of the electron density
and the attenuation cross section of material M. The electron density of material
M is defined by its actual mass thickness and the weight fractions, atomic
number and mass of each element that composes it. The mass thickness is
defined as the product of the mass density and the path length. An equivalent
Z.-dependant material transmittance can be defined by using the Z g
dependent cross section instead of the energy-dependent attenuation cross-
section, which closely resembles the actual energy-dependent transmittance
function of the material. This value is determined by minimizing the weighted
squared transmission error, which is given by integrating the weighted
difference between the material transmission curve and the equivalent Z_g-
dependant material transmittance over the X-ray energy spectrum. Since the
Z.gr IS ultimately determined using the total radiative energy transmitted through
the material M and absorbed in the dual-energy detectors, the weighting is
preferably a compromise between the dual-energy signal weighting, which
complicates the error minimization procedure, but avoids ending up with two
different Z.; (one per energy level), and the intensity spectrum weighting
described in the publication K. Bond, J. Smith, J. Treuer, J. Azevedo, J. Kallman
et H. Martz, «ZeCalc algorithm details,» LLNL, Livermore, CA, 2013, which is
herein incorporated by reference in its entirety, that neglects the dependency

of Z.¢ on the detection system.

[0133] Accordingly, the steps following the definition of the Z.s-dependent
cross-section for each energy level for each of the reference materials include
evaluating the energy-dependent material transmittance function using the
previously defined energy-dependent attenuation cross-section for each energy
level, as shown in steps 346 and 348 for the first and second reference
materials, respectively, and re-evaluating the energy-dependent material
transmittance function using the Z.#-dependent cross-section as shown in steps
350 and 352 for each of the first and second reference materials, respectively,
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to provide a Zdependent material transmittance function and a weighted
squared transmission error as shown in steps 354 and 356. The weighted
squared transmission error of the low-energy x-ray energy signal is then
minimized in steps 358 and 360 to assign a single Ze value to each of the
reference materials as shown in steps 362 and 364. It should be understood
that the step of evaluating the energy-dependent material transmittance
function using the previously defined energy-dependent attenuation cross-
section for each energy level may be performed once the energy-dependent
attenuation cross-section of each of the low-energy x-ray signal domain and the

high-energy x-ray signal domain is determined.

[0134] It should be understood that the high-energy energy-spectrum-
detector weighting function or a combination of the low-energy and high-energy
energy-spectrum-detector weighting functions, could be used instead of the
low-energy energy-spectrum-detector weighting function in order to provide a
single Zes value to be attributed to the high and low-energy x-ray signal
information provided by each of the two reference materials.

[0135] The effective atomic number information may be stored in lookup
tables or in archive for use in other operations as in step 318 though this is not
necessarily required for the purposes of the method described herein. This
may avoid the need to execute this potentially computationally intensive step in
later operations wherein effective atomic number information may be used.
Collectively, the effective atomic number values corresponding to a particular
set of dual-energy attenuation images for the pair of reference materials may
be referred to as the “effective atomic number images” or simply the “Ze
images”.

[0136] A system of one or more computers can be configured to perform
the particular operations or actions as described herein by virtue of having
software, firmware, hardware, or a combination of them installed on the system
that in operation causes or cause the system to perform the actions

automatically and in real time or near real time. One or more computer
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programs can be configured to perform particular operations or actions
described herein by virtue of including instructions that, when executed by data
processing apparatus, cause the apparatus to perform the actions. Such
actions may be performed automatically and in real time or near real time.

Assignment of Mass Thickness to Reference Material Attenuation Information

[0137] The step 312 of mass thickness lookup table generation is discussed
in further detail with reference to Fig. 12. Once the path length information for
the reference materials has been assigned to the dual-energy x-ray attenuation
as in step 306, the path length information may be used as a basis for assigning
mass thickness values to the dual-energy x-ray attenuation for each of the
reference materials as indicated in step 312. It should be noted that the
determination of mass thickness for the reference materials is not dependent
on the determination of the Z value for the reference materials in step 312.
Accordingly, the determination of mass thickness may be performed
independently of or in addition to the determination of Z.« for the reference
materials.

[0138] The dual-material decomposition approach includes rewriting the
factor inside the aforementioned exponential function representing the material
transmittance as a sum of two similar terms over the pair of reference materials.
So, the product of the mass thickness and the mass attenuation of a material
M is equivalent to the sum of the products of the mass density and mass
attenuation coefficient of the first and second. The mass thickness of a material
corresponds to the mass of that material by unit area seen by the detector.
Since the source emits X-rays radially, the area seen by the detector increases
as the object moves toward the detector. This effect may be disregarded in the
present method. From a dual-material decomposition point-of-view, the dual-
material mass thickness of a material M is defined as the sum of the mass
thicknesses of the first and second reference materials.

[0139] In taking the above into consideration, the first step for assigning
mass thickness values to the dual-energy x-ray attenuation information includes
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determining the mass density of each of the first and second reference
materials as shown in steps 366 and 368, respectively. Since the physical
properties of each reference material are known, this step may, for example, be
completed by retrieving the appropriate information from a suitable source. The
next step includes determining the first and second reference material
equivalent path lengths. This may, for example, be done prior to, subsequently
to or in conjunction with steps 366 and 368, using the method described above
with reference to Fig. 3 for assigning path length information to dual-energy
attenuation values obtained by scanning each of the two reference materials as
in step 306. The attenuation information may be imposed on an inverse
attenuation surface to identify the corresponding path lengths for each of the
first and second reference materials. Subsequently, a product of the first
material equivalent path lengths and the mass density of the first reference
material is taken at step 370 to provide a first reference material mass thickness
at step 372. Similarly, a product of the second material equivalent path lengths
and the mass density of the second reference material is taken at step 374 to
provide a second reference material mass thickness at step 376. The first
reference material mass thickness and the second material mass thickness
may then be summed at step 378 to provide a total mass thickness of the first
and second reference materials at step 380.

[0140] As with the effective atomic number, the mass thickness values
associated with the dual-energy x-ray attenuation for each of the reference
materials may be stored in lookup tables as in step 318 or in archive for use in
other operations, though this step is not required for the purposes of the method
as described herein. This may avoid the need to execute this potentially
computationally intensive step in later operations wherein mass thickness
information may be used. Collectively, the mass thickness values
corresponding to a particular set of dual-energy attenuation images for the pair
of reference materials may be referred to as the “mass thickness images”.

[0141] A system of one or more computers can be configured to perform
the particular operations or actions as described herein by virtue of having
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software, firmware, hardware, or a combination of them installed on the system
that in operation causes or cause the system to perform the actions
automatically and in real time or near real time. One or more computer
programs can be configured to perform particular operations or actions
described herein by virtue of including instructions that, when executed by data
processing apparatus, cause the apparatus to perform the actions. Such
actions may be performed automatically and in real time or near real time.

Assignment of Z.# to Attenuation Information of Unknown Material

[0142] Once the effective atomic number Z,,, of the two reference materials
with known atomic composition are known from step 316 and that the mass
thickness pt,, has been defined as in step 314, these values and the dual-
material equivalent path lengths t,, as determined in step 306 may be used to
determine the effective atomic number of a material M with an unknown
composition. The reference material equivalent path lengths, effective atomic
numbers and mass thicknesses may be determined directly by way of new
scans and determination according to the methods described above or may be
retrieved from suitable lookup tables. This is further discussed with reference
to Fig. 13.

[0143] If the mass thickness of a reference material that represents the dual
material composition of a material M is divided by the mass thickness of that
material M, it is shown by involving the surface S of the detector that this is
equivalent to the weight fraction of that basis material in the dual material
decomposition of the unknown material

Pt SPmtm Pin (ES) PV mpy

— — — — = wM

ptM B SZmpmt% B Zm pm(trﬂ;lls) B Zmpmvn]‘t/l B Zm m%

where V¥ and m¥ are effective volume and mass of basis material m in material
M, respectively. Substituting the mass thicknesses by weight fractions in the

mass attenuation coefficient equation of the dual material decomposition, it
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becomes clear that this is analogous to the mixture rule presented earlier, but

this time in the context of the dual material decomposition. In other words,

¢

2

# 4 4
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IDM tM

tM tM
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ptM pl

becomes

E @y~ @+t @)

Pu P )
Taking the mixture rule into consideration, this is equivalent to say that the
material M is made of a combination of the basis materials, just as it was
previously defined in the mixture rule as being composed of a combination of
different chemical elements.

[0144] The Z.4 of various materials are not necessarily positive integer
values, like the atomic number of chemical elements. Instead, they make take
any positive real values. When the Z.¢ of a material is equal to an integer value,
the mass attenuation coefficient must be equal to the mass attenuation
coefficient of the element that has an atomic number equal to that integer value.
The behaviour of the mass attenuation coefficient for non-integer Z. is
provided by the aforementioned model. Of note, when the Z. is equal to one
of the two reference materials, it can be expected that the mass attenuation
coefficient is the same as the mass attenuation coefficient of that reference
material. When a material M is decomposed into reference materials (from the
dual material decomposition), it can be further assumed that the reference
materials could be further decomposed into their chemical elements (since their
chemical composition should be well known). This conceptis used to determine
the weight fraction of each basis element j of the first and second reference

materials:

” Z w,MnWjem , ifjis presentinm = lorm = 2
w: =
J m

0, otherwise
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This effective basis element weight fraction can be used to determine the mass
attenuation coefficient for the unknown material, just like it was used for the

reference materials.

[0145] Accordingly, the method for assigning an effective atomic number to
an unknown material begins at step 1300 with the scanning of an unknown
material in an x-ray scanning device to obtain dual-energy x-ray attenuation
information for the unknown material at step 1302. The dual-energy x-ray
attenuation information of the unknown material may then be imposed to the
inverted attenuation surface at step 1304, or referenced using a suitable lookup
table, to determine equivalent first and second reference material path lengths
through the unknown material as shown in steps 1306 and 1308. It should be
understood that corresponding first and second reference material equivalent
path lengths may be retrieved from suitable lookup tables as provided by steps
308 and 310 of Fig. 3, if stored in archive subsequent to a prior calibration
method scanning operation. The first and second reference material mass
thickness in the unknown material may then be determined at steps 1310 and
1312, respectively, using the equivalent first and second reference material
path lengths and known mass density of the first and second reference
materials. A total mass thickness of the unknown object may be determined as
in step 1314 based on a sum of the mass thickness of each of the first and
second reference materials in the unknown material. As shown in step 1316,
the unknown object total mass thickness may be divided by the unknown object
path lengths through the unknown object to provide the mass density of the

unknown object at step 1318.

[0146] In the next step 1320, a first weight fraction of each of the first and
second reference materials in the unknown material may be determined. A
second weight fraction of each basis element of each of the first and second
reference materials in the unknown material is also determined at step 1322. A
mass attenuation coefficient for the unknown material is determined at step
1324, with a product of the effective weight fraction of each basis element of
each of the first and second material in the unknown third material and the mass
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attenuation coefficient of the corresponding element in the first and second
materials. The method further includes at step 1326 determining an attenuation
cross section of the unknown object. This may be accomplished, for example,
by using the respective known basic atomic properties such as the respective
effective atomic masses and atomic numbers and mass attenuation coefficient

for each of the first and second material.

[0147] Then a procedure similar to the one used to assign an effective
atomic number to the reference materials is used for the unknown material.
Following the determination of the mass attenuation coefficient for the unknown
material at step 1326, this includes the steps of defining a Zeff-dependent
attenuation cross-section as shown in step 1328, evaluating the energy-
dependent material transmittance function at step 1330 using the previously
defined energy-dependent attenuation cross-section for each energy level and
re-evaluating the energy-dependent material transmittance function at step
1332 using the Z.s-dependent cross-section to provide at steps 1334 and 1336,
respectively, a Z.s-dependent material transmittance function and a weighted
squared transmission error for each energy level. The weighted squared
transmission error of each energy level and preferably the low-energy x-ray
energy signal is then minimized at steps 1338 and 1340, respectively, to assign
a single Z.« value to the unknown material at step 1342. It should be understood
that, as with the aforementioned method as described within the context of
assignment of effective atomic number values to the first and second reference
materials, the step 1332 of evaluating the energy-dependent material
transmittance function using the previously defined energy-dependent
attenuation cross-section for each energy level may be performed once the
energy-dependent attenuation cross-section of each of the low-energy x-ray
signal domain and the high-energy x-ray signal domain is determined.
Accordingly, steps 1332 and 1328, wherein the Z.s-dependent attenuation
cross-section is defined, are interchangeable.

[0148] Note that this procedure does not actually depend on Z,,, form = 1,2,

but rather on the decomposition of the fictitious material on a dual-material
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element basis. Thus, the Z. is calculated with only one additional
approximation than Z,,, i.e.: the generalized mass attenuation coefficient of
fictitious material M can be represented by a linear combination of the basis
elements j of which the first and second reference material are actually made
of. This method is a “multi-element dual-material decomposition” for the
effective atomic number calculation.

[0149] Alternatively, instead of repeating the above process every time a
new material is scanned, this procedure can also be done in advance for all
points (I*£, IfE) in the dual-energy signal mesh. This generates, point by point,
the effective atomic number surface Z,.¢(I%, I"E) and associated uncertainties.

Also, if a reverse model associating attenuations to path lengths was used, a

new set of coefficients f , associated with the effective atomic number, has to

be derived from the model selected and the definition of the effective atomic

number adopted. Then the Z.(I“E, I"F) of the set of coefficients f is saved in

an effective atomic number database.

[0150] A system of one or more computers can be configured to perform
the particular operations or actions as described herein by virtue of having
software, firmware, hardware, or a combination of them installed on the system
that in operation causes or cause the system to perform the actions
automatically and in real time or near real time. One or more computer
programs can be configured to perform particular operations or actions
described herein by virtue of including instructions that, when executed by data
processing apparatus, cause the apparatus to perform the actions. Such
actions may be performed automatically and in real time or near real time.

BACKGROUND REMOVAL METHOD

[0151] Reference material path length decomposition also allows for a set
of dual energy images or image archives to be transformed into a new set of
dual energy images or image archives with layers of materials removed.
Depending on the shape and nature of the materials removed, this can lead to
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images where contrast between objects is enhanced, or where objects are
completely removed from the image. This is done by appropriately subtracting
the mass thickness of the material or object to be removed from the mass
thickness of the combined objects in the archive. Usually, the object to be
removed is in the background of the object that is of main interest. Different
methods are used to properly evaluate the mass thickness of the background
material or object, depending on its shape and whether prior knowledge of it is
available.

[0152] In some instances, the background to be removed is already known
to the X-ray scanner operators. In such cases, the background will have been
scanned previously and preferably, the dual-energy images are available in
archive. One example of a background object which may be known to an X-
ray scanner operator and may have been previously scanned would be a
standard x-ray screening tray. Preferably, the tray will have been scanned in
the x-ray scanning device in various positions and orientations to provide a
plurality of dual-energy images of the screening tray which would be available
for subsequent operations from archive. In these cases, a particular method
can be used to remove the background object from a newly scanned dual-
energy image representing x-ray signal information of the background object
and an object of interest at least partially overlapping with one another.

[0153] In accordance with one aspect, there is provided a method for
assigning an attribute to an object of interest overlapping with a predetermined
background object as shown in Fig. 14. The method includes first scanning the
predetermined background object in a plurality of positions and orientations
within an x-ray scanning device at step 1400 to obtain a plurality of first dual-
energy attenuation images at step 1402 each having dual-energy attenuation
information representing the scanned background object. This scanning step
1400 can be performed offline, prior to performing a scan including an object of
interest. Then, the background object dual-energy attenuation images may
then be decomposed into background object dual-reference material equivalent
path length images having first and second reference material equivalent path
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lengths passing through the background object at step 1404. Such
decomposition may be performed, for example, using suitable lookup tables or
by way of the method described above with reference to Fig. 3. Thereby, there
is provided a reference material equivalent path length images of the
predetermined background object at step 1406.

[0154] In the next step 1408, the unknown object at least partially
overlapping with the background object may be scanned within the x-ray
scanning device to obtain a second set of dual-energy attenuation images at
step 1410 each having dual-energy attenuation information representing an
overlap region wherein the background object and the unknown object overlap.
Such an image is illustrated in Fig. 15, for example, wherein x-ray path lengths
1500 are shown passing through both the background object 1502 and the
unknown object of interest 1504. Some of the x-ray path lengths pass through
both of the background object 1502 and the unknown object of interest 1504
thereby creating an “overlap region” 1506 within the image which overlap region
is delineated by imaginary dashed lines 1508.

[0155] The second set of dual-energy attenuation images may then be
decomposed at step 1412 into reference material equivalent path length images
provided at steps 1414, wherein the overlap region has first and second
reference material equivalent path lengths passing through both the
background object and the unknown object. The position and orientation of the
background object in the reference material equivalent path length images
containing the overlap region is then determined at step 1416, preferably by
using a segmentation algorithm to localize the background object as shown in
step 1418. It should be understood that the segmentation algorithm may be
applied to either one of the dual-energy attenuation images or the reference
material path length images to localize the background object. Accordingly, the
segmentation algorithm may instead be applied to the images provided at step
1410, as shown in step 1430. Then, at step 1420, the position and orientation
of the background object as identified by the segmentation algorithm is
compared with the reference material path length images of the predetermined
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background object to determine corresponding ones of the reference material
equivalent path length images of the predetermined background object which
most closely corresponds with the position and orientation of the background
object in the reference material equivalent path length images of the scanned
unknown object with the overlap region. Once this determination is made, the
predetermined background object reference material equivalent path lengths of
the corresponding ones of the plurality of the predetermined background object
reference material equivalent path length images may be eliminated or
subtracted from the overlap region in the reference material equivalent path
length images of the unknown object at step 1422 to provide reference material
equivalent path lengths having first and second reference material equivalent
path lengths passing through only the unknown object, as shown in step 1424.
There is thereby provided background-free first reference material equivalent
path length images.

[0156] Decomposition of the dual-energy attenuation images of the
predetermined background object at step 1404 or the dual-energy attenuation
images representing the scanned unknown object at step 1412 into reference
material equivalent path lengths may be performed in any manner previously
described, such as for example, by imposing the dual-energy attenuation
information of each pixel onto the inverse attenuation surface to obtain the first
and second equivalent reference material path lengths or by using suitable
lookup tables. This is previously discussed with reference to Figs. 3 and 11
and in particular step 306 shown in Fig. 11.

[0157] Once the background object-free reference material equivalent path
length images are provided at step 1424, the corresponding background object-
free dual-energy attenuation images may be reconstructed. This is done, for
example, by imposing, at step 1426, the reference material path length values
onto a suitable direct attenuation surfaces, as described above, to obtain the
corresponding high-energy and low-energy attenuation information images at
steps 1428. Once the background object-free dual-energy attenuation images
are provided, the images may be normalized. This is previously discussed with

-51 -



WO 2019/136547 PCT/CA2018/051674

reference to Figs. 3 and 11 and in particular step 306 shown in Fig. 11. These
images can further be used to determine the physical characteristics (such as
mass thickness and effective atomic number) of the objects remaining, such as,
for example, by way of the assignment of the effective atomic number and mass
thickness to an unknown material discussed above.

[0158] In another aspect, the background object to be removed is not known
by the operators but has or is determined to have a path length distribution that
is uniform. Preferably, the uniform path length distribution is in the direction of
the belt since in the image, this corresponds to the horizontal direction. Under
such circumstances, a second method may be used to effectively remove the
background object from the image. This method uses a region in the image
where only the background object to be removed is present and there are no
other objects or materials overlapping with the background object. Since the
background is not known but has a uniform path length distribution, preferably
in the horizontal direction, the background object must be the same thickness
in background only areas and in areas overlapping with other objects. These
conditions are understood to be true for each row of pixels in the image in which
the background object must be removed, since each row in the image
corresponds to a different ray from the X-ray fan beam. To simplify, the
background object path length is evaluated in a pixel in a background only
region, and since, based on the above conditions, it can be safely assumed to
be the same in all other pixels of the same row of pixels, then the background
object path lengths can be removed, even if the background object itself is

unknown.

[0159] There is provided a method as shown in FIG. 16 for assigning an
attribute to an unknown object overlapping with an unknown background object
having homogenous composition and thickness. In the first step 1600, the
unknown object at least partially overlapping with the background object is
scanned within the x-ray scanning device to obtain a dual-energy attenuation
images at step 1602 having pixels distributed in rows and columns and each

having dual-energy attenuation information. The dual-energy attenuation
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images are then decomposed at step 1604 into dual-reference material
equivalent path length images provided at step 1606, each dual-reference
material equivalent path length image having a background region with first and
reference material equivalent path lengths passing through only the
background object and an overlap region with first and second reference
material equivalent path lengths passing through the unknown object of interest
overlapping with the background object. The background region and the
overlap region are then determined at step 1608 by using a segmentation
algorithm at step 1610 to localize the background region within the dual-
reference material path length images of the unknown object. It should be
understood that the segmentation algorithm may be applied to either one of the
dual-energy attenuation images or the reference material path length images to
localize the background object. Accordingly, the segmentation algorithm may
instead be applied to the images provided at step 1602, as shown in step 1630.
Then, at step 1612, one of an average, a median and a mean, preferably the
average, of the first and second reference material equivalent path lengths
passing through only the background object in each column is determined. At
step 1614, the one of the average, the median and the mean of the first and
second reference material equivalent path lengths passing through only the
background object in each column is eliminated or subtracted from the first
second reference material equivalent path lengths of each column of the
overlap region to determine reference material equivalent path lengths
representing only the unknown object of interest as shown at step 1616.

[0160] Once the background object-free reference material equivalent path
length images are provided at step 1616, the corresponding background object-
free dual-energy attenuation images may be reconstructed. This is done, for
example, by imposing, at step 1618, the reference material path length values
onto a suitable direct attenuation surfaces, as described above, to obtain the
corresponding high-energy and low-energy attenuation information images at
steps 1620. Once the background object-free dual-energy attenuation images

are provided, the images may be normalized. This is previously discussed with
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reference to Figs. 3 and 11 and in particular step 306 shown in Fig. 11. These
images can further be used to determine the physical characteristics (such as
mass thickness and effective atomic number) of the objects remaining, such as,
for example, by way of the assignment of the effective atomic number and mass
thickness to an unknown material discussed above.

[0161] Even when no prior information about the background object is
known and the background object is not horizontally uniform, there is provided
a third method to perform background object removal. Once again, the method
uses, in addition to regions of overlap of the background and another object in
the image, a region where there is only background object. The background
object path lengths are known and may be determined using measurements or
determined by way of a reconstruction algorithm or any other suitable method.
The mass density and average atomic effective atomic number of the
background object must be constant throughout the background object, both in
the background-only region and overlap region of the image. Likewise, both the
mass density and effective atomic number of the reference materials from the
dual-material decomposition must be known. Finally, the effective atomic model

referred to earlier must be mathematically invertible.

[0162] In another aspect, there is therefor provided a method for assigning
an attribute to an object of interest overlapping with a background object having
homogenous composition and non-uniform known thickness. In a first step
1700, the unknown object at least partially overlapping with the background
object is scanned within the x-ray scanning device to obtain a dual-energy
attenuation images at step 1702 each having pixels distributed in rows and
columns and having dual-energy attenuation information. The dual-energy
attenuation images are decomposed at step 1704 into reference material
equivalent path length images, provided at step 1706, having a background
region with first and second reference material equivalent path lengths passing
through only the background object and an overlap region with first and second
reference material equivalent path lengths passing through the unknown object
of interest overlapping with the background object. The effective atomic
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number of each pixel of the dual-reference material equivalent path length
images is determined at step 1708 and the mass thickness of each pixel of the
background region and the overlap region in the dual-reference material
equivalent path length images is also determined at step 1710. In the next step
1712, the background region and the overlap region are localized, preferably
by using a segmentation algorithm as shown at step 1714. It should be
understood that the segmentation algorithm may be applied to either one of the
dual-energy attenuation images or the reference material path length images to
localize the background object. Accordingly, the segmentation algorithm may
instead be applied to the images provided at step 1702, as shown in step 1740.
Then, the path lengths passing through the background object are obtained or
determined using suitable methods at step 1716. The mass thickness of each
pixel of the background region may be divided, as at step 1718 by the known
background object path lengths to determine the mass density of each pixel of
the background region as shown at step 1720. Atstep 1722, one of an average,
a median and a mean of the effective atomic number and the mass density
across all pixels of the background region is determined. Atstep 1724, forevery
pixel in the overlap region, the mass density of the background region is
multiplied with the path lengths of the background region. Next, at step 1726,
for every pixel in the overlap region, the mass thickness of the background
region is eliminated or subtracted from the total mass thickness of the
background region and the overlap region to provide an unknown object mass
thickness at step 1728. Next, the density of the unknown object is determined.
For every pixel in the overlap region, the unknown object mass thickness is
divided by the path length through the unknown object to provide the density of
the unknown object at step 1730. Once the mass density is provided at step
1730, the effective atomic number of the object is also calculated as shown at
step 1732.

[0163] The effective atomic number of the object of interest is calculated by

isolating the object effective atomic number in an equation that links the total
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mass thickness and effective atomic number values of every pixel with those of

the object of interest and background object in the overlap region:

9l Zerr G D]pt ) = 9lZo1poto (1) + glZblpsty (i)
where ; Z is the effective atomic number of every pixel in the object and
background in the overlap region, where g[Z] is an invertible function of Z,
where o and b represent the object and background respectively, where pt is
the mass thickness, and where i/ and j represent the pixel of the " row and jt

column. Isolating the effective atomic number of the object Z, gives:

Il Zegs (L, N1t (4, ) — glZplptreos (i;j)}
ptoeob(irj) l

Zo(iJj) = g_l{

The background-free dual-material path lengths images of the object t{ (i, j)
and t§(i,j) are then determined at step 1734 by solving the following system

of equation for every pixel (i, j) in the overlap region ob:

{ ptoeab(i’j) =p1tf(llj)+p2t§(llj)
9lZ, (@, DIptoeor (i, 1) = glZ1]pat? (4 )) + glZ,1p2t3 (0, )

wherein the solutions are:

oy = Plocor®) {g[zaa,j)] - g[zz]}
v P1 9lZ1] — glZ,]

£0 (i ) _ ptoeab(i'j) {g[zl] - g[Zo (l,j)]}
2 P FARTIARSE

[0164] Decomposition of the dual-energy attenuation images of the
background object at step 1704 may be performed in any manner previously
described, such as for example, by imposing the dual-energy attenuation
information of each pixel onto the inverse attenuation surface to obtain the first
and second equivalent reference material path lengths or by using suitable
lookup tables. This is previously discussed with reference to Figs. 3 and 11

and in particular step 306 shown in Fig. 11.
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[0165] Once the background object-free reference material equivalent path
length images are provided at step 1734, the corresponding background object-
free dual-energy attenuation images may be reconstructed. This is done, for
example, by imposing, at step 1736, the reference material path length values
onto a suitable direct attenuation surfaces, as described above, to obtain the
corresponding high-energy and low-energy attenuation information images at
steps 1738. Once the background object-free dual-energy attenuation images
are provided, the images may be normalized. This is previously discussed with
reference to Figs. 3 and 11 and in particular step 306 shown in Fig. 11. These
images can further be used to determine the physical characteristics (such as
mass thickness and effective atomic number) of the objects remaining, such as,
for example, by way of the assignment of the effective atomic number and mass
thickness to an unknown material discussed above.

[0166] A system of one or more computers can be configured to perform
the particular operations or actions as described herein by virtue of having
software, firmware, hardware, or a combination of them installed on the system
that in operation causes or cause the system to perform the actions
automatically and in real time or near real time. One or more computer
programs can be configured to perform particular operations or actions
described herein by virtue of including instructions that, when executed by data
processing apparatus, cause the apparatus to perform the actions. Such
actions may be performed automatically and in real time or near real time.

CALIBRATION RANGE EXTENSION METHOD

[0167] The dual material decomposition described above in the calibration
method is best suited for the range of effective atomic numbers situated
between the effective atomic numbers of the reference materials used in the
calibration step wedges. It may be desirable to extend the calibration range
provided by a standard dual-material calibration method while keeping the
physical significance of inverse attenuation surfaces generated using the

calibration method. This would enable dual-material decomposition of a wider
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range of material compositions than would be possible for a given set of two

reference materials with a standard dual-material calibration method.

[0168] In a first method, two or more of the ranges of the dual-material path
length decomposition data may be combined to extend the total range of dual-
material path length decomposition data. In this first method, dual-material path
length decomposition is performed on a first reference material and a second
reference material. Then, dual-material path length decomposition is
performed on the second reference material with a third reference material.
Therefore, the second reference material path attenuation information is
common to both sets of data. A subset of coefficients is then identified which
may be used to combine the dual-material decomposition information provided
by the first and second reference material (¢£,) and the second and third
reference material (¢£,) based on the common elements of the models used to
represent the second reference material within the two data sets. Thereby, a

broader range of attributes may be assigned to x-ray attenuation values.

[0169] With reference to FIG. 18, in a first aspect, the method for assigning
attributes to x-ray attenuation information includes as a first step 1800 acquiring
first and second reference material equivalent path length information
associated with a first range of dual-energy x-ray attenuation information. At
step 1802, second and third reference material equivalent path length
information associated with a second range of dual-energy x-ray attenuation
information is acquired. At step 1804, suitable coefficients are determined for
representing the dual-energy x-ray attenuation information of the second
reference material. At step 1806, the coefficients are used to join the first and
second dual-energy x-ray attenuation information ranges to define, at step
1808, a third dual-energy x-ray attenuation information range upon which upon
which may be imposed dual-energy x-ray attenuation values within the third
dual-energy x-ray attenuation information range to determine corresponding
first reference material equivalent path lengths and third reference material

equivalent path lengths.
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[0170] The first and second reference material equivalent path length
information and second and third reference material equivalent path length
information may be determined by any suitable method previously described.
Preferably, such information is retrieved from lookup tables, as shown at step
1810, having, respectively, saved first and second or second and third
reference material equivalent path lengths associated with the dual-energy x-
ray attenuation information corresponding with the dual-energy attenuation
information range. Alternatively, as shown at step 1812, the first and second
or second and third reference material path length information may be
determined by repeating the dual-material decomposition method previously
described for fresh scans of suitable reference materials.

[0171] In another method, the calibration range may be extended using a
single additional material. When decomposed onto the dual-material basis of
first and second reference materials, dual-energy attenuation curves of the

second reference material may be represented by A%, (0, t,; ¢£,).

[0172] If it is further considered that a decomposition onto the dual-material
basis of the first reference material and a third reference material, with the
effective atomic number of the third reference material being greater than the
effective atomic number of the second reference material and the effective
atomic number of the second reference material being greater than the effective
atomic number of the first reference material, and the associated dual-energy
direct attenuation surfaces of the first and third reference material and
corresponding coefficients ¢£ of the third reference material, then it is
understood that the second reference material would be represented by a
subset of data in the range of the first reference material and the third reference
material. This concept is illustrated in FIG. 19 wherein the range provided by
the first reference material and the third reference material is represented by
the first quadrant in a graph. The second reference material is represented by
a specific radial axis coming out of the origin in the first quadrant of the ti-t3
plane. If the inverse attenuation surfaces for the first and third reference
materials are available, then all the pixels of the first and third reference material
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path length images of an object made of the second reference material would
fall on this axis, no matter the path length through the second reference

material.

[0173] Denoting the slope of the line supporting the axis representing the
second reference material in the ti-t3 plane by w,, the line equation may be

represented by:
t3 = wyty

[0174] The orientation of this line can also be defined by the volume fraction
of the first reference material in the dual-material basis of the first and third
reference materials representing the second reference material this may be

represented by:

1 t

1+wy t1+t3

U3

[0175] The sum of the first and third reference materials path lengths on the

axis representing the second reference material may be represented by:
S, =t +1tg

[0176] Since t;,t; = 0 in the first quadrant, s, > 0and s = Oifand only if t; =
t; = 0 (i.e. at origin) Then, the change of variables (t;,t; ) = (s,, v, ) can be

defined using the set of equations:

{Q(sz;”z) = V3S;

t3(s2,v2) = (1 —vy)s;

[0177] The dual-energy attenuation curves over the axis representing the
second reference material in the dual-material basis provided by the first and

third reference materials may therefore be represented as

A%5(s,,v,;¢5) for s = 0. Fors = 0, it is clear that attenuations vanish for both
the high and low energy level. By the reunion of the domains (s, = 0 ands, +

0), then A%, (s,, v,; ¢5,) is defined over the domain s, > 0.
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[0178] For fixed v, and dual-energy attenuations that could be both
achieved for a given path length ¢, through the second reference material, it
should be understood that in general: t, + s,. However, there is a nonlinear
path length-dependent scaling factor S, (t,) mapping locally A%, (0, t,; ¢&,) onto
AE (5o, v5; ¢E;) for some s, = S,(t,). The union of all such mappings along the
axis representing the second reference material in the dual-material
decomposition of the first and third reference material plane leads to a

continuous function s, = S,(t,). Physically, we also know that S,(0) = 0.

[0179] Therefore, in order to extend the calibration range provided by the
dual-material decomposition of the first and second reference material up to a
calibration range provided by the dual-material decomposition of the first and
third reference material without having to first determine the direct or inverse
attenuation surfaces of the dual-material basis provided by the first and third
reference materials, it is desired to determine the map S, between ¢, and s,,
the dual-material basis provided by the first and third reference materials and
the orientation v, of the axis representing the second reference material in the

first and third reference material dual-material basis.

[0180] It can be assumed that there is an orientation and a scaling factor

such that:

AE,(0,t,; CE) = AE,(S,(t,),v,; CE) all over the s, axis. Thus, using this
equivalence principle and knowing that A%, (0, t,; ¢£,) explicitly, the mapping
S,(t,) can be found implicitly for fixedv,. v, can be determined because the

above equation holds true when t, = s, = 0.

[0181] In accordance with the above and with reference to FIG. 20, a
second aspect of the method for assigning an attribute to x-ray attenuation
includes acquiring at step 2000, first and second reference material equivalent
path length information associated with a first range of dual-energy x-ray
attenuation information by a first model for expressing collectively each of the
first reference material path lengths and the second reference material path

lengths as a function of the associated first range of dual-energy x-ray

-81 -



WO 2019/136547 PCT/CA2018/051674

attenuation information. The first range of dual-energy attenuation information
is fitted with the first model by a first set of coefficients. At step 2002, the first
set of coefficients is determined. At step 2004, there is acquired third reference
material equivalent path length information associated with a second range of
dual-energy x-ray attenuation information by a second model for expressing
collectively each of the third reference material equivalent path lengths as a
function of the associated second range of dual-energy attenuation information.
The second range of dual-energy attenuation information is fitted with the
second model by a second set of coefficients. At step 2006, the second set of
coefficients is determined. The third reference material has an effective atomic
number greater than that of the second reference material. At step 2008, the
first set of coefficients and the second set of coefficients are combined to
provide a third set of coefficients at step 2010 for fitting the first and second
range of dual-energy x-ray attenuation information with a third model for
expressing collectively the first and third reference material path lengths as a
function of the fitted first and second range of dual-energy x-ray attenuation
information. For all points in the third model, there is determined at step 2012,
a volume fraction of one of the first and the third reference material which
represents the second reference material path lengths to identify where in the
third model path lengths representing the second reference material are
represented. There is thereby provided at step 2014 the third dual-energy x-

ray attenuation range.

[0182] The first and second reference material equivalent path length
information and third reference material equivalent path length information may
be determined by any suitable method previously described. Preferably, such
information is retrieved from lookup tables, as shown at steps 2016 and 2018,
having, respectively, saved first and second or third reference material
equivalent path lengths associated with the dual-energy x-ray attenuation
information corresponding with the dual-energy attenuation information range.
Alternatively, as shown at steps 2020 and 2022, the first and second or third

reference material path length information may be determined by repeating the
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dual-material decomposition method previously described for fresh scans of

suitable reference materials.

[0183] With reference to FIG. 21 and 22, there is provided, in a third aspect,
a method for extending the calibration range provided by a first and second
reference material beyond the effective atomic number range of the reference
materials. Direct attenuation surfaces fitted on the calibration data for the first
and second reference material dual-material decomposition basis, shown in the
first quadrant of FIG. 22 are also valid in regions of the second and fourth
quadrants near the axis representing the first reference material path lengths
(t1-axis) and the second reference material path lengths (t2-axis), respectively,
This is equivalent to extending the first reference material path lengths t; or the
second reference material path lengths t; to slightly negative values while the
other remains positive. Negative path lengths represent an imposed or fictitious
amount of a reference material that would have to be added to the dual-material
images of the scanned object for the effective atomic number of the composite
object (original object plus the added negative layer) to provide a reference
material path length that would result in finding an effective atomic number

equal to that of the actual reference material.

[0184] However, in order to provide more accurate and useful data, this
extrapolation must be constrained to predetermined minimum and maximum
effective atomic numbers for the imposed materials making up the negative
path lengths. Preferably, this minimum effective atomic number is
approximately equal to or greater than 3 and the maximum effective atomic
number is approximately equal to or less than 42.

[0185] In this third aspect, there is provided a method for assigning an
attribute to x-ray attenuation. In a first step 2100, there is acquired first and
second reference material equivalent path length information associated with a
first range of dual-energy x-ray attenuation information by a model for
expressing collectively each of the first reference material path lengths and the

second reference material path lengths as a function of the associated first
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range of dual-energy x-ray attenuation information. At step 2102, an
extrapolation range of dual-energy x-ray attenuation information is selected
over which first and second reference material path lengths are to be associated
with dual-energy x-ray attenuation information of a firstimposed material having
a predetermined minimum effective atomic number less than an effective
atomic number of the first reference material and a second imposed material
having a predetermined maximum effective atomic number greater than an
effective atomic number of the second reference material. The first range is
within the extrapolation range. At step 2104, a set of fitting constraints is
selected for associating each of the first reference material path lengths and
the second reference material path lengths over the extrapolation range of dual-
energy attenuation information. At step 2106, the set of fitting constraints are
applied to the model to define at step 2108 extrapolated first and second

reference material equivalent path lengths over the extrapolation range.

[0186] The first and second reference material equivalent path length
information may be determined by any suitable method previously described.
Preferably, such information is retrieved from lookup tables, as shown at step
2110, having therein saved first and second reference material equivalent path
lengths associated with the dual-energy x-ray attenuation information
corresponding with the dual-energy attenuation information range.
Alternatively, as shown at step 2112, the first and second reference material
path length information may be determined by repeating the dual-material
decomposition method previously described for fresh scans of suitable

reference materials.

[0187] A system of one or more computers can be configured to perform
the particular operations or actions as described herein by virtue of having
software, firmware, hardware, or a combination of them installed on the system
that in operation causes or cause the system to perform the actions
automatically and in real time or near real time. One or more computer
programs can be configured to perform particular operations or actions
described herein by virtue of including instructions that, when executed by data
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processing apparatus, cause the apparatus to perform the actions. Such

actions may be performed automatically and in real time or near real time.
OBJECT RECONSTRUCTION METHOD

[0188] There is also provided a method to find the density and effective
atomic number Ze of objects present in scanned images. This is particularly
useful in the context of identification of LAG (liquid-aerosol-gel) materials which

may be contained within a container at the time of scanning.

[0189] With reference to FIGS. 23A and 23B, in a first aspect, the method
for assigning attributes to an object of interest may be described as follows.
However, it should be understood that certain steps in the method may be
performed by different means, depending on the conditions relating to the
object of interest that is scanned without departing from the scope of the
invention described herein. Certain steps may also be performed in a different
order than that presented in the following description.

[0190] In a first step 2300, the unknown object of interest is scanned.
Typically, the object of interest at least partially overlaps with a background
object within an x-ray scanning device, such as, for example, a security
screening tray. The unknown object may also be contained within a container
that is placed within the tray for the scanning operation. The x-ray scanning
device emits x-rays from at least two sources which pass through the unknown
object and the background object to be detected by at least one array of
detectors. The detectors provide at step 2302 a plurality of dual-energy
attenuation images each having dual-energy x-ray attenuation information
representing the container and an overlap region wherein the background
object, the container and the unknown object of interest overlap.

[0191] Next, at step 2304, the dual-energy attenuation images are
decomposed into reference material equivalent path length images, which are
provided at step 2306. At step 2308, the reference material equivalent path

lengths representing the background object are removed from the reference

-65 -



WO 2019/136547 PCT/CA2018/051674

material equivalent path length images. This may be done, for example, using
the methods described above with respect to background object removal.
Thereby, there is provided at step 2310 reference material equivalent path

lengths representing the unknown object and the container.

[0192] At step 2312, the reference material equivalent path lengths
representing the unknown object are converted to unknown object path lengths
multiplied by a predetermined scaling factor. Such a conversion may be
accomplished, for example by applying the following function for each of the
first and second reference material equivalent path lengths representing the

unknown object:

6, (L)) = Ptop () {g[zob(inj)] - g[Zb]}

Po 9lZ, 1 - glzp]
to (@, )) = ptop (i, (Gl Zop (0, D] — g[Zp]) X scaling factor

=t, (i,j) X scaling factor =t, (i,j) X SF

i _+ *(7 ) = P
With SF = PRCTARPTE) when t,;(,j) = t, (i,))

wherein p,, g[Z,] and g[Z,] are all constants. Next, at step 2314, the effective
atomic number for each pixel representing the unknown object and the
container is determined.

[0193] At step 2316, the mass thickness for each pixel representing the
unknown object and the container is determined. The mass thickness is
equivalent to the unknown object path lengths representing the unknown object
of interest multiplied by the scaling factor. At step 2318, there is identified each
first source-detector pair line defined by a first x-ray extending between a first
one of the at least two sources and one detector of the array of detectors in a
first one of the plurality of dual-energy attenuation images on which lies one
scaled unknown object path length. At step 2320, there is identified each
second source-detector pair line defined by a second x-ray extending between
a second one of the at least two sources and one detector of the array of
detectors in a second one of the plurality of dual-energy attenuation images on
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which lies one other scaled unknown object path length, the second one of the
plurality of dual-energy attenuation images having been generated
contemporaneously with the first one of the plurality of dual-energy attenuation
images.

[0194] At step 2322, the extremities of each of the scaled unknown object
path lengths are joined to provide a scaled contour of the unknown object at
step 2324. The contour of the unknown object of each of the first and the
second one of the plurality of dual-energy attenuation images are then
iteratively matched at step 2326 to reduce the scaling factor of the scaled
unknown object path lengths representing the unknown object and provide
unknown object path lengths at step 2328 and thereby a contour of the unknown
object at step 2330.

[0195] The contour of the unknown object is then defined as an inner
contour of the container at step 2332. At step 2334, there are identified third
source-detector pair lines defined by third x-rays extending between each
source and one detector of the array which intersect with the container at only
one point of intersection in each of the first and second one of the plurality of
dual-energy attenuation images. These third source-detector pair lines delimit
at step 2336 an outer bound of the container as the pixels within the third
source-detector pair lines. At step 2338, the outer bound of the container
extending between the one point of intersection of each third source-detector
pair line is interpolated to define an outer contour of the container at step 2340.
At step 2342, path lengths are determined which represent the container as
path lengths which extend between the inner contour of the container and the
outer contour of the container. Next, at step 2344, an effective atomic number
of the unknown object is determined and at step 2346, a mass density of the
unknown object is determined.

[0196] Decomposition of the dual-energy attenuation images of the
unknown object at step 2304 into reference material equivalent path length

images may be performed in any manner previously described, such as for
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example, imposing the dual-energy attenuation information of each pixel onto
suitable inverse attenuation surfaces to obtain the first and second equivalent
reference material path lengths as in step 2348 or by using suitable lookup
tables as in step 2350. This is previously discussed with reference to Figs. 3
and 11 and in particular step 306 shown in Fig. 11.

[0197] The step 2306 for removal of reference material equivalent path
lengths representing the background object, such as a security screening tray,
from the images may be performed in a number of ways depending on the
properties of the background object.

[0198] The first method for removal of background objects, shown in FIG.
24, is to first, at step 2400, scan predetermined background objects, such as,
for example, empty trays at various locations on the scanner belt and in varying
angles of rotation or orientation within the scanning chamber to provide low and
high energy x-ray signal images at step 2402. The low and high energy x-ray
signal information for each pixel in each of the scans of the tray, along with
position and angle data of the tray, are stored in a database at step 2404. This
is done, for example, by contouring the tray image and tracing a rectangle
around it with a segmentation algorithm, as shown at step 2406, and saving the
measured values of the image and the corresponding tray placement
information in a database. Then, when an unknown object of interest is scanned
at step 2408 in a tray using the x-ray scanner to provide low and high energy x-
ray signal images of the unknown object overlapping with the tray at step 2410,
the stored tray image that is closest in position and angle to that scanned with
the unknown object of interest is found in the database at step 2412, once
again, for example, by tracing a rectangle around the tray using a segmentation
algorithm at step 2414 and then comparing at step 2416 that rectangle to the
positions and angles of the tray in the stored database tray images. The
database tray image is then registered at step 2418 on the scanned image of
the unknown object of interest, simply by rotating and translating it so the angle
and position are a closer match. Finally, the tray image low and high energy
signals are subtracted from the scan image at step 2420 to provide background-
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free low and high energy signals representing only the unknown object at step
2422.

[0199] The second method for removal of background objects is very similar
to the first method, except that in addition to saving the empty tray signal data,
the reference material path lengths, from the calibration method, are also
saved. Once again this is done by contouring the tray image and preferably
tracing a rectangle around it with a segmentation algorithm and saving the
measured values of the image as well as the calculated reference material path
lengths and the corresponding tray placement and orientation information in a
database. Then, when an unknown object of interest is scanned in a tray in the
X-ray scanning device, the stored tray image that is closest in position and
orientation is found in the database. This is preferably done as in the first
method by tracing a rectangle around the tray of the scanned image and then
comparing that rectangle to the stored database tray images’ positions and
angles. The database tray image is then registered on the object scanned
image, preferably by rotating and translating it so the angle and position are a
closer match. Then, during the next step, instead of subtracting the tray image
signals from the scanned tray image as in the first method, the reference
materials path lengths of the tray image are subtracted from the reference
materials path lengths of the scanned image. This second method is therefore
in accordance with the method for removal of background object path lengths
discussed above with reference to FIG. 14.

[0200] The third method for removal of background objects from a scanned
image is to directly apply the procedure explained previously relating to the
removal of a background object with homogeneous composition and non-
uniform path length distribution. With this method, the tray path lengths in the
region of overlap of the background object or tray and object of interest must
be known, as well as the density and effective atomic number of the material
the tray is made of, in order to calculate the mass thickness of the tray to be
removed from the mass thickness of the scan image. They can be calculated

by first obtaining or creating a 3D model of the tray. Then the position and
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rotation angle of the tray in the scanner must be determined. This can be done
once again using a segmentation algorithm and preferably by tracing a
rectangle around the tray in the scan image. The 3D model of the tray is then
simulated in the scanner geometry with the proper position and angle. A ray
casting algorithm may be used to find the path lengths through the tray for every
pixel. The ray casting algorithm can be executed by the graphics processing
unit (GPU) to speed up the process. If they have not been determined
beforehand, the tray density and effective atomic number can be obtained from
the image by applying the dual-reference material path length decomposition
method previously described. With both these material properties and the tray
path lengths, it is possible to calculate the reference material path lengths for
the whole tray. These reference material path lengths can then be subtracted
from the reference material path lengths of the overlap region of the image,
which results in the reference material path lengths of the image without the
tray. These reference material path lengths can then be used to calculate the
signal, attenuation, mass density and effective atomic number for the image

without the tray.

[0201] With reference to FIG. 25, the third method for removal of
background objects begins with the step 2500 of scanning a predetermined
background object to provide low and high energy x-ray signal images at step
2502. At step 2504 there is obtained a three-dimensional model of the
background object according to the position and orientation of the background
object as scanned in the x-ray scanning device. At step 2506, the reference
material equivalent path lengths through the background object in the three-
dimensional model are determined for each pixel using a ray casting algorithm
as shown at step 2508 or any other suitable reference material decomposition
means as previously described. The effective atomic number of each pixel the
background object is determined at step 2510 and the mass density of each
pixel of the background object is determined at step 2512. Next, at step 2514,
the mass thickness of the background object is determined by multiplying the

predetermined first and second reference material equivalent path lengths of
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the background object with the mass density of the background object. At step
2516, the background object and overlap region are localized in the dual-
reference material equivalent path length images of the unknown object
scanned with the background object, preferably using a segmentation algorithm
as shown at step 2518. At step 2520, the mass thickness of the background
object is eliminated from the mass thickness of the reference material path
length images to obtain a mass thickness of the unknown object at step 2522.
The first and second reference material equivalent path lengths through the

unknown object are thereby provided at step 2524.

[0202] A preferred next step in the method described in FIGS. 23A and 23B
is to determine the effective atomic number (Ze) of the container as shown at
step 2352, if the container is present. The calibration method described above
transforms the signal obtained for each pixel of the scanned image into mass
thickness and Z values. If the X-ray corresponding to a pixel has traversed
multiple different materials, the resulting mass thickness and Z.x are
combinations (sum and weighted average) of the properties of those materials.
In order to find the effective atomic number of the container, a pixel of an X-ray
that traverses the container but not the object of interest must be observed.
This can happen two possible ways: observation of a pixel representing the
“side” of the container in the scanned image, and, observation of a pixel
representing the “top” (whichever side is up) of the container, where there is no
object of interest at that portion of the container because of gravity. In these
locations, the Zes of the container can be directly obtained from the calibration
method. The Z.« values associated with each pixel may be found, for example,
by applying a segmentation procedure to the scan image, and then calculating
the average (or another relevant statistical quantity) effective atomic number
over the region of the container. If there is no container, or more specifically the
object of interest is not contained within a container, the mass thickness of each
pixel, obtained from the above described calibration method, is equivalent to
the object of interest density multiplied by the object of interest path length for

that pixel. In that case, the density, which is unknown but constant across all
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pixels, acts as a scaling factor. Therefore, the mass thickness is a scaled
version of the path lengths. If there is a container, then the procedure explained
above with reference to FIGS. 17A and 17B in relation to the removal of a
background object with a homogenous composition and non-uniform path
length distribution may be used to evaluate the mass thickness of a material in
the calibration method if the mass thickness and effective atomic number from
the combination of both materials, as well as both of the materials’ individual
effective atomic numbers are known. This is true for the reference materials of
the calibration method, but is also true for the container and object of interest

materials:

9lZop (i, )] = g[Zb]}

Poto (i,)) = Ptob("’j){ 92,1 — glZ,)

9lZop (1, D] — g[Zo]}

ppty (0, )) = ptob(i'j){ glZ,] —glZ,]

where (i,j) is the pixel coordinates in the image, pt is the mass thickness, g(2)
the effective atomic number model, the indices “0” stands for “object of interest”,
“b” for background or bottle (container), “ob” for object of interest + background.
ptop(p) and g[Z,,(i,j)] are obtained directly from the above described

calibration method and g[Z,] was obtained during the last step.

[0203] However, since the Z.s and mass thickness are a combination of the
underlying materials and because of the nature of the objects being scanned
(object of interest within a container), there are no pixels representing only the
object of interest. Also, there is no way of applying the layer removal procedure
to the container without either having either the exact 3D model of the container
or some pixels with only container information and knowledge of the path length
of the x-rays through the container in those pixels. Neither of these pieces of
information are available and g[Z,] remains unknown. Therefore, the mass
thickness of the object of interest or container cannot be evaluated directly.
However, values for the path lengths through the object of interest multiplied by
a constant, called a scaling factor, may still be determined from the previous
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equations, by estimating value for g[Z,]. The result is a value that represents
the path lengths multiplied by a constant, called scaling factor. Although the
scaling factor is unknown, it is the same for all pixels, which is sufficient for this
step of the procedure. Also, as explained previously, in particular with respect
to the aforementioned procedure for removal of a background object having
homogenous composition and horizontally uniform path length distribution, the
uncertainties for all formulations ((t1, t2) or (pt, Z2)) of the input values are
known. It is therefore possible to evaluate uncertainty, on the object of interest
path lengths determined with the present method. This information may be used

to affect the results in the subsequent steps.

[0204] Mass thickness is already equivalent to the path lengths multiplied
by an unknown constant (the density). As it was explained previously,
multiplying the path lengths by an arbitrary constant, still results in the path
lengths multiplied by an unknown constant called the scaling factor. This step
is about transforming a set of separate path lengths into a cohesive object of
interest shape and eliminating the scaling factor to find the real path lengths.

[0205] For a given scaling factor, the initial data set is composed of path
lengths for each pixel, for all images generated by each source, or in other
words the length of the intersection for each X-ray and the object of interest.
Each detector-source pair is represented as a known line through space on
which the corresponding path length through the object of interest is located.
Since the exact shape and location of the object of interest is unknown, the
position of the path length line segment along its supporting line is also
unknown. However, all source-detectors assemblies view the same object.
Therefore, the contour of the object of interest in a given slice, created by joining
the extremities of each path length with the extremities of its nearest neighbors,
should be the same in both views. Moving a path length along its supporting
line modifies the object of interest contour in two points, since its line must both
“enter” and “exit” the object of interest. The goal of this step is to move the path
lengths so that the contours formed from every view’'s path lengths are as
similar as possible. Such movement may be according to pre-specified rules
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and constraints. Thereby, the contours may be superimposed in space and
iteratively moved towards each other, since, if the contours found in two
contemporaneous images generated by two different sources circumscribe the
same space, then it means that the two contours are very similar. However, if
the path lengths are too long, it may be difficult to obtain such a result.

[0206] This process is similar to non-rigid point set registration, but where
the different sets of points are being registered on each other, so all sets of
points act as both the “source” and “target” at the same time. Accordingly, the
conventional registration metrics are generalized to take that into account.

Therefore, it can be divided into two main steps.

[0207] First, the distance between the sets of data representing the contour
in both images is measured in some way. This may be done either for each
point in each set (with particular attention spent on the fact that the amount for
each set is different) or for the set as a whole or both.

[0208] Second, the points of each set are displaced to reduce the distance
measured in the previous step. The points in each set can be displaced
individually, as a whole or both. However, contrary to regular registration
procedures, the points can only be moved parallel on their supporting lines,
which means the displacement cannot only be a combination of translation and
rotation of the whole set of points. Therefore, the points must be at least
displaced individually.

[0209] The above two steps may be repeated until the desired level of
“‘match” is attained. This can be defined either by a threshold on the distance
measured in step one or the displacement of step two. The procedure can also
be stopped after a certain number of iterations has been reached.

[0210] This procedure can be repeated separately for each column in the
image, also called a “slice”. A slice is the corresponding columns in the image
of each view acquired at the same time from the beginning of the scan of the

object. Since the different sources irradiated parallel planes and the belt moves
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at constant speed, the length of the container in every image is the same. The
subdivision of the container lengthwise corresponds to the pixel columns in the
image, and is determined by the belt speed and integration time of the electronic
acquisition system, which is the same for both views. Therefore, each column
in one view corresponds to another column in the other view that sees the same
section of the container, or the same “slice”, up to the spatial resolution of the
detection system.

[0211] However, it is possible that this first scaling factor may not be correct
or optimal. The contour matching procedure is started at the largest possible
scaling factor then repeated for increasingly smaller scaling factors. This
repetition is stopped when the contours attain the best “level of match”
compared to other scaling factors. By iteratively choosing a scaling factor that
is closer to the correct one, the “level of match” should increase. When the
“level of match” starts decreasing, this means that the scaling factor is moving
further from the correct value, which makes it possible to evaluate the correct
scaling factor. This procedure may be performed for several slices together or

separately.

[0212] In a next step, the container is reconstructed which in turn includes
the determination of the bounding box of the container and a bubble, if present.

[0213] A bounding box is a set of lines that limits the area where the path
lengths must be contained and is defined by the edge pixels from all views. The
container bounding box is made of lines intersecting each other. Since these
lines are considered continuous in space, they do not initially limit the permitted
space to a polygon, as they should. For the object of interest, this is avoided by
defining the bounding points for each source-detector supporting line
supporting each scaled path length, and the points defining the object of interest
must be in between those bounding points. This procedure does not provide a
suitable bounding box for the container, since the container points that will be
created will not be necessarily be on the supporting lines. Therefore, the actual

bounding polygon for the container must be defined. This is done by finding all
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the bounding lines intersections and eliminating all points that are too far from
the previously mentioned bounding points. The bounding polygon is then simply
the line joining together all the points left. Also, when three bounding lines
intersect at the same point, they usually appear as three intersections. In that
case, the middle intersection is eliminated from the polygon. This creates a very
small segment instead of a 3-way intersection point. This very small segment
will be useful in further steps.

[0214] In a next step, the presence of an empty part inside the container,
also called a bubble, is detected when present, either by comparing the
estimated thickness of the container under and above the container or by other
means. The points composing the top surface of the object of interest are also
determined.

[0215] The container path lengths are determined differently than the path
lengths for the object of interest. First, a model or contour must be created for
the container, which is done by “anisotropic scaling” of the object of interest, so
it touches the container bounding box. There are as many contact points of the
scaled object of interest contour as there are bounding box polygon sides. This
can be done by applying five hypotheses that can be relatively safely assumed
about the container, in addition to the previous rules and constraints that were
used for the object of interest reconstruction. First, for any path length that does
not extend into an empty part of the container, the object of interest inside
touches the container at both entry and exit points of object of interest path
lengths. Second, the container must touch each side of the container bounding
box in at least one location. Third, although the container thickness will
generally not be constant, it should be a smooth function in between points of
contact with the bounding box. This can be achieved by interpolating the
thickness between points of contact. Fourth, the point of contact on the
bounding box is likely to be either the one closest to the object of interest, or
the one that is encountered when travelling along the normal of the object of
interest top surface. Fifth, if a bubble was detected and the part of the object
of interest that was closest to the bounding box is part of the top surface of the
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object of interest, this side of the bounding box should not be considered, since
the exact point where the containeris in contact with the bounding box is difficult

to determine based on the object of interest.

[0216] The first hypothesis allows for the creation of the inner contour of the
container, which is simply equal to the contour of the object of interest. The
four subsequent hypotheses allow the creation of the outer contour of the
container. To create a contour, whether inner or outer, corresponding model
points are linked in the same order as the object of interest contour points.
Container path lengths are then obtained by intersecting the supporting lines
with that shape using, for example, a ray casting algorithm. If the intersection
would be outside the bounding box, the intersection with the bounding box is
used instead for that path length. Finally, the container contour is created by
joining the extremities of these path lengths, as for the object of interest contour.

[0217] If the container is too thin, the bounding box of the liquid (object of
interest) may be the same as the bounding box of the container. In that case,
the “anisotropic scaling” method is not optimal. The preferred alternative is to
suppose instead that the container thickness is constant. This thickness may
be a preset constant, may be inferred from the geometrical transverse distance
between adjacent pixels, or may be estimated from the Zeff of the container or

by other means.

[0218] If a bubble is present in the container, then the container model may
be erroneous, and a different model would be preferred. One such model uses
either reflection or rotational symmetry to create the container, depending on
the previously determined number of corners. Indeed, containers with an even
number of corners (and sides) are more likely to have vertical symmetry,
whereas it is impossible for a container with an odd number of corners/sides to
possess “vertical” symmetry if it has a side lying flat on the tray surface. Note
here that vertical refers to the axis that is normal to the tray surface on which
the container is lying.
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[0219] Reflection symmetry can be useful if the top part of the container is
poorly defined but the bottom part is well defined, and the container is
suspected to be vertically symmetrical. In such circumstances, an additional
procedure is used to modify the container model which differentiates points that
are part of the object of interest/bubble interface and points that are part of the
object of interest/container interface. The latter, as well as the container points,
are reflected based on an axis that is parallel to the tray surface. The reflected
container points must also be tangential to the bounding box. Finally, points left
under the reflection axis are eliminated, and sections of contour missing are

interpolated.

[0220] Another way to determine the thickness of the container all around
the object of interest contour, is to first evaluate the thickness according to the
previously detailed model. Then the periodicity of the container thickness
and/or object of interest radial size is evaluated. If it is determined to have a
clear period, then the thickness can be taken from one period and then repeated

for the other periods.

[0221] This can be particularly useful if there are few contact points and the
real container thickness shifts in a way that is nonlinear in between those points.
In that case it is possible that the container contour under the object of interest
is more accurately defined because of the proximity with the bounding box. This
case can be detected if the normal container model leads to a container
thickness over the object of interest that is much larger than the one underneath
it.

[0222] In that case, the periodicity of the object of interest or container
shape may be evaluated, either by performing a fast Fourier transform on the
radial size of the object of interest or by other means. If the shape is found to
be periodic or if a bubble has been detected, then as previously indicated, the
period is evaluated and the container contours (both inner and outer) are taken
over a period and repeatedly rotated around the most likely centroid of the
container to form a complete contour. The most likely segment of contour to be
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estimated correctly is the one located directly under the container centroid,

between the bounding box surface and the liquid.

[0223] Solution by pairs provides a second method of determining the
thickness of the container around the object of interest. The solution by pairs

corresponds to solving the two base equations (individually):
ptob(i'j; k) = poto (i'j' k) + pbtb (i;j' k)

g[Zob (i,j, k)]Ptob (i,j, k) = g[Za]po to (i)j: k) + g[Zb]pbtb (i,j, k)

for pairs of path lengths, transforming a situation of 2 equations — 3 unknowns
for a single path length, to 4 equations — 3 unknowns.

[0224] All possible pairs of pixels i can be used, as long as its supporting
line sees both the object of interest and the container, even if they belong to
different slices jand views k. Pairs of resulting values that are outside the range
of possible values can be eliminated outright, and are most likely caused by an
incorrect path length. Each pair will give a different value for p,, p, and Z,, and
so this method results in a distribution of values. The best value for each
quantity is evaluated from descriptive statistics of the associated distribution. It
can be also relatively safely assumed that the lower the spread of the
distribution, the more optimal the solution is likely to be.

[0225] There is provided a third method for determining the thickness of the
container wall whereby analytical functions may be fit on the data. This may be
done in two different ways, for both of the base equations referred to in the
above description for the solution by pairs. All fits are made using quantities for

all pixels i, slices j and views k.

[0226] The first fitting option is a linear fit on the following equations:
ptob(i;jr k) to (iljJ k)
= Po +
ty tp
to (i'j' k) ptob(i'j' k)

with the regressor E— and the predictor "
b b

Pb
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9lZon(,j, K)]pt,p (0, k) to (i,), k)
T = g[Zo1po ==+ g[Zy1ps
tb (l;]; k) tb (l’]I k)
tO .; -rk . ZO .I .lk to .r -rk
with the regressor L and the predictor 9120y (@), K))pton (G, j, )
tb tb (i'jl k)

By fitting a linear regression, the slope of the first equation is p, and the slope
of the second equation is g[Z,]p,. The intersect in the first equation gives p,,.
Note that for both equations, o and b can be switched interchangeably to
instead find the container density as the slope and object of interest density as
the intersection. However, this has limited use since at this point the properties
of the object of interest may be calculated without having to find the container
density.

[0227] The second fitting option is to consider the base equations as

bivariate linear functions:
ptob(ilj! k) = poto (i,j, k) + pbtb (i,j, k)
with the regressors ¢, (i, j, k) and t;, (i, ], k), and the predictor pt,, (i, j, k)

g[Zab (ilji k)]ptob(irjr k) = g[Zo]poto (iljl k) + g[Zb]pbtb (irjl k)
with the regressors ¢, (i,j,k)and t, (i,j, k),

and the predictor g[Z,, (i, ], k) 1pton (i, j, k)

For the first equation, the slope in direction x at y=0 is p, and the slope in
direction y at x=0 is p,. For the second equation, the slope in direction x at y=0

is glZ,]p, and the slope in direction y at x=0 is g[Z,]p.

[0228] Finally, g[Z,] can be obtained by dividing g[Z,]p, by the previously
obtained p,, and Z, can be obtained with g~1{g[Z,]3}.

[0229] It should be understood that the object of interest may not
necessarily be contained within a container. Under such circumstances, the

method may proceed as follows with a number of steps being similar or identical

-80 -



WO 2019/136547 PCT/CA2018/051674

to those found within the method wherein the object of interest is contained
within a container, however, wherein determination of the container

characteristics and bounding box is not required.

[0230] With reference to FIG. 26, the method for assigning attributes to an
object of interest in another aspect may be described as follows. However, it
should be understood that certain steps in the method may be performed by
different means, depending on the conditions relating to the object of interest
that is scanned without departing from the scope of the invention described
herein. Certain steps may also be performed in a different order than that

presented in the following description.

[0231] In a first step 2600, the unknown object of interest is scanned.
Typically, the object of interest at least partially overlaps with a background
object within an x-ray scanning device, such as, for example, a security
screening tray. The x-ray scanning device emits x-rays from at least two
sources which pass through the unknown object and the background object to
be detected by at least one array of detectors. The detectors provide at step
2602 a plurality of dual-energy attenuation images each having dual-energy x-
ray attenuation information representing an overlap region wherein the
background object and the unknown object of interest overlap.

[0232] Next, at step 2604, the dual-energy attenuation images are
decomposed into reference material equivalent path length images, which are
provided at step 2606. At step 2608, the reference material equivalent path
lengths representing the background object are removed from the reference
material equivalent path length images. This may be done, for example, using
any of the methods described above with respect to background object
removal. Thereby, there is provided at step 2610 reference material equivalent
path lengths representing the unknown object.

[0233] At step 2612, the reference material equivalent path lengths
representing the unknown object are converted to unknown object path lengths

multiplied by a predetermined scaling factor.
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[0234] At step 2614, the mass thickness for each pixel representing the
unknown object is determined. The mass thickness is equivalent to the
unknown object path lengths representing the unknown object of interest
multiplied by the scaling factor. At step 2616, there is identified each first
source-detector pair line defined by a first x-ray extending between a first one
of the at least two sources and one detector of the array of detectors in a first
one of the plurality of dual-energy attenuation images on which lies one scaled
unknown object path length. At step 2618, there is identified each second
source-detector pair line defined by a second x-ray extending between a
second one of the at least two sources and one detector of the array of
detectors in a second one of the plurality of dual-energy attenuation images on
which lies one other scaled unknown object path length, the second one of the
plurality of dual-energy attenuation images having been generated
contemporaneously with the first one of the plurality of dual-energy attenuation

images.

[0235] At step 2620, the extremities of each of the scaled unknown object
path lengths are joined to provide a scaled contour of the unknown object at
step 2622. The contour of the unknown object of each of the first and the
second one of the plurality of dual-energy attenuation images are then
iteratively matched at step 2624 to reduce the scaling factor of the scaled
unknown object path lengths representing the unknown object and provide
unknown object path lengths at step 2626 and thereby a contour of the unknown
object at step 2628. Next, at step 2630, an effective atomic number of the
unknown object is determined and at step 2632, a mass density of the unknown

object is determined.

[0236] Decomposition of the dual-energy attenuation images of the
unknown object at step 2604 into reference material equivalent path length
images may be performed in any manner previously described, such as for
example, imposing the dual-energy attenuation information of each pixel onto
suitable inverse attenuation surfaces to obtain the first and second equivalent
reference material path lengths as in step 2634 or by using suitable lookup
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tables as in step 2636. This is previously discussed with reference to Figs. 3

and 11 and in particular step 306 shown in Fig. 11.

[0237] Since multiple values have been obtained for the object of interest
properties, the values must be combined to provide a final best value according
to a set of criteria based on various evaluable metrics. The disparity,
uncertainties of the values as well as the uncertainty on the scaling factor
determined in relation to the contour of the object of interest, and various
metrics determined by these can all be considered in determining the final
values, as well as their uncertainties. These uncertainties may be relied upon

in the next step, the threat determination method.

[0238] A system of one or more computers can be configured to perform
the particular operations or actions as described herein by virtue of having
software, firmware, hardware, or a combination of them installed on the system
that in operation causes or cause the system to perform the actions
automatically and in real time or near real time. One or more computer
programs can be configured to perform particular operations or actions
described herein by virtue of including instructions that, when executed by data
processing apparatus, cause the apparatus to perform the actions. Such
actions may be performed automatically and in real time or near real time.

THREAT DETERMINATION METHOD

[0239] The purpose of the threat determination method is to calculate a
threat metric value and a safe metric value by comparing the Z.« and density
ranges of the object of interest, determined by way of the methods defined
previously, to threat and safe maps built by scanning actual explosives and safe
objects. A decision is made based on these values and if a threat is detected,
it is shown on screen for viewing by security screening personnel or an alert
condition is raised.

[0240] The density and Z.« values of objects considered to be threats and

safe are used to build the maps. These can be acquired either by looking in
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literature, making measurements, calculating properties from the chemical
composition, using the calibration method presented above or using scans and
the method for object reconstruction described above, or a combination of these
methods. The density / effective atomic number joint distribution depends on
the source of the value or the method used for its acquisition. Then for each
point of the whole domain of possible object density and Z.« values (wherein
the distribution is such that density is on one axis and Z is on the other axis),
the probability density of each known object of the corresponding map is
superimposed. So, for the pair (density, Zex), the probability for OBJECT 1 to
have one specific (density, Zeff) is added to the map, the probability of OBJECT
2 to have one specific (density, Zeff) is added to the map, etc., until all objects
for that category (safe or threat) have been added to the map. This is done for
all possible (density, Ze#) pairs of the density and Z.+ domain. Each map is then
normalized for the number of objects it contains. The map therefore returns, for
a specific (density, Zeff) pair, both “threat’ and “safe” values that are similar to
a probability, that each represent how likely it is for that pair to be a threat and

a safe object.

[0241] Note that this step can be performed by using a suitable density/Zes
mesh and by calculating the safe and threat metrics for each cell of the mesh,
or analytically by considering the sum of probabilities densities for each object
as continuous functions over the domain. An example of a probability density
for an object could be a binormal distribution centered on the average density
and Zes of that object. The normalized sum of all the distributions of the objects
of one category, “safe” of “threat” are respectively called the safe map and

threat map.

[0242] When an unknown object is scanned, a similar distribution is
determined for that object as a result of the object reconstruction method,

described above. This is called the value distribution.
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[0243] The threat and safe metrics are simply the sum of the value
distribution (assumed once again as a normal distribution) multiplied by each

corresponding map, over the whole map:

Safe metric = Z safe map(pi, Zeff,i) * value distrl’bution(pi, Zeff,l-)

i

Threat metric = z threat map(pl-, Zeff,l-) * value distribution(p;, Zeg;)
i

Here, the index i refers to each cell of the map, and p;, Z.¢; represent the mass

density and Z for each of those cells.

[0244] For example, for the first cell, the safe metric value will be the “safe”
value previously defined for the mass density and Ze of that first cell, multiplied
by the probability that the unknown object has that mass density and Zes. This
is repeated for each cell, and the results are added together to provide the safe
metric. This is done once again but with the threat map to provide the threat

metric.

[0245] Or, if the maps are analytical,

Safe metric = ff safe map(p, Zeg) * value distribution(p, Zeg)dpdZ, sy
Threat metric = ff threat map(p, Z.¢) * value distribution(p, Zeg)dpdZ.rr

[0246] If the unknown object of interest has been determined to have
properties that are similar to a region of the map with a higher concentration of
possible safe/threat mapped objects, then it will appropriately have

corresponding higher safe/threat metrics.

[0247] The threat metric is divided by or otherwise mathematically
combined with the safe metric to give the threat ratio, and if the threat ratio is

over the decision threshold, then the unknown object is a threat. The threshold
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is selected to maximize detection and minimize false positives, and its concept
is thoroughly studied in decision theory. It can also be experimentally
determined by scanning objects in different configurations, conditions,
containers, and evaluating the resulting safe and threat metrics. The adjustment
of the threshold then results in a number of safe and threat assessments,
therefore resulting in a proportion of false positives and detection rates. It is
then fixed to result in the optimal proportion for the decision objectives dictated

by external authorities and is dependent on the overall solution.

[0248] If the unknown objects or objects of interest are determined to be
threats, the pixels they occupy in the images are sent to the GUI part of the
software for highlighting and user warning. An alert condition may also be

raised.

[0249] With reference to FIG. 27, there is provided a method for assigning
one of a safe condition and a threat condition to an unknown object. The
method begins with the step 2700 of determining a density value and an
effective atomic number value for a plurality of predetermined safe objects and
a plurality of predetermined threat objects. At step 2702, the density value and
effective atomic number values of each of the predetermined safe objects and
predetermined threat objects are plotted in a probability map to correlate
corresponding pairs of density values and effective atomic number values with
each of the predetermined safe objects and predetermined threat objects.

[0250] At step 2704 an unknown object is scanned to provide a plurality of
dual-energy attenuation images at step 2706 each having dual-energy
attenuation information representing the unknown object. At step 2708, each
of the dual-energy attenuation images are decomposed into dual-reference
material equivalent path length images representing the unknown object,
provided at step 2710. The reference material equivalent path lengths
representing the unknown object are converted at step 2712 into unknown
object path lengths multiplied by a predetermined scaling factor.
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[0251] At step 2714, the effective atomic number for each pixel representing
the unknown object is determined. At step 2716, the effective atomic number
of the unknown object is imposed on the probability map to determine a
probability that the unknown object is correlated with one of a predetermined
safe object or a predetermined threat object, provided at step 2718. As a further
optional step, an alert may be raised at step 2720 based on this probability.
Such an alert may, by non-exhaustive example, be an audible alert, a
modification to the displayed image, or notification to the appropriate personnel,

among other suitable alert conditions.

[0252] Decomposition of the dual-energy attenuation images of the
unknown object at step 2710 into reference material equivalent path length
images may be performed in any manner previously described, such as for
example, imposing the dual-energy attenuation information of each pixel onto
suitable inverse attenuation surfaces to obtain the first and second equivalent
reference material path lengths as in step 2722 or by using suitable lookup
tables as in step 2724. This is previously discussed with reference to Figs. 3

and 11 and in particular step 306 shown in Fig. 11.

[0253] Moreover, in cases wherein removal of a background object or
reconstruction of an object may be required, such removal of the background
object and/or reconstruction may be performed accordingly to any suitable
method previously described.

[0254] A system of one or more computers can be configured to perform
the particular operations or actions as described herein by virtue of having
software, firmware, hardware, or a combination of them installed on the system
that in operation causes or cause the system to perform the actions
automatically and in real time or near real time. One or more computer
programs can be configured to perform particular operations or actions
described herein by virtue of including instructions that, when executed by data
processing apparatus, cause the apparatus to perform the actions. Such

actions may be performed automatically and in real time or near real time.
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[0255] While the invention has been described in terms of specific
embodiments, it is apparent that other forms could be adopted by one skilled in
the art. For example, the methods described herein could be performed in a
manner which differs from the embodiments described herein. The steps of
each method could be performed using similar steps or steps producing the
same result but which are not necessarily equivalent to the steps described
herein. Some steps may also be performed in different order to obtain the same
result. Similarly, the apparatuses and systems described herein could differ in
appearance and construction from the embodiments described herein, the
functions of each component of the apparatus could be performed by
components of different construction but capable of a similar though not
necessarily equivalent function, and appropriate materials could be substituted
for those noted. Accordingly, it should be understood that the invention is not
limited to the specific embodiments described herein. It should also be
understood that the phraseology and terminology employed above are for the
purpose of disclosing the illustrated embodiments, and do not necessarily serve

as limitations to the scope of the invention.
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WHAT IS CLAIMED IS:

1. A method for assigning an attribute to an unknown object
overlapping with a predetermined background object comprising the steps of:

scanning the predetermined background object in a plurality of
positions and orientations within an x-ray scanning device to obtain a first
plurality of predetermined background object dual-energy attenuation images
each having predetermined background object dual-energy attenuation
information representing the predetermined background object;

decomposing the predetermined background object dual-energy
attenuation images into predetermined background object dual-reference
material equivalent path length images having predetermined background
object reference material equivalent path lengths passing through the
predetermined background object;

scanning the unknown object at least partially overlapping with the
predetermined background object within the x-ray scanning device to obtain a
second plurality of dual-energy attenuation images having dual-energy
attenuation information representing the background object and an overlap
region wherein the background object and the unknown object overlap;

decomposing the second plurality of dual-energy attenuation images
into reference material equivalent path length images wherein the overlap
region has first and second reference material equivalent path lengths passing
through both the background object and the unknown object;

determining the position and orientation of the background object in
one of the second plurality of dual-energy attenuation images and the second
reference material equivalent path length images of the unknown object by
using a segmentation algorithm to localize the background object;

determining, by comparison, corresponding ones of the plurality of
predetermined background object reference material equivalent path length
images which most closely corresponds with the position and orientation of the
background object in the dual-reference material equivalent path length images

of the unknown object; and,
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eliminating the predetermined background object reference material
equivalent path lengths of the corresponding ones of the plurality of the
predetermined background object reference material equivalent path length
images from the overlap region in the dual-reference material equivalent path
length images of the unknown object to provide reference material equivalent
path length images having first and second reference material equivalent path
lengths through only the unknown object.

2. The method according to claim 1, wherein the step of
decomposing predetermined background object dual-energy attenuation
images into predetermined background object dual-reference material
equivalent path length images further comprises the steps of:

scanning in the x-ray scanning device, first and second reference
materials each having known atomic composition, known dimensions and
known orientation in the x-ray scanning device, the x-ray scanning device
emitting x-rays which pass through the first reference material with first
reference material path lengths and through the second reference material with
second reference material path lengths to provide dual-energy x-ray attenuation
information;

associating the dual-energy x-ray attenuation information for each
pixel in the dual-energy attenuation images with each of the first reference
material path lengths and the second reference material path lengths;

expressing collectively each of the first reference material equivalent
path lengths and the second reference material equivalent path lengths as a
function of the associated dual-energy x-ray attenuation information to define
dual-energy attenuation surfaces; and,

imposing dual-energy attenuation information representing the
predetermined background object onto the dual-energy attenuation surfaces to
determine corresponding first reference material equivalent path lengths and
second reference material equivalent path lengths representing the

predetermined background object.
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3. The method according to claim 1, wherein the step of
decomposing predetermined background object dual-energy attenuation
images into predetermined background object dual-reference material
equivalent path length images further comprises the steps of:

retrieving, from lookup tables, saved dual-reference material
equivalent path lengths associated with the dual-energy x-ray attenuation
information corresponding with the dual-energy attenuation images.

4. The method according to claim 1 wherein dual-energy
attenuation images include low-energy attenuation images and high-energy
attenuation images, the dual-reference material equivalent path length images
include first reference material equivalent path length images and second
reference material equivalent path length images and the dual-energy x-ray
attenuation information includes high-energy x-ray attenuation information and

low-energy x-ray attenuation information.

5. The method according to claim 2, wherein the expressing step
further comprises:

selecting a model for expressing collectively each of the first reference
material equivalent path lengths and the second reference material equivalent
path lengths as a function of the associated dual-energy x-ray attenuation

information to define dual-energy attenuation surfaces.

6. The method according to claim 2, wherein the expressing step
further comprises the step of:

inverting numerically point-by-point the dual-energy attenuation
surfaces using an optimization algorithm to provide inverse dual-energy

attenuation surfaces.

7. The method according to claim 5, wherein the model is a
second model, the dual-energy attenuation surfaces are inverse attenuation
surfaces, and prior to the associating step, the method further comprises the
steps of:
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associating each of the dual-energy x-ray attenuation information with
corresponding ones of each of the first reference material equivalent path
lengths and the second reference material equivalent path lengths; and,

selecting a first model for expressing collectively the dual-energy x-
ray attenuation information as a function of the first reference material
equivalent path lengths and the second reference material equivalent path
lengths to define direct attenuation surfaces.

8. The method according to claim 5, wherein the step of selecting
the model further includes the steps of:

selecting a set of coefficients to be applied to the model for fitting the
dual-energy x-ray attenuation information with the model; and,

fitting the dual-energy x-ray attenuation information with the model by
optimizing the coefficients.

9. The method according to claim 8, wherein the step of selecting
the model further includes the steps of:

selecting the set of fitting constraints to be applied to the model for
selecting the coefficients; and,

selecting the set of coefficients by applying the set of fitting constraints
to the model.

10. The method according to claim 7, wherein the step of selecting
the first model further includes the steps of:
selecting a first set of coefficients to be applied to the first model
for fitting the dual-energy x-ray attenuation information with the first model; and,
fitting the dual-energy x-ray attenuation information with the
first model by optimizing the first coefficients; and,
the step of selecting the second model further includes the steps of:
selecting a second set of coefficients to be applied to the
second model for fitting the dual-energy x-ray attenuation information with the
second model; and,
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fitting the dual-energy x-ray attenuation information with the

second model optimizing the second set of coefficients.

11.  The method according to claim 10, wherein the step of
selecting the first model further includes the steps of:
selecting a first set of fitting constraints to be applied to the first
model for selecting the first set of coefficients; and,
selecting the set of first coefficients by applying the first set of
fitting constraints to the first model; and,
the step of selecting second the model further includes the steps of:
selecting a second set of fitting constraints to be applied to the
second model for selecting the second set of coefficients; and,
selecting the second set of coefficients by applying the second
set of fitting constraints to the second model.

12. The method according to claim 5, wherein the dual-energy x-
ray attenuation information includes high-energy x-ray attenuation information
and low-energy x-ray attenuation information, and wherein the associating step
further comprises:

defining a first space wherein the low-energy x-ray attenuation
information of the first reference material and the second reference material
defines a first plane and first reference material equivalent path lengths and
second reference material equivalent path lengths each define a first height
over the first plane;

defining a second space wherein the high-energy x-ray attenuation
information of the first reference material and the second reference material
defines a second plane and first reference material equivalent path lengths and
second reference material equivalent path lengths each define a second height
over second the plane; and,

representing collectively the first reference material equivalent path
lengths and the second reference material equivalent path lengths using the

model to define the dual-energy attenuation surfaces.
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13.  The method according to claim 7, wherein the associating step
further comprises:

defining a space wherein the first reference material equivalent path
lengths and the second reference material equivalent path lengths define a first
plane and the high-energy x-ray attenuation information and the low-energy x-
ray attenuation information each define a respective first and second height
over the first plane and represent collectively the high-energy x-ray attenuation
information and the low-energy x-ray attenuation information using the first
model to define the direct attenuation surfaces; and,

defining an inverse space wherein the low-energy x-ray attenuation
information and the high-energy x-ray attenuation information define a second
plane and first reference material equivalent path lengths and second reference
material equivalent path lengths each define a respective third and fourth height
over the second plane and representing collectively the first reference material
equivalent path lengths and the second reference material equivalent path

lengths using the second model to define the inverse attenuation surfaces.

14. The method according to claim 1, wherein the step of
decomposing the second plurality of dual-energy attenuation images into
reference material equivalent path length images further comprises the steps of:

scanning in the x-ray scanning device, first and second reference
materials each having known atomic composition, known dimensions and known
orientation in the x-ray scanning device, the x-ray scanning device emitting x-
rays which pass through the first reference material with first reference material
path lengths and through the second reference material with second reference
material path lengths to provide dual-energy x-ray attenuation information;

associating the dual-energy x-ray attenuation information for each
pixel in the dual-energy attenuation images with each of the first reference
material path lengths and the second reference material path lengths;

expressing collectively each of the first reference material equivalent
path lengths and the second reference material equivalent path lengths as a
function of the associated dual-energy x-ray attenuation information to define
dual-energy attenuation surfaces; and,
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imposing dual-energy attenuation information representing the
unknown object onto the dual-energy attenuation surfaces to determine
corresponding first reference material equivalent path lengths and second
reference material equivalent path lengths representing the unknown object

and the overlap region.

15.  The method according to claim 1, wherein the step of
decomposing the second plurality of dual-energy attenuation images into
reference material equivalent path length images further comprises the steps of:

retrieving from lookup tables saved dual-reference material equivalent
path lengths associated with the dual-energy x-ray attenuation information

corresponding with the dual-energy attenuation images.

16. The method according to claim 14 wherein the second plurality
of dual-energy attenuation images include low-energy attenuation images and
high-energy attenuation images, the dual-reference material equivalent path
length images include first reference material equivalent path length images
and second reference material equivalent path length images and the dual-
energy x-ray attenuation information includes high-energy x-ray attenuation
information and low-energy x-ray attenuation information.

17.  The method according to claim 14, wherein the expressing step
further comprises:

selecting a model for expressing collectively each of the first reference
material equivalent path lengths and the second reference material equivalent
path lengths as a function of the associated dual-energy x-ray attenuation
information to define dual-energy attenuation surfaces.

18.  The method according to claim 14, wherein the expressing step
further comprises the step of:

inverting numerically point-by-point the dual-energy attenuation
surfaces using an optimization algorithm to provide inverse dual-energy
attenuation surfaces.
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19. The method according to claim 17, wherein the model is a
second model, the dual-energy attenuation surfaces are inverse attenuation
surfaces, and prior to the associating step, the method further comprises the
steps of:

associating each of the dual-energy x-ray attenuation information with
corresponding ones of each of the first reference material equivalent path
lengths and the second reference material equivalent path lengths; and,

selecting a first model for expressing collectively the dual-energy x-
ray attenuation information as a function of the first reference material
equivalent path lengths and the second reference material equivalent path
lengths to define direct attenuation surfaces.

20. The method according to claim 17, wherein the step of
selecting the model further includes the steps of:

selecting a set of coefficients to be applied to the model for fitting the
dual-energy x-ray attenuation information with the model; and,

fitting the dual-energy x-ray attenuation information with the model by

optimizing the coefficients.

21. The method according to claim 20, wherein the step of
selecting the model further includes the steps of:

selecting the set of fitting constraints to be applied to the model for
selecting the coefficients; and,

selecting the set of coefficients by applying the set of fitting constraints

to the model.

22. The method according to claim 19, wherein the step of
selecting the first model further includes the steps of:
selecting a first set of coefficients to be applied to the first model
for fitting the dual-energy x-ray attenuation information with the first model; and,
fitting the dual-energy x-ray attenuation information with the
first model by optimizing the first coefficients; and,

the step of selecting the second model further includes the steps of:
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selecting a second set of coefficients to be applied to the
second model for fitting the dual-energy x-ray attenuation information with the
second model; and,

fitting the dual-energy x-ray attenuation information with the

second model optimizing the second set of coefficients.

23. The method according to claim 22, wherein the step of
selecting the first model further includes the steps of:
selecting a first set of fitting constraints to be applied to the first
model for selecting the first set of coefficients; and,
selecting the set of first coefficients by applying the first set of
fitting constraints to the first model; and,
the step of selecting second the model further includes the steps of:
selecting a second set of fitting constraints to be applied to the
second model for selecting the second set of coefficients; and,
selecting the second set of coefficients by applying the second
set of fitting constraints to the second model.

24. The method according to claim 17, wherein the dual-energy x-
ray attenuation information includes high-energy x-ray attenuation information
and low-energy x-ray attenuation information, and wherein the associating step
further comprises:

defining a first space wherein the low-energy x-ray attenuation
information of the first reference material and the second reference material
defines a first plane and first reference material equivalent path lengths and
second reference material equivalent path lengths each define a first height
over the first plane;

defining a second space wherein the high-energy x-ray attenuation
information of the first reference material and the second reference material
defines a second plane and first reference material equivalent path lengths and
second reference material equivalent path lengths each define a second height

over second the plane; and,
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representing collectively the first reference material equivalent path
lengths and the second reference material equivalent path lengths using the

model to define the dual-energy attenuation surfaces.

25.  The method according to claim 19, wherein the associating
step further comprises:

defining a space wherein the first reference material equivalent path
lengths and the second reference material equivalent path lengths define a first
plane and the high-energy x-ray attenuation information and the low-energy x-
ray attenuation information each define a respective first and second height
over the first plane and represent collectively the high-energy x-ray attenuation
information and the low-energy x-ray attenuation information using the first
model to define the direct attenuation surfaces; and,

defining an inverse space wherein the low-energy x-ray attenuation
information and the high-energy x-ray attenuation information define a second
plane and first reference material equivalent path lengths and second reference
material equivalent path lengths each define a respective third and fourth height
over the second plane and representing collectively the first reference material
equivalent path lengths and the second reference material equivalent path
lengths using the second model to define the inverse attenuation surfaces.

26. The method according to claim 1 wherein the background

object is a security screening tray.

27. The method according to claim 1, wherein the step of
decomposing the predetermined background object dual-energy attenuation
images into predetermined background object dual-reference material

equivalent path length images is performed in advance of a scanning operation.

28. The method according to claim 27 wherein the predetermined
background object dual-reference material equivalent path length images are
stored in archive.
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29. The method according to claim 1 further comprising the steps
of:

imposing reference material equivalent path lengths of the unknown
object onto the direct attenuation surfaces to obtain corresponding dual-energy
attenuation images of the unknown object.

30. The method according to claim 29, further comprising the step
of:

normalizing the dual-energy attenuation image of the object of
interest.

31.  The method according to claim 1 wherein the step of
decomposing the predetermined background object dual-energy attenuation
images into predetermined background object dual-reference material
equivalent path length images and the step of scanning the unknown object are
reversible.

32. A method for assigning an attribute to an unknown object
overlapping with an unknown background object having homogenous
composition and thickness comprising the steps of:

scanning the unknown object at least partially overlapping with a
portion of the background object within the x-ray scanning device to obtain a
plurality of dual-energy attenuation images each having pixels distributed in
rows and columns and each having dual-energy attenuation information;

decomposing each of the dual-energy attenuation images into dual-
reference material equivalent path length images including a background region
with first and second reference material equivalent path lengths passing
through only the background object and an overlap region with first and second
reference material equivalent path lengths passing through the unknown object
overlapping with the background object;

determining the background region and the overlap region by using a
segmentation algorithm to localize the background region;
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determining one of an average, a median and a mean of the first and
second reference material equivalent path lengths passing through only the
background object in each column;

eliminating the one of the average, the median and the mean of the
first and second reference material equivalent path lengths passing through
only the background object from the first and second reference material
equivalent path lengths of each column of the overlap region to determine first
and second reference material equivalent path lengths representing only the

unknown object.

33. The method according to claim 32, wherein the step of
decomposing each of the plurality of dual-energy attenuation images into dual-
reference material equivalent path length images further comprises the steps
of:

scanning in the x-ray scanning device, first and second reference
materials each having known atomic composition, known dimensions and
known orientation in the x-ray scanning device, the x-ray scanning device
emitting x-rays which pass through the first reference material with first
reference material path lengths and through the second reference material with
second reference material path lengths to provide dual-energy x-ray attenuation
information;

associating the dual-energy x-ray attenuation information for each
pixel in the dual-energy attenuation images with each of the first reference
material path lengths and the second reference material path lengths;

expressing collectively each of the first reference material equivalent
path lengths and the second reference material equivalent path lengths as a
function of the associated dual-energy x-ray attenuation information to define
dual-energy attenuation surfaces; and,

imposing dual-energy attenuation information representing the
unknown object onto the dual-energy attenuation surfaces to determine

corresponding first reference material equivalent path lengths and second
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reference material equivalent path lengths representing the unknown object

and the overlap region.

34. The method according to claim 33, wherein the step of
decomposing each of the plurality of dual-energy attenuation images into dual-
reference material equivalent path length images further comprises the steps
of:

retrieving from lookup tables saved dual-reference material equivalent
path lengths associated with the dual-energy x-ray attenuation information
corresponding with the dual-energy attenuation images.

35.  The method according to claim 33 wherein dual-energy
attenuation images include low-energy attenuation images and high-energy
attenuation images, the dual-reference material equivalent path length images
include first reference material equivalent path length images and second
reference material equivalent path length images and the dual-energy x-ray
attenuation information includes high-energy x-ray attenuation information and

low-energy x-ray attenuation information.

36. The method according to claim 33, wherein the expressing step
further comprises:

selecting a model for expressing collectively each of the first reference
material equivalent path lengths and the second reference material equivalent
path lengths as a function of the associated dual-energy x-ray attenuation

information to define dual-energy attenuation surfaces.

37.  The method according to claim 33, wherein the expressing step
further comprises the step of:

inverting numerically point-by-point the dual-energy attenuation
surfaces using an optimization algorithm to provide inverse dual-energy

attenuation surfaces.

38. The method according to claim 33, wherein the model is a

second model, the dual-energy attenuation surfaces are inverse attenuation
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surfaces, and prior to the associating step, the method further comprises the
steps of:

associating each of the dual-energy x-ray attenuation information with
corresponding ones of each of the first reference material equivalent path
lengths and the second reference material equivalent path lengths; and,

selecting a first model for expressing collectively the dual-energy x-
ray attenuation information as a function of the first reference material
equivalent path lengths and the second reference material equivalent path

lengths to define direct attenuation surfaces.

39. The method according to claim 36, wherein the step of
selecting the model further includes the steps of:

selecting a set of coefficients to be applied to the model for fitting the
dual-energy x-ray attenuation information with the model; and,

fitting the dual-energy x-ray attenuation information with the model by
optimizing the coefficients.

40. The method according to claim 39, wherein the step of
selecting the model further includes the steps of:

selecting the set of fitting constraints to be applied to the model for
selecting the coefficients; and,

selecting the set of coefficients by applying the set of fitting constraints
to the model.

41. The method according to claim 38, wherein the step of
selecting the first model further includes the steps of:
selecting a first set of coefficients to be applied to the first model
for fitting the dual-energy x-ray attenuation information with the first model; and,
fitting the dual-energy x-ray attenuation information with the
first model by optimizing the first coefficients; and,

the step of selecting the second model further includes the steps of:
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selecting a second set of coefficients to be applied to the
second model for fitting the dual-energy x-ray attenuation information with the
second model; and,

fitting the dual-energy x-ray attenuation information with the
second model optimizing the second set of coefficients.

42. The method according to claim 41, wherein the step of
selecting the first model further includes the steps of:
selecting a first set of fitting constraints to be applied to the first
model for selecting the first set of coefficients; and,
selecting the set of first coefficients by applying the first set of
fitting constraints to the first model; and,
the step of selecting second the model further includes the steps of;
selecting a second set of fitting constraints to be applied to the
second model for selecting the second set of coefficients; and,
selecting the second set of coefficients by applying the second

set of fitting constraints to the second model.

43. The method according to claim 36, wherein the dual-energy x-
ray attenuation information includes high-energy x-ray attenuation information
and low-energy x-ray attenuation information, and wherein the associating step
further comprises:

defining a first space wherein the low-energy x-ray attenuation
information of the first reference material and the second reference material
defines a first plane and first reference material equivalent path lengths and
second reference material equivalent path lengths each define a first height
over the first plane;

defining a second space wherein the high-energy x-ray attenuation
information of the first reference material and the second reference material
defines a second plane and first reference material equivalent path lengths and
second reference material equivalent path lengths each define a second height

over second the plane; and,
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representing collectively the first reference material equivalent path
lengths and the second reference material equivalent path lengths using the

model to define the dual-energy attenuation surfaces.

44. The method according to claim 38, wherein the associating
step further comprises:

defining a space wherein the first reference material equivalent path
lengths and the second reference material equivalent path lengths define a first
plane and the high-energy x-ray attenuation information and the low-energy x-
ray attenuation information each define a respective first and second height
over the first plane and represent collectively the high-energy x-ray attenuation
information and the low-energy x-ray attenuation information using the first
model to define the direct attenuation surfaces; and,

defining an inverse space wherein the low-energy x-ray attenuation
information and the high-energy x-ray attenuation information define a second
plane and first reference material equivalent path lengths and second reference
material equivalent path lengths each define a respective third and fourth height
over the second plane and representing collectively the first reference material
equivalent path lengths and the second reference material equivalent path
lengths using the second model to define the inverse attenuation surfaces.

45.  The method according to claim 33 further comprising the steps
of:

imposing first and second reference material equivalent path lengths
representing the unknown object onto the direct attenuation surfaces to obtain
a corresponding dual-energy attenuation image of the unknown object.

46. The method according to claim 45, further comprising the step
of:

normalizing the dual-energy attenuation image of the unknown object.

47. A method for assigning an attribute to an unknown object
overlapping with a background object having homogenous composition and

non-uniform known thickness comprising the steps of:
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scanning the unknown object at least partially overlapping with the
background object within the x-ray scanning device to obtain dual-energy
attenuation images each having pixels distributed in rows and columns and
each having dual-energy attenuation information;

decomposing each of the dual-energy attenuation images into dual-
reference material equivalent path length images including a background region
with first and second reference material equivalent path lengths passing
through only the background object and an overlap region with first and second
reference material equivalent path lengths passing through the unknown object
overlapping with the background object;

determining the effective atomic number of each pixel of the dual-
reference material equivalent path length images;

determining the mass thickness of each pixel of the background
region and the overlap region in the dual-reference material equivalent path
length images;

localizing the background region and the overlap region in one of the
dual-energy attenuation images and the dual-reference material equivalent
path length images by using a segmentation algorithm;

obtaining the known background path lengths passing through the
background region;

dividing the mass thickness of each pixel of the background region by
the known background path lengths to determine the mass density of each pixel
of the background region;

determining one of an average, a median and a mean of the effective
atomic number across all pixels of the background region;

determining one of an average, a median and a mean of the mass
density across all pixels of the background region;

for every pixel in the overlap region, multiplying the mass density of
the background region with the background object path lengths;

for every pixel in the overlap region, eliminating the mass thickness of
the background region from the total mass thickness of the background region

and the overlap region to provide an unknown object mass thickness;
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for every pixel in the overlap region, dividing the unknown object mass
thickness by the path length through the unknown object of interest to provide
the density of the unknown object;

calculating the effective atomic number of the unknown object by
isolating the unknown object effective atomic number using the following
equation which links the total mass thickness and effective atomic number
values of every pixel with those of the object and background in the overlap
region:

9 Zesr (L D]pt 1) = glZo)poto (L)) + g[Zp)puty (0))

where Z is the effective atomic number of every pixel representing the
unknown object and background object in the overlap region, where gfZ] is an
invertible function of Z, where o and b represent the unknown object and
background object respectively, where pt is mass thickness, and where j and j
represent the pixel of the " row and " column; and isolating the effective atomic

number of the unknown object Z, gives:

o ~1 {91Zese(i, NPt (N ~gZp)Ptreob G0 .
Z,(i,)) = 1{9 2 } and
LN=g Ptocon(i)) o

determining dual-reference material equivalent path lengths of the
unknown object t7 (i, j) and t(i,j) by solving the following system of equation
for every pixel (i, j) in the overlap region ob:
{ Ptocon(l,J) = p1t7 (L, 1) + p2t3 (6, ))
9lZo G PN]ptocon (i) = glZ1lpt? (L)) + glZ,2]p2t3 (G, )
wherein the solutions are:

ta(. ) _ ptoeob(i'j) g[zo(i'j)] - g[Zz]
= P1 glZ,] — glZz.]
5y = Plocan®) {g[zl] - g[zoo:j)]}
2 P2 9lZ1] — glZ,] .

48. The method according to claim 47, wherein the step of
decomposing the plurality of dual-energy attenuation images into reference
material equivalent path length images further comprises the steps of:

scanning in the x-ray scanning device, first and second reference
materials each having known atomic composition, known dimensions and

- 106 -



WO 2019/136547 PCT/CA2018/051674

known orientation in the x-ray scanning device, the x-ray scanning device
emitting x-rays which pass through the first reference material with first
reference material path lengths and through the second reference material with
second reference material path lengths to provide dual-energy x-ray attenuation
information;

associating the dual-energy x-ray attenuation information for each
pixel in the dual-energy attenuation images with each of the first reference
material path lengths and the second reference material path lengths;

expressing collectively each of the first reference material equivalent
path lengths and the second reference material equivalent path lengths as a
function of the associated dual-energy x-ray attenuation information to define
dual-energy attenuation surfaces; and,

imposing dual-energy attenuation information representing the
unknown object onto the dual-energy attenuation surfaces to determine
corresponding first reference material equivalent path lengths and second
reference material equivalent path lengths representing the unknown object

and the overlap region.

49, The method according to claim 47, wherein the step of
decomposing each of the plurality of dual-energy attenuation images into dual-
reference material equivalent path length images further comprises the steps
of:

retrieving from lookup tables saved dual-reference material equivalent
path lengths associated with the dual-energy x-ray attenuation information

corresponding with the dual-energy attenuation images.

50. The method according to claim 47 wherein dual-energy
attenuation images include low-energy attenuation images and high-energy
attenuation images, the dual-reference material equivalent path length images
include first reference material equivalent path length images and second
reference material equivalent path length images and the dual-energy x-ray
attenuation information includes high-energy x-ray attenuation information and

low-energy x-ray attenuation information.
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51. The method according to claim 47, wherein the expressing step
further comprises:

selecting a model for expressing collectively each of the first reference
material equivalent path lengths and the second reference material equivalent
path lengths as a function of the associated dual-energy x-ray attenuation

information to define dual-energy attenuation surfaces.

52. The method according to claim 47, wherein the expressing step
further comprises the step of:

inverting numerically point-by-point the dual-energy attenuation
surfaces using an optimization algorithm to provide inverse dual-energy

attenuation surfaces.

53. The method according to claim 51, wherein the model is a
second model, the dual-energy attenuation surfaces are inverse attenuation
surfaces, and prior to the associating step, the method further comprises the
steps of:

associating each of the dual-energy x-ray attenuation information with
corresponding ones of each of the first reference material equivalent path
lengths and the second reference material equivalent path lengths; and,

selecting a first model for expressing collectively the dual-energy x-
ray attenuation information as a function of the first reference material
equivalent path lengths and the second reference material equivalent path
lengths to define direct attenuation surfaces.

54. The method according to claim 51, wherein the step of
selecting the model further includes the steps of:

selecting a set of coefficients to be applied to the model for fitting the
dual-energy x-ray attenuation information with the model; and,

fitting the dual-energy x-ray attenuation information with the model by

optimizing the coefficients.

- 108 -



WO 2019/136547 PCT/CA2018/051674

55.  The method according to claim 54, wherein the step of
selecting the model further includes the steps of:

selecting the set of fitting constraints to be applied to the model for
selecting the coefficients; and,

selecting the set of coefficients by applying the set of fitting constraints

to the model.

56. The method according to claim 53, wherein the step of
selecting the first model further includes the steps of:
selecting a first set of coefficients to be applied to the first model
for fitting the dual-energy x-ray attenuation information with the first model; and,
fitting the dual-energy x-ray attenuation information with the
first model by optimizing the first coefficients; and,
the step of selecting the second model further includes the steps of:
selecting a second set of coefficients to be applied to the
second model for fitting the dual-energy x-ray attenuation information with the
second model; and,
fitting the dual-energy x-ray attenuation information with the

second model optimizing the second set of coefficients.

57. The method according to claim 56, wherein the step of
selecting the first model further includes the steps of:
selecting a first set of fitting constraints to be applied to the first
model for selecting the first set of coefficients; and,
selecting the set of first coefficients by applying the first set of
fitting constraints to the first model; and,
the step of selecting second the model further includes the steps of:
selecting a second set of fitting constraints to be applied to the
second model for selecting the second set of coefficients; and,
selecting the second set of coefficients by applying the second

set of fitting constraints to the second model.
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58. The method according to claim 51, wherein the dual-energy x-
ray attenuation information includes high-energy x-ray attenuation information
and low-energy x-ray attenuation information, and wherein the associating step
further comprises:

defining a first space wherein the low-energy x-ray attenuation
information of the first reference material and the second reference material
defines a first plane and first reference material equivalent path lengths and
second reference material equivalent path lengths each define a first height
over the first plane;

defining a second space wherein the high-energy x-ray attenuation
information of the first reference material and the second reference material
defines a second plane and first reference material equivalent path lengths and
second reference material equivalent path lengths each define a second height
over second the plane; and,

representing collectively the first reference material equivalent path
lengths and the second reference material equivalent path lengths using the

model to define the dual-energy attenuation surfaces.

59. The method according to claim 53, wherein the associating
step further comprises:

defining a space wherein the first reference material equivalent path
lengths and the second reference material equivalent path lengths define a first
plane and the high-energy x-ray attenuation information and the low-energy x-
ray attenuation information each define a respective first and second height
over the first plane and represent collectively the high-energy x-ray attenuation
information and the low-energy x-ray attenuation information using the first
model to define the direct attenuation surfaces; and,

defining an inverse space wherein the low-energy x-ray attenuation
information and the high-energy x-ray attenuation information define a second
plane and first reference material equivalent path lengths and second reference
material equivalent path lengths each define a respective third and fourth height

over the second plane and representing collectively the first reference material
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equivalent path lengths and the second reference material equivalent path

lengths using the second model to define the inverse attenuation surfaces.

60. The method according to claim 59 further comprising the steps
of:

imposing first and second reference material equivalent path lengths
representing the unknown object onto the direct attenuation surfaces to obtain
a corresponding dual-energy attenuation image of the unknown object.

61. The method according to claim 60, further comprising the step
of:

normalizing the dual-energy attenuation image of the unknown object.
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