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COMPUTED TOMOGRAPHIC SYSTEM CALIBRATION

CROSS REFERENCE TO RELATED APPLICATION

[0001] This application is an International Patent Application which claims the benefit of
priority to U.S. Patent Application No. 15/941,310, filed March 30, 2018, the entire disclosure of

which is incorporated herein by reference.

BACKGROUND

[0002] Industrial computed tomography (CT) scanning systems can be commonly used to
produce three-dimensional representations of industrial parts. For example, industrial CT
scanning systems can facilitate nondestructive internal inspection of industrial machine parts. As
aresult, CT scanning can be used for flaw detection, assembly analysis, and failure analysis of
machine parts. CT scanning involves irradiating a machine part with an electromagnetic
radiation (e.g., X-ray) and detecting a portion of the radiation that is modified (e.g., transmitted,
reflected, and the like) by the machine part. This process is repeated for various orientations of
the machine part and at various locations of the machine part with respect to the source of the
radiation. Based on detection of multiple images of the machine parts (e.g., for the various
orientations and locations), a three-dimensional representation of the machine part can be

generated (e.g., by a computing device).

[0003] CT scanning systems have to be calibrated (e.g., prior to a measurement) for generating
accurate three-dimensional representations. System calibration can involve assessment of
dimensional measurement capabilities and measurement uncertainty (e.g., length measurement
errors) of the scanning system. This can be done by scanning a measurement phantom having
known physical properties (e.g., shape, size, material composition, and the like) and calculating
measurement uncertainty based on the generated-three dimensional representation and the known

geometry of the phantom.

[0004] Guidelines such as VDI/VDE 2630-1.3 and ISO draft 10360-11 provide guidelines for
specifying the accuracy of x-ray CT scanning systems. For example, according to VDI 2630
guidelines, length measurements of the phantom are performed in three directions (e.g.,

horizontal, diagonal and vertical), and in each direction there are at least five preferably evenly
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distributed distances. Further, according to the VDI 2630 guidelines, length measurements of the
phantom should be performed at two locations (e.g., resulting in two magnification) and the
longest length measurement should be at least 66% of the length of a scan volume. CT system
operators can verify whether the CT system reaches the specified accuracy with a process and a

phantom satisfying the VDI/VDE 2630-1.3 and ISO draft 10360-11 guidelines.

[0005] The phantom used in the calibration of CT scanning systems can facilitate the length
measurements described in the VDI 2630 guidelines. For example, the phantom can include
geometric markers that allow for the prescribed length measurements. A commonly used
phantom is a ball bar that includes a bar that can rotate about an axis and to which several balls
are rigidly attached. In order to satisfy the requirements of the VDI 2630 guidelines, the ball bar
is placed at two locations (e.g., with respect to the X-ray source of the CT scan system), and at
each location, the orientation of the bar is altered. For example, the bar needs to be oriented
along a vertical direction, a horizontal direction and a diagonal direction at each of the two
locations. This can be done by manually varying the orientation of the bar. However, adjusting
the ball bar by hand during the calibration process can introduce errors in the calibration and can

slow the calibration process.

SUMMARY

[0006] In general, apparatus, systems, methods and article of manufacture for calibrating

computed tomography system are provided.

[0007] In one embodiment, the apparatus can include a base structure, a first set of test objects
arranged along a first axis and coupled to the base structure, and a second set of test objects
arranged along a second axis and coupled to the base structure. The first set of test objects and
the second set of test objects can have a first geometry. The apparatus can also include a third
set of test objects arranged along a third axis and coupled to the base structure, and a fourth set of
test objects arranged along a fourth axis and coupled to the base structure. The third set of test
objects and the fourth set of test objects can have a second geometry different from the first
geometry. Locations of the first set of test objects, the second set of test objects, the third set of
test objects, and the fourth set of test objects can be spatially fixed with respect to the base

structure. The apparatus is a test specimen adapted for calibration and/or accuracy verification
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of computed tomography system.
[0008] One or more of the following features can be included in any feasible combination.

[0009] In one embodiment, the base structure can be a ceramic plate. In another embodiment,
the first axis can be parallel to the third axis, and the second axis can be parallel to the fourth
axis. In yet another embodiment, the first set of test objects and the second set of test objects can
be spherical having a first radius; and the third set of test objects and the fourth set of test objects

can be spherical having a second radius different from the first radius.

[0010] In one embodiment, the first set of test objects, the second set of test objects, the third set
of test objects and the fourth set of test objects can include ruby and/or ceramic. In another
embodiment, the first radius can be 5 mm, and the second radius can be 2mm. In yet another
embodiment, the base structure, the first set of test objects, the second set of test objects, the
third set of test objects, and the fourth set of test objects can be configured to receive X-ray

radiation from a source and modify a portion of the received X-ray radiation.

[0011] In one embodiment, the apparatus can further include a pair of test objects having the first
geometry and arranged along a fifth axis, and a first test object from the first set of test objects
and a second test object arranged along a sixth axis. The fifth axis and the sixth axis can be
parallel, and the second test object can have the first geometry. In another embodiment, eleven

test objects can have the first geometry, and eleven test objects can have the second geometry.

[0012] In one embodiment, the apparatus can further include a seventh set of test objects
arranged along a seventh axis and coupled to the base structure, and an eighth set of test objects
arranged along an eighth axis and coupled to the base structure. The seventh set of test objects
can have the first geometry, and the eighth set of test objects can have the second geometry. In
another embodiment, the first geometry can be the shape of the first set of test objects and the

second geometry can be the shape of the second set of test objects.

[0013] In one embodiment, a method for determining length measurement error of a computed
tomography device can include placing a computed tomography test specimen at a first location.
The computed tomography test specimen can be configured to receive an X-ray beam and

transmit a modified beam. The modified beam can include a portion of the received X-ray beam.
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The method can also include rotating the computed tomography test specimen about a rotation
axis, and detecting a first plurality of images associated with the modified beams at various
orientations of the computed tomography test specimen during rotation about the rotation axis at
the first location. The method can further include placing the computed tomography test
specimen at a second location, and rotating the computed tomography test specimen about the
rotation axis. The method can also include detecting a second plurality of images associated
with modified beams at various orientation of the computed tomography test specimen during
rotation about the rotation axis at the second location. The method further includes determining
a length measurement error of a computed tomography device based on the first plurality of
images and the second plurality of images. The method can also include providing data
characterizing the determined length measurement error. The computed tomography test
specimen can include a base structure, a first set of test objects arranged along a first axis and
coupled to the base structure, and a second set of test objects arranged along a second axis and
coupled to the base structure. The first set of test objects and the second set of test objects can
have a first geometry. The test specimen can also include a third set of test objects arranged
along a third axis and coupled to the base structure, and a fourth set of test objects arranged
along a fourth axis and coupled to the base structure. The third set of test objects and the fourth
set of test objects can have a second geometry different from the first geometry. Locations of the
first set of test objects, the second set of test objects, the third set of test objects, and the fourth
set of test objects can be spatially fixed with respect to the base structure. The test specimen can

be adapted for calibration and/or verification of accuracy of the computed tomography system.

[0014] In one embodiment, the base structure can be a ceramic plate. In another embodiment,
the rotation axis of the computed tomography test specimen can be perpendicular to the path of
the X-ray beam. In yet another embodiment, the first set of test objects and the second set of test
objects are spherical having a first radius, and the third set of test objects and the fourth set of

test objects are spherical having a second radius different from the first radius.

[0015] In one embodiment, the spheres having the first radius and the spheres having the second
radius can include ruby and/or ceramic. In another embodiment, the first radius can be 5 mm,
and the second radius can be 2 mm. In yet another embodiment, the computed tomography test

specimen can further include a pair of test objects having the first geometry and arranged along a
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fifth axis, a first test object from the first set of test objects and a second test object arranged
along a sixth axis. The fifth axis and the sixth axis can be parallel and the second test object has

the first geometry.

[0016] In one embodiment, the computed tomography test specimen can further include a
seventh set of test objects arranged along a seventh axis and coupled to the base structure, and an
eighth set of test objects arranged along an eighth axis and coupled to the base structure. The
seventh set of test objects can have the first geometry, and the sixth set of test objects can have

the second geometry.

[0017] These and other capabilities of the disclosed subject matter will be more fully understood

after a review of the following figures, detailed description, and claims.
BRIEF DESCRIPTION OF THE FIGURES

[0018] These and other features will be more readily understood from the following detailed

description taken in conjunction with the accompanying drawings, in which:

[0019] FIG. 1 is an illustration of an exemplary industrial computer tomography (CT) system;
[0020] FIG. 2 is an illustration of an exemplary phantom;

[0021] FIG. 3 is an illustration of arrangement of test objects in the phantom in FIG. 2;
[0022] FIG. 4 is a side view of the phantom illustrated in FIG. 2;

[0023] FIG. 5 is an illustration of an exemplary phantom;

[0024] FIGS. 6 is an illustration of phantom in FIG. 2 placed in a storage case;

[0025] FIG. 7 is an image of an exemplary ball bar phantom;

[0026] FIG. 8 is a flowchart illustrating an exemplary method for determining length error

measurement of a computed tomography device;

[0027] FIG. 9 is a plot of exemplary sphere distance (SD) error measurements of large spheres of

the ball bar phantom in FIG. 7;
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[0028] FIG. 10 is a plot of exemplary SD error measurements of small spheres of the ball bar
phantom in FIG. 7;

[0029] FIG. 11 is a plot of exemplary sphere distance error measurement for large spheres in

FIG. 5; and

[0030] FIG. 12 is a plot of exemplary sphere distance error measurement for small spheres in

FIG. 5.
DETAILED DESCRIPTION

[0031] Certain exemplary embodiments will now be described to provide an overall
understanding of the principles of the structure, function, manufacture, and use of the systems,

devices, and methods disclosed herein.

[0032] Industrial computer tomography (CT) systems can be calibrated for generating accurate
three-dimensional representations of machine parts. Calibration and verification can be achieved
by scanning a known measurement phantom at multiple locations and for multiple orientations of
the phantom. However, some existing phantoms can require extensive adjusting of the phantom
by hand during the calibration process because the phantom can include movable parts and/or is
moved during the calibration process. This approach can introduce calibration or verification
errors and can slow the calibration or verification process. The current subject matter can
provide a test phantom having multiple test objects with different geometries that are fixed with
respect to one another so that the calibration process can be performed with limited or no
adjustment of the phantom by hand. Reducing or eliminating the occurrence of adjustment to the
phantom can reduce calibration or verification error and can expedite the calibration or

verification process.

[0033] FIG. 1 is an illustration of an exemplary industrial computer tomography (CT) system
100 that can perform non-destructive machine inspection of industrial machine parts. The
system 100 includes a radiation source 102 that can illuminate an industrial machine part 104
with an electromagnetic radiation 106a (e.g., X-rays traveling along the z-axis). In one
implementation, the machine part 104 can be a phantom that can allow for the calibration or

verification of accuracy of the industrial CT system 100. The machine part 104 can interact with



WO 2019/191259 PCT/US2019/024325

the electromagnetic radiation 106a (e.g., absorb, reflect, scatter, etc.), and can produce a
modified electromagnetic radiation 106b. A detector 108 can detect the modified
electromagnetic radiation 106b. This detection process can be repeated by varying the
orientation between the machine part 104 and the detector 108. For example, the machine part
104 can be rotated about an axis 110 (e.g., parallel to the y-axis), and the detector 108 can detect
the modified electromagnetic radiation 106b for various orientations of the machine part 104
during the rotation. Alternately or additionally, the detector 108 and the radiation source 102 can
be rotated about the machine part 104 (e.g., rotated in the x-z plane about the y-axis) and the
modified electromagnetic radiation 106b can be detected for various angular positions of the
detector 108 and the radiation source 102. Detection of modified electromagnetic radiation 106b
at various angular location can be repeated for different locations (e.g., locations between the
radiation source 102 and the detector 108) of the machine part 104. For example, the location of
the machine part 104 can be varied along the z-axis. A first measurement (e.g. by rotating the
machine part and detecting the modified electromagnetic radiation 106b for multiple angular
orientation) can be performed at location z1 , and a second measurement can be performed at the
location z2. The machine part 104 can be rotated (e.g., at z1, z2, and the like) by an actuator.
The actuator can be an electric actuator powered by a motor that can convert electrical energy to
mechanical torque which can be applied to the machine part 104. Based on the various image
detections by the detector 108, a three-dimensional representation of the machine part 104 can be

generated (e.g., by a computing device).

[0034] FIG. 2 is an illustration of an exemplary phantom 200 that can be used for calibration or
verification of a CT system (e.g., CT system 100). The phantom can include a base 202 to which
multiple test objects (e.g., 204, 214, etc.) can be attached. For example, the multiple test objects
can be immovably attached to the base 202 (e.g., by a mechanical connection). The test objects
(e.g., 204, 214, etc.) can have various geometries (e.g., spheres with different radii) arranged
along multiple axes (e.g., horizontal axis parallel to the x-z plane, vertical axis parallel to the y-
axis, diagonal axis parallel to the y-z plane, and the like.). The base 202 can include a ceramic
(e.g., AlOs3, BN, SiO2, ZrO2, Si3N4) or a mixture of ceramics. The test objects 204 and 214 can
include ruby and/or ceramics. In some implementations, the test objects 204 and test objects 214
can include the same material (e.g., ruby, ceramics, etc.). In other implementations, the test

object 204 and test objects 214 can include different materials. The base 202, test objects 204,
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and test objects 214 can interact differently with an incident radiation (e.g., electromagnetic

radiation 106a) due to differences in their composition, shape, and the like.

[0035] CT system can be calibrated or its accuracy verified by placing the phantom 200 at a first
location (e.g., at z1) between the radiation source 102 and the detector 108 rotating the phantom
200 about an axis (e.g., y axis). At various orientations of the phantom 200 during rotation, the
phantom 200 can receive the electromagnetic radiation 106a and transmit the modified
electromagnetic radiation 106b (which can be a portion of the received electromagnetic radiation
106a). The detector 108 can detect the modified electromagnetic radiation 106b at the various
orientations of the phantom 200 and generate multiple images (e.g., images at predetermined
times that correspond to predetermined orientation of the phantom 200). The phantom 200 can
be placed at a second location (e.g., at z2) and the measurement of multiple images can be

repeated.

[0036] The multiple images detected by the detector 108 (e.g., corresponding to location of the
phantom at z1 and z2) can be used to determine location of test objects (e.g., center of spherical
test objects 204, 214, etc.), distances between test objects, a length measurement error, and the
like. In some implementations, distances between test objects can be calculated using L> norm
(e.g., Euclidean distance). From the detected images, distances between the various test objects
(e.g., distance between the various test objects 204, distance between the test objects 214) can be
calculated. By comparing the calculated distances with actual test object distances (e.g.,
measured by the calibration laboratory), a sphere distance error or a length measurement error of
the CT system can be calculated. The length measurement error can be calculated, for example,
using difference in the Euclidean distance between sphere centers of the test objects (sphere
distance errors), deviations in the size of test objects, deviations in the shape of the test objects,

and the like.

[0037] In some implementations, the determination of the length measurement error can comply
with VDI/VDE 2630-1.3 guidelines, ISO draft 10360-11 guidelines, etc. For example, to comply
with the VDI 2630 guidelines, length measurements of the phantom can be performed in three
directions (e.g., horizontal, diagonal and vertical), and in each directions there can be at least five

preferably evenly distributed distances. The test objects 204 and 214 can be arranged on the
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phantom 200 to allow for length measurements (e.g., length measurements between the various
test objects 204, length measurement between the test objects 214) required by the VDI 2630

guidelines.

[0038] FIG. 3 is an illustration of arrangement of test objects 204 and 214 in phantom 200. The
first set of test objects 204 can include, for example, eleven spherical test objects 204a-k of
similar radii that are arranged along various axes over the surface of the phantom 200. For
example, test objects 204a-d can be arranged along a first axis 206, test objects 204{-h can be
arranged along a second axis 208, test objects 204c and 2041 can be arranged along a third axis
210, test objects 204j and 204k can be arranged along a fourth axis 212. The second set of test
objects 214 can include eleven spherical test objects 214a-k of similar radii that are arranged
along various axes over the surface of the phantom 200. For example, test objects 214a-d can be
arranged along a fifth axis 226, test objects 214e-h can be arranged along a sixth axis 228, and
test objects 214c¢ and 214i-k can be arranged along a seventh axis 230. In one implementation,
axes 208 and 228 can be substantially parallel. In another implementation, axes 210, 212 and

230 can be substantially parallel.

[0039] FIG. 4 is the side view of the phantom 200 illustrated in FIG. 2. The test objects 204a-k
and 214a-k can be coupled to the surface of the base 202 (e.g., rigidly attached). In one
implementation, the radius of the test object 204a-k can range from about 5 mm to about 11.5
mm, and the radius of the test object 214a-k can be about 2 mm. The thickness of the base 202
can be about 2 mm. The base 202 can be attached to a support structure 510. The phantom 200
can be coupled (e.g., rigidly coupled) to a rotating platform via the support structure 510. The

rotating platform can rotate the phantom 200 about the y axis.

[0040] FIG. 5 is an illustration of an exemplary phantom 500. The phantom 500 includes test
objects 504 and 514 arranged on base 502 (e.g., rigidly attached). The first set of test objects 504
can include seventeen spherical test objects 504a-q of similar radii that can be arranged along
various axes over the surface of the phantom 500. For example, test objects 504a-f can be
arranged along a first axis 506, test objects 504g-k and 504¢ can be arranged along a second axis

508, and test objects 504c and 5041-o0 can be arranged along a third axis 510. The second set of
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test objects 514 can include eleven spherical test objects 514a-k of similar radii that are arranged
along various axes over the surface of the phantom 500. For example, test objects 514a-d can be
arranged along a fifth axis 522, test objects 514e-h can be arranged along a sixth axis 524, and
test objects 514c and 514i-k can be arranged along the third axis 510. In one implementation,
axes 506 and 522 can be parallel. In one implementation, axes 508 and 524 can be parallel. FIG.

6 is an illustration of phantom 200 placed in a storage case.

[0041] FIG. 7 is an image of an exemplary phantom 700. The phantom 700 can include test
objects having different geometries coupled to supports (or axes) that can be oriented
horizontally, vertically and diagonally. The test objects can include a first set of test objects
(e.g., spheres) having a first radius, and a second set of test objects having a second radius. The
phantom 700 can be rotatably coupled to a base 710. The phantom 700 can be rotated about a

vertical axis (e.g., y-axis), for example, by an actuator.

[0042] FIG. 8 is a flowchart illustrating an exemplary method 800 for determining length
measurement error of computed tomography device (e.g., CT system 100). At 802, a computed
tomography test specimen (e.g., phantom 200, 500, and the like) can be placed at a first location
(e.g., at location z1 situated between the radiation source 102 and detector 108 in FIG. 1). The
test specimen can be radiated with an X-ray beam (e.g., 106a) emanating by a radiation source
(e.g., radiation source 102). The test specimen can transmit at least a portion of the irradiated X-

ray beam (e.g., 106b).

[0043] At 804, the test specimen can be rotated about a rotation axis at the first location. For
example, in FIG. 1, the test specimen 104 (e.g., phantom 200, 500, and the like) can rotate about
the y-axis at the location z1. At 806, a first plurality of images associated with the modified
beams at various orientations (e.g., at various rotational angles) of the test specimen are detected
during rotation about the rotation axis at the first location. For example, as the test specimen
rotates (e.g., at a constant angular velocity) the detector 108 can intermittently (e.g., at a fixed
time interval) capture the modified beam as multiple images that correspond to multiple

rotational angle.

10
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[0044] At 810, the test specimen is placed at a second location (e.g., at location z2 situated
between the radiation source 102 and detector 108). The test specimen is irradiated with an X-
ray beam emanating by the radiation source (e.g., radiation source 102), and can transmit a
modified beam (e.g., modified electromagnetic radiation 106b). At 812, the test specimen can be
rotated about a rotation axis at the second location. For example, in FIG. 1, the test specimen
(e.g., phantom 200, 500, and the like) can rotate about the y-axis at the location z2. At 814, a
second plurality of images associated with the modified beams at various orientations of the
computed tomography test specimen are detected during rotation about the rotation axis at the
second location. For example, as the test specimen rotates (e.g., at a constant angular velocity)
the detector 108 can intermittently (e.g., at a fixed time interval) capture the modified beam in

multiple images that correspond to multiple rotational angle.

[0045] At 816, a length measurement error of a computed tomography device can be determined
based on the first plurality of images and the second plurality of images. The length
measurement error can be determined, for example, based on measured deviations in the size of
one or more test objects (e.g. between a maximum and a minimum value), distance between test
objects and deviations in the shape of one or more test objects. At 818, the length measurement
error can be provided. For example, the length determination error can be saved in a database

and/or presented to an operator.

[0046] FIG. 9 is a plot of exemplary sphere distance (SD) error measurements of large spheres of
a ball bar phantom (e.g., phantom 700). One or more SD error measurements can be performed
along a horizontal direction (e.g., parallel to the x-z plane), along a vertical direction (e.g.,
perpendicular to the x-z plane), and along a diagonal direction (e.g., parallel to the x-y plane).
FIG. 10 is a plot of exemplary SD error measurements of small spheres of a ball bar phantom

(e.g., phantom 700).

[0047] FIG. 11 is a plot of exemplary sphere distance error measurement for large spheres in
phantom 500. One or more SD error measurements can be performed along a horizontal
direction (e.g., parallel to the x-z plane), along a vertical direction (e.g., perpendicular to the x-z
plane), and along a diagonal direction (e.g., parallel to the x-y plane). FIG. 12 is a plot of

exemplary sphere distance error measurement for small spheres in phantom 500.

11
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[0048] Although a few variations have been described in detail above, other modifications or
additions are possible. For example, test objects can have multiple sizes. For example, test
objects can be spheres of different sizes (e.g. radii ranging from 0.25mm to about 360mm). The

spacing between test objects along a given axis can be varied.

[0049] The subject matter described herein can provide one or more technical advantages. The
test specimen can include material (e.g., ceramics) whose properties (e.g., density, optical
properties, shape, and the like) may not vary considerably during one or more phantom
calibration processes. For example, distances between test objects (e.g., 202, 204, etc.) my not
change considerably due to material alteration between the phantom calibration processes. This
can allow for longer phantom calibration intervals (e.g., time durations between multiple
phantom calibration processes). This can also reduce phantom calibration errors and/or prevent
repetition of phantom calibration measurement. System calibration or accuracy verification
errors can also be reduced because arrangement of test objects (e.g., test objects of different
sizes) in various geometries can limit / reduce the adjustment of test specimen by hand or other
means. Reduction in the adjustment of test objects by hand can also reduce the time needed to
calibrate or verify accuracy of the CT system. The test specimen can allow for a faster
calibration or accuracy verification process. In some implementations, for example,
measurement along vertical, diagonal and horizontal axes can be performed simultaneously.
This can reduce the calibration or accuracy verification time by about three times. Test specimen

made of ceramics can be cheaply produced.

[0050] Exemplary embodiments described herein provide an overall understanding of the
principles of the structure, function, manufacture, and use of the systems, devices, and methods
disclosed. One or more examples of these embodiments are illustrated in the accompanying
drawings. Those skilled in the art will understand that the systems, devices, and methods
specifically described herein and illustrated in the accompanying drawings are non-limiting
exemplary embodiments and that the scope of the present invention is defined solely by the
claims. The features illustrated or described in connection with one exemplary embodiment may
be combined with the features of other embodiments. Such modifications and variations are
intended to be included within the scope of the present invention. Further, in the present

disclosure, like-named components of the embodiments generally have similar features, and thus

12
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within a particular embodiment each feature of each like-named component is not necessarily

fully elaborated upon.

[0051] Other embodiments are within the scope and spirit of the disclosed subject matter. One
or more examples of these embodiments are illustrated in the accompanying drawings. Those
skilled in the art will understand that the systems, devices, and methods specifically described
herein and illustrated in the accompanying drawings are non-limiting exemplary embodiments
and that the scope of the present invention is defined solely by the claims. The features
illustrated or described in connection with one exemplary embodiment may be combined with
the features of other embodiments. Such modifications and variations are intended to be
included within the scope of the present invention. Further, in the present disclosure, like-named
components of the embodiments generally have similar features, and thus within a particular

embodiment each feature of each like-named component is not necessarily fully elaborated upon.

[0052] The subject matter described herein can be implemented in digital electronic circuitry, or
in computer software, firmware, or hardware, including the structural means disclosed in this
specification and structural equivalents thereof, or in combinations of them. The subject matter
described herein can be implemented as one or more computer program products, such as one or
more computer programs tangibly embodied in an information carrier (e.g., in a
machine-readable storage device), or embodied in a propagated signal, for execution by, or to
control the operation of, data processing apparatus (e.g., a programmable processor, a computer,
or multiple computers). A computer program (also known as a program, software, software
application, or code) can be written in any form of programming language, including compiled
or interpreted languages, and it can be deployed in any form, including as a stand-alone program
or as a module, component, subroutine, or other unit suitable for use in a computing
environment. A computer program does not necessarily correspond to a file. A program can be
stored in a portion of a file that holds other programs or data, in a single file dedicated to the
program in question, or in multiple coordinated files (e.g., files that store one or more modules,
sub-programs, or portions of code). A computer program can be deployed to be executed on one
computer or on multiple computers at one site or distributed across multiple sites and

interconnected by a communication network.
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[0053] The processes and logic flows described in this specification, including the method steps
of the subject matter described herein, can be performed by one or more programmable
processors executing one or more computer programs to perform functions of the subject matter
described herein by operating on input data and generating output. The processes and logic
flows can also be performed by, and apparatus of the subject matter described herein can be
implemented as, special purpose logic circuitry, e.g., an FPGA (field programmable gate array)

or an ASIC (application-specific integrated circuit).

[0054] Processors suitable for the execution of a computer program include, by way of example,
both general and special purpose microprocessors, and any one or more processor of any kind of
digital computer. Generally, a processor will receive instructions and data from a read-only
memory or a random access memory or both. The essential elements of a computer are a
processor for executing instructions and one or more memory devices for storing instructions and
data. Generally, a computer will also include, or be operatively coupled to receive data from or
transfer data to, or both, one or more mass storage devices for storing data, e.g., magnetic,
magneto-optical disks, or optical disks. Information carriers suitable for embodying computer
program instructions and data include all forms of non-volatile memory, including by way of
example semiconductor memory devices, (e.g., EPROM, EEPROM, and flash memory devices);
magnetic disks, (e.g., internal hard disks or removable disks); magneto-optical disks; and optical
disks (e.g., CD and DVD disks). The processor and the memory can be supplemented by, or

incorporated in, special purpose logic circuitry.

[0055] To provide for interaction with a user, the subject matter described herein can be
implemented on a computer having a display device, e.g., a CRT (cathode ray tube) or LCD
(liquid crystal display) monitor, for displaying information to the user and a keyboard and a
pointing device, (e.g., a mouse or a trackball), by which the user can provide input to the
computer. Other kinds of devices can be used to provide for interaction with a user as well. For
example, feedback provided to the user can be any form of sensory feedback, (e.g., visual
feedback, auditory feedback, or tactile feedback), and input from the user can be received in any

form, including acoustic, speech, or tactile input.
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[0056] The techniques described herein can be implemented using one or more modules. As
used herein, the term “module” refers to computing software, firmware, hardware, and/or various
combinations thereof. At a minimum, however, modules are not to be interpreted as software
that is not implemented on hardware, firmware, or recorded on a non-transitory processor
readable recordable storage medium (i.e., modules are not software per se). Indeed “module” is
to be interpreted to always include at least some physical, non-transitory hardware such as a part
of a processor or computer. Two different modules can share the same physical hardware (e.g.,
two different modules can use the same processor and network interface). The modules
described herein can be combined, integrated, separated, and/or duplicated to support various
applications. Also, a function described herein as being performed at a particular module can be
performed at one or more other modules and/or by one or more other devices instead of or in
addition to the function performed at the particular module. Further, the modules can be
implemented across multiple devices and/or other components local or remote to one another.
Additionally, the modules can be moved from one device and added to another device, and/or

can be included in both devices.

[0057] The subject matter described herein can be implemented in a computing system that
includes a back-end component (e.g., a data server), a middleware component (e.g., an
application server), or a front-end component (e.g., a client computer having a graphical user
interface or a web browser through which a user can interact with an implementation of the
subject matter described herein), or any combination of such back-end, middleware, and
front-end components. The components of the system can be interconnected by any form or
medium of digital data communication, e.g., a communication network. Examples of
communication networks include a local area network (“LAN”) and a wide area network

(“WAN?”), e.g., the Internet.

[0058] Approximating language, as used herein throughout the specification and claims, may be
applied to modify any quantitative representation that could permissibly vary without resulting in
a change in the basic function to which it is related. Accordingly, a value modified by a term or
terms, such as “about” and “substantially,” are not to be limited to the precise value specified. In
at least some instances, the approximating language may correspond to the precision of an

instrument for measuring the value. Here and throughout the specification and claims, range
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limitations may be combined and/or interchanged, such ranges are identified and include all the

sub-ranges contained therein unless context or language indicates otherwise.
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What is claimed is:

1. An apparatus comprising:

a base structure;

a first set of test objects arranged along a first axis and coupled to the base structure;

a second set of test objects arranged along a second axis and coupled to the base
structure, wherein the first set of test objects and the second set of test objects have a first
geometry;

a third set of test objects arranged along a third axis and coupled to the base structure;
and

a fourth set of test objects arranged along a fourth axis and coupled to the base structure,
wherein the third set of test objects and the fourth set of test objects have a second geometry
different from the first geometry,

wherein locations of the first set of test objects, the second set of test objects, the
third set of test objects, and the fourth set of test objects are spatially fixed with respect to the
base structure, and

wherein the apparatus is a test specimen adapted for one or more of calibration

and accuracy verification of computed tomography system.
2. The apparatus of claim 1, wherein the base structure is a ceramic plate.

3. The apparatus of claim 1, wherein the first axis is parallel to the third axis, the second axis is

parallel to the fourth axis.

4. The apparatus of claim 1, wherein the first set of test objects and the second set of test
objects are spherical having a first radius, and the third set of test objects and the fourth set of

test objects are spherical having a second radius different from the first radius.

5. The apparatus of claim 4, wherein the first set of test objects, the second set of test objects,

the third set of test objects and the fourth set of test objects include ruby and/or ceramic.

6. The apparatus of claim 4, wherein a value of the first radius is 5 mm, and a value of the

second radius is 2 mm.
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7. The apparatus of claim 1, wherein the base structure, the first set of test objects, the second
set of test objects, the third set of test objects, and the fourth set of test objects are configured to

receive X-ray radiation from a source and modify a portion of the received X-ray radiation.

8. The apparatus of claim 1, further comprising:
a pair of test objects having the first geometry and arranged along a fifth axis; and
a first test object from the first set of test objects and a second test object are arranged along a
sixth axis,
wherein the fifth axis and the sixth axis are parallel and the second test object has the first

geometry.

9. The apparatus of claim 8, wherein eleven test objects have the first geometry, and eleven test

objects have the second geometry.

10. The apparatus of claim 1, further comprising:
a seventh set of test objects arranged along a seventh axis and coupled to the base structure;
and
an eighth set of test objects arranged along an eighth axis and coupled to the base structure,
wherein the seventh set of test objects have the first geometry, and the eighth set of test

objects have the second geometry.

11. The apparatus of claim 1, wherein the first geometry includes a shape of the first set of test

objects and the second geometry includes a shape of the second set of test objects.

12. A method comprising:

placing a computed tomography test specimen at a first location, the computed tomography
test specimen configured to receive an X-ray beam and transmit a modified beam, the modified
beam comprising a portion of the received X-ray beam;

rotating the computed tomography test specimen about a rotation axis

detecting a first plurality of images associated with the modified beam at various orientations
of the computed tomography test specimen during rotation about the rotation axis at the first
location;

placing the computed tomography test specimen at a second location;
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rotating the computed tomography test specimen about the rotation axis;

detecting a second plurality of images associated with modified beams at various orientation
of the computed tomography test specimen during rotation about the rotation axis at the second
location;

determining a length measurement error of a computed tomography device based on the first
plurality of images and the second plurality of images; and

providing data characterizing the determined length measurement error,

wherein the computed tomography test specimen includes:

a base structure;

a first set of test objects arranged along a first axis and coupled to the base
structure;

a second set of test objects arranged along a second axis and coupled to the base
structure, wherein the first set of test objects and the second set of test objects have a first
geometry;

a third set of test objects arranged along a third axis and coupled to the base
structure; and

a fourth set of test objects arranged along a fourth axis and coupled to the base
structure, wherein the third set of test objects, and the fourth set of test objects have a second
geometry different from the first geometry,

wherein locations of the first set of test objects, the second set of test objects, the
third set of test objects, and the fourth set of test objects are spatially fixed with respect to the

base structure.
13. The method of claim 12, wherein the base structure is a ceramic plate.

14. The method of claim 12, wherein the rotation axis of the computed tomography test

specimen is perpendicular to a path of the X-ray beam.

15. The method of claim 12, wherein the first set of test objects and the second set of test objects
are spherical having a first radius, and the third set of test objects and the fourth set of test

objects are spherical having a second radius different from the first radius.

16. The method of claim 15, wherein the first set of test objects, the second set of test objects, the
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third set of test objects and the fourth set of test objects include ruby and/or ceramic.

17. The method of claim 15, wherein a value of the first radius is 5 mm, and a value of the

second radius is 2 mm.

18. The method of claim 12, wherein the computed tomography test specimen further comprises:
a pair of test objects having the first geometry and arranged along a fifth axis; and
a first test object from the first set of test objects and a second test object arranged along a
sixth axis,
wherein the fifth axis and the sixth axis are parallel and the second test object has the

first geometry.

19. The method of claim 12, wherein the computed tomography test specimen further comprises:
a seventh set of test objects arranged along a seventh axis and coupled to the base structure;
and
an eighth set of test objects arranged along an eighth axis and coupled to the base structure,
and
wherein the seventh set of test objects have the first geometry, and the eighth set

of test objects have the second geometry.

20. The method of claim 12, wherein the computed tomography test specimen further comprises:
a pair of test objects having the first geometry and arranged along a fifth axis; and
a first test object from the first set of test objects and a second test object are arranged along a
sixth axis,
wherein the fifth axis and the sixth axis are parallel and the second test object has the first

geometry.

20



WO 2019/191259 PCT/US2019/024325

1/11

100~

by step q—’\ 106b i
S ::§§§§7’

102

FIG. 1



WO 2019/191259 PCT/US2019/024325

2/11

200

FIG. 2



WO 2019/191259

PCT/US2019/024325

3/11
300 Y
Q
X
2(}2
204e —-204a
)
~_204b
@ &
o1 (46 w/206226
. . - 204j 204k
204f @ NOy| L 214a JJ
208~ N\ % - 214b 212 230
214f,/ﬁ\\)( 3§—€5: _214c @J_@ |
214i —— PO (
C B /C|_ _\ RVA\\EZ;\ZMk
)
) 210 204c /f}\\_\qi<</\214h
204i 204j @\%/2049
\ ~
AN \
214d NN 228
Q\ (
\/
\\
)
@ 204h
)
204d
-
250
O O

FIG. 3



WO 2019/191259

4/11

400

202— |

204

Y

»

214

VLU UTUUNU U

510

FIG. 4

> <

PCT/US2019/024325




WO 2019/191259

500

5/11

PCT/US2019/024325

502

&

~— 504f

Vertical

~~—514h

L

N

"~ 524
5040
- 504i

504

‘m/504k

Diagonal

FIG. 5



WO 2019/191259 PCT/US2019/024325

6/11

FIG. 6



WO 2019/191259 PCT/US2019/024325

7111




WO 2019/191259 PCT/US2019/024325

8/11

800

7

Vd

Placing a computed tomography test specimen at a first location, the
computed tomography test specimen configured to receive an x-ray beam
and transmit a transmitted beam, the transmitted beam comprising a portion
of the received x-ray beam

~-802

'

Rotating the computed tomography test specimen about a rotation axis

-804

l

Detecting a first plurality of images associated with the transmitted beams
at various orientations of the computed tomography test specimen during
rotation about the rotation axis at the first location

~-806

y

Placing the computed tomography test specimen at a second location

~-810

 J

Rotating the computed tomography test specimen about the rotation axis

~-812

l

Detecting a second plurality of images associated with the transmitted
beams at various orientations of the computed tomography test specimen
during rotation about the rotation axis at the second location

'

Determining a length measurement error of a computed tomography device
based on the first plurality of images and the second plurality of images

'

Providing data characterizing the determined length measurement error

FIG. 8

~-814

..-816

~-818



WO 2019/191259 PCT/US2019/024325

9/11

— 4+L/100
900 — 4-1/100

4 o Horizontal 1
¢ Diagonal 1
» Diagonal 2
o Diagonal 3

A Vertical 1
Length measurement error for z = 320mm o Vertical 2

0.004 F———7 B
= =

. 0.002 p & X
= B 4 & *
= 2 P ‘ &
S 0 % §
(@}
D (4] b
= ]
5 2

-0.002 P

-0.004 - S

0 20 40 60 80 100 120 140

Measure length (mm)

FIG. 9



WO 2019/191259

Division (mm)

PCT/US2019/024325
10/11
1000~ —4+L/100
A ——4-1/100
© Horizontal 1
4 Diagonal 1
o Diagonal 3
A Vertical 1
Length measurement error for z = 100mm 0 Vertical 2
0.006
0.004
0.002 T T
g g
] PN A
i g b :
-0.0024
-0.004
-0.006

0 5 10 15 20 25 30 35
Measure length (mm)

FIG. 10

40

45

50



PCT/US2019/024325

WO 2019/191259

11/11

0.006

0.004

0.002 1

0.000 r

-0.002

-0.004

-0.006

60 80 100 120

40

20

140

pa)081109 Buleos Jolle aouelsip alaydg

measurment lenght

FIG. 11

25 30 35

20

0.004
0.002
-0.000

-0.002

-0.004

40

15
measurment lenght

FIG. 12

10

pa}oa.109 Buljeos Jolle aoue)lsip alaydg



International application No.
PCT/US2019/024325

INTERNATIONAL SEARCH REPORT

A. CLASSIFICATION OF SUBJECT MATTER
GO1N 23/04(2006.01)i

According to International Patent Classification (IPC) or to both national classification and IPC
B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
GOIN 23/04; A61B 5/05; A61B 8/00, GO1D 18/00, GO1T 7/00, GO6K 9/00

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched
Korean utility models and applications for utility models
Japanese utility models and applications for utility models

Electromic data base consulted during the international search (name of data base and, where practicable, search terms used)
¢KOMPASS(KIPO internal) & Keywords: base structure, test object, x-ray, first geometry, ceramic plate

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
Y US 2005-0094771 Al (BASU et al.) 05 May 2005 1-20
See paragraphs [0030]-[0033], claims 1, 9, 11, 21 and figure 5.
Y KR 10-2015-0043403 A (MAUI IMAGING, INC.) 22 April 2015 1-20
See paragraphs [0074]1-[0089] and figures 2-3.
A US 20140153694 Al (GE SENSING & INSPECTION TECHNOLOGIES GMBH) 05 June 2014 1-20
See paragraphs [0023]-[0024] and figures 1-3.
A US 2004-0034298 A1 (JOHNSON et al.) 19 February 2004 1-20
See paragraphs [0012]-[0015] and figures 1-6.
A US 2010-0246778 Al (HEIGL et al.) 30 September 2010 1-20

See paragraphs [0029]-[0031] and figures 1-2.

See patent family annex.

later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory undetlying the invention

|:| Further documents are listed in the continuation of Box C.

* Special categories of cited documents:
"A" document defining the general state of the art which is not considered
to be of particular relevance

wpn

g

eatlier application or patent but published on or after the international "X" document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive
"L"  document which may throw doubts on priotity claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other "Y" document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is
"O"  document referring to an oral disclosure, use, exhibition or other combined with one or more other such documents,such combination
means being obvious to a person skilled in the art
"P"  document published prior to the international filing date but later "&" document member of the same patent family
than the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report

12 July 2019 (12.07.2019)

12 July 2019 (12.07.2019)

Name and mailing address of the ISA/KR

International Application Division

Korean Intellectual Property Office

189 Cheongsa-ro, Seo-gu, Dagjeon, 35208, Republic of Korea

Facsimile No. +82-42-481-8578

Authorized officer

LEE, Hun Gil

Telephone No. +82-42-481-8525

Form PCT/ISA/210 (second sheet) (January 2015)




INTERNATIONAL SEARCH REPORT
Information on patent family members

International application No.

PCT/US2019/024325
Patent document Publication Patent family Publication
cited in search report date member(s) date
US 2005-0094771 Al 05/05/2005 US 7016456 B2 21/03/2006
KR 10-2015-0043403 A 22/04/2015 CN 104620128 A 13/05/2015
CN 104620128 B 23/06/2017
EP 2883079 Al 17/06/2015
EP 2883079 A4 13/04/2016
EP 2883079 B1 27/09/2017
HK 1206817 Al 15/01/2016
JP 2015-528331 A 28/09/2015
JP 6270843 B2 31/01/2018
US 10064605 B2 04/09/2018
US 2014-0043933 Al 13/02/2014
US 2017-0112476 Al 27/04/2017
US 2019-0008487 Al 10/01/2019
US 9572549 B2 21/02/2017
WO 2014-026185 Al 13/02/2014
US 2014-0153694 Al 05/06/2014 CA 2892799 Al 05/06/2014
CN 103852477 A 11/06/2014
EP 2737852 Al 04/06/2014
EP 2737852 Bl 19/08/2015
JP 2014-109575 A 12/06/2014
US 9146327 B2 29/09/2015
WO 2014-083209 Al 05/06/2014
US 2004-0034298 Al 19/02/2004 AU 2003-273216 Al 25/02/2004
WO 2004-014231 Al 19/02/2004
US 2010-0246778 Al 30/09/2010 DE 102009014154 Al 07/10/2010
US 8220994 B2 17/07/2012

Form PCT/ISA/210 (patent family annex) (January 2015)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - claims
	Page 20 - claims
	Page 21 - claims
	Page 22 - claims
	Page 23 - drawings
	Page 24 - drawings
	Page 25 - drawings
	Page 26 - drawings
	Page 27 - drawings
	Page 28 - drawings
	Page 29 - drawings
	Page 30 - drawings
	Page 31 - drawings
	Page 32 - drawings
	Page 33 - drawings
	Page 34 - wo-search-report
	Page 35 - wo-search-report

