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SELF-DETERMINED SHOT GEOMETRY
FOR OPEN-CONFIGURATION PORTABLE
X-RAY COMPUTED TOMOGRAPHY (CT)

CROSS REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s a continuation-in-part of, and
claims priority to and the benefit of, U.S. patent application
Ser. No. 17/863,490, filed on Jul. 13, 2022. This application
incorporates the subject matter of the earlier filed applica-
tion.

FIELD

[0002] The present invention relates to a technique for the
seli-determination of shot geometry specifically intended for
use 1n open-configuration portable x-ray CT.

BACKGROUND

[0003] Computed tomography (CT) 1s a process by which
many X-ray shots are reconstructed mnto a volume 1mage. To
do this, the shot geometry for every x-ray shot must be
known such that the x-ray source position, detector position,
and detector orientation are all known.

[0004] In conventional CT, a rotation stage 1s calibrated so
that these shot geometries are known. This process 1s called
geometric calibration and it 1s well known for conventional
x-ray CT and tomosynthesis systems. Conventional CT
utilizes large known constellations of ball bearings or simi-
lar encased in rigid plastic structures, which 1s called a
retference constellation. The Conventional CT then solves
for the shot geometry given a rotational axis of symmetry
and exploit mechanical repeatability such that the reference
constellation may be removed from the scene for typical
X-ray shots.

[0005] Unifortunately, none of the known geometric cali-
bration techniques are suitable for portable x-ray CT such
that the reference constellation must remain in the scene of
interest for all x-ray shots, which are not mechanically
repeatable.

[0006] To address these shortcomings, the earlier filed
patent application was filed for seli-determined shot geom-
etry from a known reference constellation. The results of this
were highly successiul to produce a volume i1mage; how-
ever, each fiducial 1n the constellation must be 1dentified and
tracked 1n every x-ray shot. This 1s diflicult to perform in
practice.

[0007] Thus, an alternative technique removing this
requirement 1s needed.

SUMMARY

[0008] Certain embodiments of the present invention may
provide solutions to the problems and needs in the art that
have not yet been fully identified, appreciated, or solved by
current open configuration portable x-ray CT technology.
For example, some embodiments of the present imnvention
pertain to a seli-determined shot geometry for open-con-
figuration portable x-ray CT using an unknown constella-
tion.

[0009] Inan embodiment, a method may include capturing
one or more X-ray shot images into a computing system. The
method mcludes estimating an unknown constellation model
and one or more shot geometries, and ncludes reconstruct-
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ing a volume 1mage from the one or more captured shot
images and the one or more geometries using computed
tomography.

[0010] In another embodiment, a system includes a pro-
cessor and memory comprising a set of instructions. The set
of 1nstructions 1s configured to cause the at least one
processor to execute capturing one or more X-ray shot
images mnto a computing system. The set of instructions 1s
further configured to cause the at least one processor to
execute estimating an unknown constellation model and one
or more shot geometries, and reconstructing a volume image
from the one or more captured shot images and the one or
more geometries using computed tomography.

[0011] In yet another embodiment, a non-transitory com-
puter-readable medium includes a computer program. The
computer program 1s configured to cause at least one pro-
cessor to execute capturing one or more X-ray shot images
into a computing system. The computer program 1s further
configured to cause the at least one processor to execute
estimating an unknown constellation model and one or more
shot geometries, and reconstructing a volume 1mage from
the one or more captured shot images and the one or more
geometries using computed tomography.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] In order that the advantages of certain embodi-
ments of the mvention will be readily understood, a more
particular description of the invention brietly described
above will be rendered by reference to specific embodiments
that are 1llustrated 1n the appended drawings. While 1t should
be understood that these drawings depict only typical
embodiments of the invention and are not therefore to be
considered to be limiting of its scope, the invention will be
described and explained with additional specificity and
detail through the use of the accompanying drawings, 1n

which:

[0013] FIG. 1 1s a diagram 1llustrating shot geometry with
constellation, according to an embodiment of the present
invention.

[0014] FIG. 2 1s a diagram illustrating a shot geometry
with a constellation anchor, according to an embodiment of
the present mvention.

[0015] FIG. 3 1s a flow diagram 1illustrating a process for
executing a Use Case 1 for satisfactory model and geometry
estimates, according to an embodiment of the present inven-
tion.

[0016] FIG. 4 1s a diagram 1illustrating a process for Use
Case 2 for satisfactory model and re-estimate geometry,
according to an embodiment of the present invention.

[0017] FIGS. 5A and 3B are images 1illustrating a recon-
structed volume by solving for unknown constellation and
geometries, according to an embodiment of the present
invention.

[0018] FIGS. 6A and 6B are images illustrating a recon-
structed volume by using known constellation and solving
for geometries, according to an embodiment of the present
invention.

[0019] FIG. 7 1s an architectural diagram illustrating a
computing system configured to perform seli-determined
shot geometry, according to an embodiment of the present
invention.
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DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0020] Open-configuration portable x-ray computed
tomography (CT) 1s a technology that enables the volumetric
mspections of regions of interest on large parts, which have
been 1mpossible to this point. The open configuration aspect
of x-ray CT allows it to be portable and applicable to large
and 1rregular parts that are otherwise not conducive to
conventional booth setups or ring geometry.

[0021] Additionally, open-configuration portable x-ray CT
allows placing an x-ray source and a detector on opposite
sides of a barrier (1.e., a ship hull or a wall) while 1nspecting
for regions of interest with limited access. Although open-
configuration portable x-ray CT 1s not a focus of some of
these embodiments, the process of self-determining x-ray
shot geometry for open-configuration portable x-ray CT
using an unknown constellation of fiducials 1s of interest.
The geometry 1s self-determined since the geometry of the
shot 1s determined from the shot itself. Such an embodiment
(s) 1s unique from a related U.S. patent application Ser. No.
17/863.,490, filed on Jul. 13, 2022, entitled “Self-Determined
Shot Geometry for Open-Configuration Portable X-Ray
Computed Tomography (CT)” which used a known constel-
lation as opposed to an unknown constellation.

[0022] In some embodiments, a customized geometric
calculation technique 1s developed specifically for open-
configuration portable x-ray CT using a flat panel digital
detector, a cone beam x-ray source, and an unknown con-
stellation of fiducials. These embodiments are different
when compared to related U.S. patent application Ser. No.
17/863,490, filed on Jul. 13, 2022, (the “related applica-
tion”) that makes specific steps to reduce the complexity of
use 1n practice. The process may be used for x-ray or gamma
ray inspections.

[0023] In an embodiment, the reference constellation is
unknown and includes a few fiducials (i.e., points) since the
reference constellation must remain 1n the scene of interest
for all x-ray shots. It should be noted that not all fiducials
must be visible in every shot; thus, one may produce a
volume 1mage larger than the detector. For example, fidu-
clals may be affixed to the structure under test by hand,
where they remain stationary for the duration of the inspec-
tion.

[0024] In a further embodiment, one fiducial 1s 1dentified
as the origin of the coordinate system. Identification 1is
assisted by the fiducial having a unique feature (1.e., size,
texture, or shape). The one fiducial does not have to be
visible 1n every shot. Identification may be performed manu-
ally or automatically. The other fiducials are located but they
do not need to be i1dentified. This feature 1s supported by
algorithmic design as will be described later. LLocating may
be performed manually or automatically.
[0025] In yet some further embodiments, fiducials may be
athxed onto the specimen under test manually or automati-
cally before 1mage acquisition. The fiducials can then be
digitally removed from the volume image prior to volume
image analysis.

[0026] Some embodiments generally pertain to a process
for determining the reference constellation and the geometry
of each x-ray shot, which enables open-configuration por-
table x-ray CT. The process accurately estimates the posi-
tions of all constellation fiducials, which 1s a unique feature.
[0027] The process also simultaneously estimates the
source position and detector position and orientation for
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every shot taken. These critical parameters are referred to as
the geometry, which are determined for every x-ray shot.
The constellation represents the coordinate system, and the
coordinate system cannot be removed since portable x-ray
CT may not provide mechanical repeatability. These restric-
fions require modifications to ensure the proper determina-
tion of shot geometry.

[0028] A single 1dentified fiducial and a single x-ray shot
determine the coordinate system, which 1s also a unique
feature. All other fiducials do not require identification,
which 1s yet another unique feature. In fact, the fiducials may
be placed by hand before inspection, which 1s another
unique feature. These fiducials may be subsequently
removed 1n the reconstructed volume image, which 1s a
unique feature.

[0029] Shot Geometry Description

[0030] As described 1n parent and related application for
portable x-ray CT, the x-ray shot geometry may be quanti-
fied by the source position (s) in Cartesian coordinates

s=(s_, $3,8,)s (1)
[0031]
d=(d_d_ d), (2)

b %y

the detector position (d) in Cartesian coordinates

[0032] and the orthogonal detector orientation unit vectors

E:(V[)I,Voy, vﬂz) (3)
V_IZ(V Ixo V1yp V 1,.?;) (4)
Vo=(Vayo Vayy Vo, J=VgXVy. (5)

[0033] Nine unknowns may be used to describe this geom-
etry (g): the generator position (s), the detector position (d),

and the rotation angles for roll, pitch, and yaw (r,, r,, ),
which makes

g=(8,0 5,8 o, d 1 1, T,). (6)

[0034] Let us call this the geometry (g) for the U9 prob-
lem. Let N be the number of fiducials, and index 1€0 . . .
N—1. Three-dimensional fiducial points (p’) represent the
model of the constellation. They are related to the given
projected fiducial points (q*). Estimated projected points (e)
are determined from the geometry (g) where:

¢ = (), e} (1)

==

- (P - S)] i

[0035] Analyzing the system, 1f all the fiducials are
unknown, then there 1s complete ambiguity regarding the
coordinate system. To overcome this deficiency, one fiducial
1s selected as the origin of the coordinate system and the
geometry of one x-ray shot 1s used to establish the orienta-
tion of the coordinate system. See FIG. 1, which 1s a diagram
100 1llustrating shot geometry with constellation, according
to an embodiment of the present invention.

[0036] To study the size of the problem, let there be X
shots and N fiducials. The system has 2 known values (that
1s, knowns) for every fiducial seen 1n every shot making the
total number of knowns

knowns=2NX (4)
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[0037] Given that one fiducial 1s set as the origin and one
shot has rotations set to zero, the total number of unknowns
1S

{/9unknowns=3{N—1)+6+9(X-1) (5)

[0038] In one example, for N=6 and X=360, there are
4320 knowns and 3252 unknowns. This problem may be
solved, but the high number of unknowns compared to
knowns can make optimization techniques stall. Thus, one
may seek to reduce the number of unknowns.

[0039] Solving for the Simplified Geometry—U7 Problem

[0040] In the related application, the concept of the anchor
point was 1ntroduced, which reduces the number of geomet-

ric unknowns for each shot from 9 to 7. This reduction in
complexity may be called the U7 problem.

[0041] Also, in the related application, a new coordinate
system was translated by the anchor and multiple anchors
were selected for the known reference constellation. For the
unknown reference constellation, there 1s one point selected
as the anchor to be used as the global origin. Consequently,
the geometry terms require no translation.

[0042] However, the relative distance (a) between the
source and the detector along may be considered 1nstead of
(d,, dy, d,). To show this, let’s consider the projection of the
anchor point in detector coordinates (b). See FIG. 2, which
1s a diagram 200 1llustrating a shot geometry with a con-
stellation anchor, according to an embodiment of the present
invention.

[0043] Knowing that b is determined by passing through
the new origin, Equations (8) and (9) are used to show that

. ]
g -
. ]
-5 |

[0044] where b, is obviously O since b lies in the plane of
the detector. Let’s also consider a new basis using orthogo-
nal unit vectors vy, vy, and v, such that

5
=,

(6)

by =75 - E(

S

N
=,

(7)

b1 =71~ E(

S

$=(850,51,52) (8)
d=(dod,,d>) (9)

[0045] Equations (12) and (13) are now simplified and the
following relationships can be derived

d- (10)
& =

52
bg :{Iﬂg—dg (11)
bl = {¥sy _dl (12)

[0046] Consequently, seven unknowns may be used to
describe the geometry for each subproblem (h):

h=(8,,5,, 8, 0L w1y 1), (13)
[0047] where €' is still determined from Equations (8) and

(9) after relating h to an equivalent g using the relationships
above. This has the effect of fixing the projected anchor
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point and only moving the estimates of the remaining
projected constellation points.

U 7Tunknowns=3(N—1)+4+7(X—1) (14)

[0048] In this example, for N=6 and X=360, there are
same 4320 knowns and now only 2532 unknowns. This 1s
still a large number, but there 1s a savings of 2X unknowns
and the equations/processes significantly reduce the ratios of
unknowns to knowns. This can help the convergence of the
optimization technique.

[0049] Cost Functions

[0050] To this point, the cost function that must be reduced
by the optimization technique has not been defined. Similar
to the related application, a cost function may be defined for
¢ or h when the fiducials are identified. Using the definition
of the 12 norm for some vector x as

N-1 (15)

[0051] then the cost for any shot where fiducials are
identified 1s

(16)

=

P

N-1
cost_identified (g) = Z ‘Ef(g) -7
i=0

[0052] for some P, where P>1. The total cost would be the

sum over all shots. If fiducials are not 1dentified, a different
cost function must be used such that every visible projected
fiducial point should have a good estimate

N-1[N-1 “ _?} (17)

cost_unidentified(g) = y: y: e (2) —?k‘_P

k=0 | =0

[0053] Fiducials not observed 1n a shot are excluded from
the outer loop of the cost evaluation.

[0054] Use Cases

[0055] The information provided by the optimization tech-
nique may be used in one of two ways.

[0056] Use Case 1

[0057] If the solution 1s deemed satisfactory, the resultant
shot geometries may be used to reconstruct the volume
image. See, for example, FIG. 3, which 1s a flow diagram
illustrating a process 300 for executing a Use Case 1 for
satisfactory model and geometry estimates, according to an
embodiment of the present invention.

[0058] In some embodiments, process 300 includes cap-
turing one or more X-ray shot images (the “x-ray shot
images’’) 1nto a computing system at 305. At 310, process
300 includes estimating unknown constellation model and
shot geometries. For a more detailed explanation of step
310. Process 300 further includes reconstructing a volume
image from the shot images and geometries at 315.

[0059] Use Case 2

[0060] Additional processing may be required to re-esti-
mate the shot geometries. For example, the obtained con-
stellation model 1s used to uniquely and automatically
identify all constellation fiducials as they appear in every
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shot. The shot geometries 1s then re-estimated using the
processes described 1n the related application for seli-deter-
mined shot geometry using a known constellation. See, for
example, FIG. 4, which 1s a diagram 1llustrating a process
400 for Use Case 2 for satistactory model and re-estimate
geometry, according to an embodiment of the present inven-
tion.

[0061] In some embodiments, process 400 includes cap-
turing one or more X-ray shot images (the “x-ray shot
images’) 1nto a computing system at 405. At 410, process
400 includes estimating unknown constellation model and
shot geometries. For a more detailed explanation of step
410. Process 400 turther includes estimating shot geometries
using known constellation model at 415, as described in
FIG. § of the related application. Process 400 includes
reconstructing a volume image from the shot images and
geometries using CT at 420.

[0062] Solving for the unknown constellation 1s diflicult
since 1t has so many system unknowns, but the greatest asset
ol some of the embodiments described herein 1s a satisfac-
tory estimate of the constellation model.

[0063] Supporting Results

[0064] A small toy, image quality indicator (IQI), and a
constellation were 1maged for the process described above.
See, for example, FIGS. 5A and 5B, which are images
illustrating a reconstructed volume by solving for unknown
constellation and geometries, according to an embodiment
of the present mvention. Images 500A and 500B represent
viewing the volume from the front and back. Imperfections

in the estimation of the shot geometries are manifested by
image artifacts such as beam hardening, etc.

[0065] See also FIGS. 6A and 6B, which are images 600A
and 600B illustrating a reconstructed volume by using
known constellation and solving for geometries, according
to an embodiment of the present imnvention. As shown in
images 600A and 600B of FIGS. 6 A and 6B, the final shot
geometries significantly improve the estimation of shot
geometries and reduce the manifestation of 1mage artifacts.

[0066] FIG. 7 i1s an architectural diagram illustrating a
computing system 700 configured to perform self-deter-
mined shot geometry, according to an embodiment of the
present invention. In some embodiments, computing system
700 may be one or more of the computing systems depicted
and/or described herein. Computing system 700 includes a
bus 705 or other communication mechanism for communi-
cating information, and processor(s) 710 coupled to bus 705
for processing information. Processor(s) 710 may be any
type of general or specific purpose processor, including a
Central Processing Unit (CPU), an Application Specific
Integrated Circuit (ASIC), a Field Programmable Gate Array
(FPGA), a Graphics Processing Unit (GPU), multiple
instances thereot, and/or any combination thereof. Processor
(s) 710 may also have multiple processing cores, and at least
some of the cores may be configured to perform specific
functions. Multi-parallel processing may be used in some
embodiments. In certain embodiments, at least one of pro-
cessor(s) 710 may be a neuromorphic circuit that includes
processing elements that mimic biological neurons. In some
embodiments, neuromorphic circuits may not require the
typical components of a Von Neumann computing architec-
ture.

[0067] Computing system 700 further includes a memory
715 for storing information and instructions to be executed
by processor(s) 710. Memory 715 can be comprised of any
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combination of Random Access Memory (RAM), Read
Only Memory (ROM), flash memory, cache, static storage
such as a magnetic or optical disk, or any other types of
non-transitory computer-readable media or combinations
thereof. Non-transitory computer-readable media may be
any available media that can be accessed by processor(s)
710 and may include volatile media, non-volatile media, or

both. The media may also be removable, non-removable, or
both.

[0068] Additionally, computing system 700 includes a
communication device 720, such as a transceiver, to provide
access to a communications network via a wireless and/or
wired connection. In some embodiments, communication
device 720 may be configured to use Frequency Division

Multiple Access (FDMA), Single Carrier FDMA (SC-
FDMA), Time Division Multiple Access (TDMA), Code
Division Multiple Access (CDMA), Orthogonal Frequency
Division Multiplexing (OFDM), Orthogonal Frequency
Division Multiple Access (OFDMA), Global System for
Mobile (GSM) communications, General Packet Radio Ser-
vice (GPRS), Universal Mobile Telecommunications Sys-
tem (UMTS), cdma2000, Wideband CDMA (W-CDMA),
High-Speed Downlink Packet Access (HSDPA), High-
Speed Uplink Packet Access (HSUPA), High-Speed Packet
Access (HSPA), Long Term Evolution (LTE), LTE
Advanced (LTE-A), 802.11x, Wi-F1, Zigbee, Ultra-Wide-
Band (UWB), 802.16x, 802.15, Home Node-B (HnB), Blu-
ctooth, Radio Frequency Identification (RFID), Infrared
Data Association (IrDA), Near-Field Communications
(NFC), fifth generation (5G), New Radio (NR), any com-
bination thereof, and/or any other currently existing or
future-implemented communications standard and/or proto-
col without deviating from the scope of the mvention. In
some embodiments, communication device 720 may include
one or more antennas that are singular, arrayed, phased,
switched, beamforming, beamsteering, a combination
thereof, and or any other antenna configuration without
deviating from the scope of the invention.

[0069] Processor(s) 710 are further coupled via bus 705 to
a display 725, such as a plasma display, a Liqud Crystal
Display (LCD), a Light Emitting Diode (LED) display, a
Field Emission Display (FED), an Organic Light Emitting
Diode (OLED) display, a flexible OLED display, a flexible
substrate display, a projection display, a 4K display, a high
definition display, a Retina® display, an In-Plane Switching
(IPS) display, or any other suitable display for displaying
information to a user. Display 725 may be configured as a
touch (haptic) display, a three dimensional (3D) touch
display, a multi-input touch display, a multi-touch display,
etc. using resistive, capacitive, surface-acoustic wave
(SAW) capacitive, infrared, optical imaging, dispersive sig-
nal technology, acoustic pulse recognition, frustrated total
internal reflection, etc. Any suitable display device and

haptic I/O may be used without deviating from the scope of
the 1vention.

[0070] A keyboard 730 and a cursor control device 735,
such as a computer mouse, a touchpad, etc., are further
coupled to bus 705 to enable a user to interface with
computing system. However, 1n certain embodiments, a
physical keyboard and mouse may not be present, and the
user may interact with the device solely through display 7235
and/or a touchpad (not shown). Any type and combination of
iput devices may be used as a matter of design choice. In
certain embodiments, no physical mput device and/or dis-




US 2024/0020890 Al

play 1s present. For instance, the user may interact with
computing system 600 remotely via another computing
system 1n communication therewith, or computing system
700 may operate autonomously.

[0071] Memory 713 stores software modules that provide
functionality when executed by processor(s) 710. The mod-
ules include an operating system 740 for computing system
700. The modules further include a shot geometry module
745 that 1s configured to perform all or part of the processes
described herein or dertvatives thereol. Computing system
700 may 1nclude one or more additional functional modules
750 that 1include additional functionality.

[0072] One skilled 1n the art will appreciate that a *“sys-
tem” could be embodied as a server, an embedded comput-
ing system, a personal computer, a console, a personal
digital assistant (PDA), a cell phone, a tablet computing
device, a quantum computing system, or any other suitable
computing device, or combination of devices without devi-
ating from the scope of the invention. Presenting the above-
described functions as being performed by a “system” 1s not
intended to limit the scope of the present invention 1n any
way, but 1s intended to provide one example of the many
embodiments of the present invention. Indeed, methods,
systems, and apparatuses disclosed herein may be imple-
mented in localized and distributed forms consistent with
computing technology, including cloud computing systems.

[0073] It should be noted that some of the system features
described 1n this specification have been presented as mod-
ules, 1n order to more particularly emphasize theirr 1mple-
mentation mdependence. For example, a module may be
implemented as a hardware circuit comprising custom very
large scale integration (VLSI) circuits or gate arrays, ofl-
the-shelf semiconductors such as logic chips, transistors, or
other discrete components. A module may also be 1mple-
mented in programmable hardware devices such as field
programmable gate arrays, programmable array logic, pro-

grammable logic devices, graphics processing units, or the
like.

[0074] A module may also be at least partially imple-
mented 1n software for execution by various types of pro-
cessors. An i1dentified umit of executable code may, for
instance, iclude one or more physical or logical blocks of
computer mstructions that may, for instance, be organized as
an object, procedure, or {function. Nevertheless, the
executables of an 1dentified module need not be physically
located together, but may include disparate instructions
stored 1n different locations that, when joined logically
together, comprise the module and achieve the stated pur-
pose for the module. Further, modules may be stored on a
computer-readable medium, which may be, for instance, a
hard disk drive, tlash device, RAM, tape, and/or any other
such non-transitory computer-readable medium used to store
data without deviating from the scope of the invention.

[0075] Indeed, a module of executable code could be a
single 1nstruction, or many 1instructions, and may even be
distributed over several diflerent code segments, among
different programs, and across several memory devices.
Similarly, operational data may be 1dentified and illustrated
herein within modules, and may be embodied in any suitable
form and organized within any suitable type of data struc-
ture. The operational data may be collected as a single data
set, or may be distributed over diflerent locations including
over diflerent storage devices, and may exist, at least par-
tially, merely as electronic signals on a system or network.
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[0076] The process steps performed i FIGS. 3 and 4 may
be performed by a computer program, encoding instructions
for the processor(s) to perform at least part of the process(es)
described 1in FIGS. 3 and 4, 1n accordance with embodiments
of the present mnvention. The computer program may be
embodied on a non-transitory computer-readable medium.
The computer-readable medium may be, but 1s not limited
to, a hard disk drive, a flash device, RAM, a tape, and/or any
other such medium or combination of media used to store
data. The computer program may include encoded instruc-
tions for controlling processor(s) of a computing system
(e.g., processor(s) 710 of computing system 700 of FIG. 7)
to implement all or part of the process steps described in
FIGS. 3 and 4, which may also be stored on the computer-
readable medium.

[0077] The computer program can be implemented 1n
hardware, software, or a hybrid implementation. The com-
puter program can be composed of modules that are in
operative communication with one another, and which are
designed to pass information or instructions to display. The
computer program can be configured to operate on a com-
puter, an ASIC, or any other suitable device.

[0078] It will be readily understood that the components of
various embodiments of the present invention, as generally
described and illustrated in the figures herein, may be
arranged and designed in a wide variety of different con-
figurations. Thus, the detailed description of the embodi-
ments of the present invention, as represented in the attached
figures, 1s not intended to limit the scope of the invention as
claimed, but 1s merely representative of selected embodi-
ments of the invention.

[0079] The features, structures, or characteristics of the
invention described throughout this specification may be
combined 1n any suitable manner in one or more embodi-
ments. For example, reference throughout this specification
to “certain embodiments,” “some embodiments,” or similar
language means that a particular feature, structure, or char-
acteristic described 1n connection with the embodiment 1s
included 1n at least one embodiment of the present invention.
Thus, appearances of the phrases “in certain embodiments,”
“in some embodiment,” “in other embodiments,” or similar
language throughout this specification do not necessarily all
refer to the same group of embodiments and the described
features, structures, or characteristics may be combined 1n

any suitable manner 1n one or more embodiments.

[0080] It should be noted that reference throughout this

specification to features, advantages, or similar language
does not 1mply that all of the features and advantages that
may be realized with the present invention should be or are
in any single embodiment of the invention. Rather, language
referring to the features and advantages i1s understood to
mean that a specific feature, advantage, or characteristic
described 1n connection with an embodiment i1s included 1n
at least one embodiment of the present invention. Thus,
discussion of the features and advantages, and similar lan-
guage, throughout this specification may, but do not neces-
sarily, refer to the same embodiment.

[0081] Furthermore, the described features, advantages,
and characteristics of the invention may be combined 1n any
suitable manner 1n one or more embodiments. One skilled 1n
the relevant art will recognize that the nvention can be
practiced without one or more of the specific features or
advantages of a particular embodiment. In other instances,
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additional features and advantages may be recognized 1n
certain embodiments that may not be present 1n all embodi-
ments of the invention.

[0082] One having ordinary skill in the art will readily
understand that the invention as discussed above may be
practiced with steps 1n a different order, and/or with hard-
ware elements 1n configurations which are different than
those which are disclosed. Therefore, although the invention
has been described based upon these preferred embodi-
ments, 1t would be apparent to those of skill in the art that
certain modifications, variations, and alternative construc-
tions would be apparent, while remaining within the spirit
and scope of the invention. In order to determine the metes
and bounds of the invention, therefore, reference should be
made to the appended claims.

1. A computer-implemented method, comprising:

capturing one or more X-ray shot images into a computing

system;

estimating an unknown constellation model and one or

more shot geometries; and

reconstructing a volume 1mage from the one or more

captured shot 1images and the one or more geometries
using computed tomography.

2. The computer-implemented method of claim 1, further
comprising:

estimating the one or more shot geometries using a known

constellation model.

3. The computer-implemented method of claim 1, further
comprising;

identifying one fiducial of a plurality of fiducials as an

origin of a coordinate system; and

establishing an orientation of the coordinate system using

a geometry of one of the one or more x-ray shots.

4. The computer-implemented method of claim 3,
wherein the i1denfifying of the one fiducial 1s assisted by the
one fiducial having a umque feature, wherein the unique
feature being size, texture, or shape.

5. The computer-implemented method of claim 3, further
comprising:

removing remaining fiducials of the plurality of fiducials
from the volume 1mage after reconstruction but prior to
performing volume 1image analysis.

6. The computer-implemented method of claim 1, further
comprising;

guantifying the one or more shot geometries by a source

position 1n Cartesian coordinates, a detector position in
Cartesian coordinates, and orthogonal detector orien-
tation unit vectors.

7. The computer-implemented method of claim 1, further
comprising:

reducing a cost function by using an optimization tech-

nique, wherein

the cost function is defined for geometry (g) and subprob-

lem (h) when one fiducial is identified.

8. The computer-implemented method of claim 7, further
comprising:

using a definition of a 12 norm for some vector X as

Jan. 18, 2024

the cost for any shot where fiducials are 1dentified 1s

=

N-1

cost_identified (g) = Z ‘Ef(@ -7

i=0

P

where for some P, where P>1.
9. The computer-implemented method of claim 8, further
comprising:
when fiducials are not identified, using a different cost
function such that every visible projected fiducial point
has a good estimate as defined by

—1

cost_unidentified(g) = » = [ZP‘: '@ -7 "]

k=0

10. A system, comprising:

at least one processor; and

memory comprising a set of instructions, wherein

the set of instructions 1s configured to cause the at least

one processor to execute:

capturing one or more x-ray shot images 1into a com-
puting system;

estimating an unknown constellation model and one or
more shot geometries; and

reconstructing a volume 1mage from the one or more
captured shot images and the one or more geometries
using computed tomography.

11. The system of claim 10, wherein the set of instructions
1s further configured to cause the at least one processor to
execute:

estimating the one or more shot geometries using a known

constellation model.

12. The system of claim 10, wherein the set of instructions
1s further configured to cause the at least one processor to
execute:

identifying one fiducial of a plurality of fiducials as an

origin of a coordinate system; and

establishing an orientation of the coordinate system using

a geometry of one of the one or more x-ray shots.

13. The system of claim 12, wherein the identifying of the
one fiducial 1s assisted by the one fiducial having a unique
feature, wherein the unique feature being size, texture, or
shape.

14. The system of claim 12, wherein the set of instructions
1s further configured to cause the at least one processor to
execute:

removing remaining fiducials of the plurality of fiducials
from the volume 1mage after reconstruction but prior to
performing volume image analysis.

15. The system of claam 10, wherein the set of instructions
1s further configured to cause the at least one processor to
execute:

quantifying the one or more shot geometries by a source

position 1n Cartesian coordinates, a detector position in
Cartesian coordinates, and orthogonal detector orien-
tation unit vectors.

16. The system of claim 10, wherein the set of instructions
1s further configured to cause the at least one processor to
execute:

reducing a cost function by using an optimization tech-

nique, wherein

the cost function is defined for geometry (g) and subprob-

lem (h) when one fiducial is identified.
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17. The system of claim 16, wherein the set of instructions
1s further configured to cause the at least one processor to
execute:

using a definition of a 12 norm for some vector X as

b
ol—

cost_identified (g) = Z ‘Ef(g) -7

where for some P, where P>1.

18. The system of claim 17, wherein the set of instructions
1s further configured to cause the at least one processor to
execute:

Jan. 18, 2024

when fiducials are not identified, using a different cost
function such that every visible projected fiducial point
has a good estimate as defined by

—1

cost_unidentified(g) = ZN_I [Z::l ‘gf(g) _ qﬁc‘—ft’]?

k=0

19. A non-transitory computer-readable medium compris-
ing a computer program, the computer program 1s config-
ured to cause at least one processor to execute:

capturing one or more X-ray shot images into a computing
system;

estimating an unknown constellation model and one or
more shot geometries; and

reconstructing a volume image from the one or more
captured shot 1mages and the one or more geometries
using computed tomography.

* kK * S S
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