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(57) ABSTRACT

A method for iteratively reconstructing an image is pro-
vided. The method includes acquiring, with a detector,
computed tomography (CT) imaging information. The
method also includes generating, with at least one processor,
sinogram information from the CT imaging information.
Further, the method includes generating, with the at least one
processor, image domain information from the CT imaging
information. Also, the method includes updating the image
using the sinogram information. The method further
includes updating the image using the image domain infor-
mation. Updating the image using the sinogram information
and updating the image using the image domain information
are performed separately and alternately in an iterative
fashion.
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1
SYSTEMS AND METHODS FOR PARALLEL
PROCESSING OF IMAGING INFORMATION

RELATED APPLICATIONS

The present application makes reference to and claims
priority to U.S. Provisional Application No. 62/168,238,
filed May 29, 2015, entitled “Systems and Methods for
Parallel Processing of Imaging Information,” the entire
subject matter of which is incorporated by reference herein.

STATEMENT OF GOVERNMENT RIGHTS

This invention was made with government support under
Contract NIH Grant EB018753. The government has certain
rights in the invention.

BACKGROUND OF THE INVENTION

The subject matter disclosed herein relates generally to
systems and methods for computed tomography (CT) imag-
ing, for example to systems and methods for using model
based image reconstruction (MBIR) or other iterative
approaches to reconstruction a CT image.

In CT imaging, an X-ray source may be rotated around an
object to obtain imaging information. X-rays from the
source attenuated by the object may be collected or detected
by a detector and used to reconstruct an image.

Statistical and/or model based X-ray CT reconstruction
may reduce noise and artifacts using safer low-dose CT
scans compared to conventional filtered back-projection
(FBP) methods; however, certain previous approaches uti-
lizing such reconstruction (e.g., of large helical CT scan
data) techniques require overly long computation times. For
example, even if aspects of previous approaches could be
performed in parallel, significant time may be consumed due
to periods of time during which one or more processors
remain idle time while waiting on data transfer.

BRIEF DESCRIPTION OF THE INVENTION

In one embodiment, a method for iteratively reconstruct-
ing an image is provided. The method includes acquiring,
with a detector, computed tomography (CT) imaging infor-
mation. The method also includes generating, with at least
one processor, sinogram information from the CT imaging
information. Further, the method includes generating, with
the at least one processor, image domain information from
the CT imaging information. Also, the method includes
updating the image using the sinogram information. The
method further includes updating the image using the image
domain information. Updating the image using the sinogram
information and updating the image using the image domain
information are performed separately and alternately in an
iterative fashion.

In another embodiment, a reconstruction system is pro-
vided that includes a central processor and plural distributed
processors. The distributed processors are configured to
perform parallel processing under the direction of the central
processor. The reconstruction system is configured to
acquire CT imaging information, determine block-separable
surrogates for analyzing the CT imaging information, assign
each block-separable surrogate component to a correspond-
ing distributed processor, with the corresponding distributed
processor configured to minimize a component of the block-
separable surrogate, perform multiple iterations of an algo-
rithm to minimize the block-separable surrogates indepen-

20

25

30

35

40

45

50

55

60

65

2

dently using the corresponding distributed processors, and
synchronize the block-separable surrogates after performing
the multiple iterations using the corresponding distributed
processors.

In another embodiment, a reconstruction system is pro-
vided that includes a central processor and one or more
distributed processors. The distributed processors are con-
figured to perform parallel processing under the direction of
the central processor. The reconstruction system is config-
ured to perform an operation utilizing resident information
initially resident upon one of the distributed processors and
non-resident information transferred from at least one other
of the distributed processors. The one of the distributed
processors (e.g., the processor upon which the resident
information is initially resident) is configured to begin
performing the operation using the resident information,
receive the non-resident information during at least a portion
of'a time utilized to begin performing the operation using the
resident information, and complete performing the operation
using the non-resident information.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flowchart of a method in accordance with
various embodiments.

FIG. 2 is a schematic block diagram illustrating an image
reconstruction system in accordance with various embodi-
ments.

FIG. 3 illustrates an example process flow in accordance
with various embodiments.

FIG. 4 is a flowchart of a method in accordance with
various embodiments.

FIG. 5 summarizes an example distributed BSS algorithm
that guarantees monotonic descent update and convergence
for the one-subset (M=1) version.

FIG. 6 is a flowchart of a method in accordance with
various embodiments.

FIG. 7 depicts a process flow in accordance with various
embodiments.

FIG. 8 is a schematic block diagram of an imaging system
in accordance with various embodiments.

FIG. 9 provides pseudocode for an example algorithm
alternating between sinogram and image domain informa-
tion updates in accordance with various embodiments.

DETAILED DESCRIPTION OF THE
INVENTION

The following detailed description of certain embodi-
ments will be better understood when read in conjunction
with the appended drawings. To the extent that the figures
illustrate diagrams of the functional blocks of various
embodiments, the functional blocks are not necessarily
indicative of the division between hardware circuitry. For
example, one or more of the functional blocks (e.g., pro-
cessors or memories) may be implemented in a single piece
of hardware (e.g., a general purpose signal processor or a
block of random access memory, hard disk, or the like) or
multiple pieces of hardware. Similarly, the programs may be
stand alone programs, may be incorporated as subroutines in
an operating system, may be functions in an installed
software package, and the like. It should be understood that
the various embodiments are not limited to the arrangements
and instrumentality shown in the drawings. It should be
further understood that the figures illustrate example
embodiments of the present disclosure. Variations, such as
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replacing or modifying one or more functional blocks, are
possible to achieve similar results.

As used herein, the terms “system,” “unit,” or “module”
may include a hardware and/or software system that oper-
ates to perform one or more functions. For example, a
module, unit, or system may include a computer processor,
controller, or other logic-based device that performs opera-
tions based on instructions stored on a tangible and non-
transitory computer readable storage medium, such as a
computer memory. Alternatively, a module, unit, or system
may include a hard-wired device that performs operations
based on hard-wired logic of the device. Various modules or
units shown in the attached figures may represent the
hardware that operates based on software or hardwired
instructions, the software that directs hardware to perform
the operations, or a combination thereof.

“Systems,” “units,” or “modules” may include or repre-
sent hardware and associated instructions (e.g., software
stored on a tangible and non-transitory computer readable
storage medium, such as a computer hard drive, ROM,
RAM, or the like) that perform one or more operations
described herein. The hardware may include electronic
circuits that include and/or are connected to one or more
logic-based devices, such as microprocessors, processors,
controllers, or the like. These devices may be off-the-shelf
devices that are appropriately programmed or instructed to
perform operations described herein from the instructions
described above. Additionally or alternatively, one or more
of these devices may be hard-wired with logic circuits to
perform these operations.

As used herein, an element or step recited in the singular
and preceded with the word “a” or “an” should be under-
stood as not excluding plural of said elements or steps,
unless such exclusion is explicitly stated. Furthermore,
references to “one embodiment” are not intended to be
interpreted as excluding the existence of additional embodi-
ments that also incorporate the recited features. Moreover,
unless explicitly stated to the contrary, embodiments “com-
prising” or “having” an element or a plurality of elements
having a particular property may include additional elements
not having that property.

Also used herein, the phrase “reconstructing an image” is
not intended to exclude embodiments in which data repre-
senting an image is generated, but a viewable image is not.
As used herein, the term “image” broadly refers to both
viewable images and data representing a viewable image. It
may be noted that various embodiments generate, or are
configured to generate, at least one viewable image.

Various embodiments provide systems and methods for
improved efficiency parallel processing of imaging informa-
tion, for example to reconstruct an image using an iterative
and/or model-based technique. For example, model-based
image reconstruction (MBIR) for CT may have large com-
putational requirements and require many computational
elements or cores to achieve practical reconstruction times.

In various embodiments, algorithms tailored to parallel
computing may be employed. For example, such algorithms
may be employed with computing or processing nodes that
use distributed processors or external co-processors (e.g.,
GPUs) that are not connected directly to RAM of a main or
central host and thus require explicit memory transfers
between the host and the co-processors. While such systems
may provide numerous computing cores, data communica-
tion may become a major bottleneck in such system. Various
embodiments disclosed herein improve efficiency of such
systems, for example by using duality (and/or other tech-
niques) to separate at least a portion of the updates related
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4

to sinogram data from updates related to image domain data
(e.g., regularizer data) such that computation of the updates
may be interleaved efficiently with data transfer (e.g., one
type of information transferred while an update using a
different type of information is performed).

In various embodiments, MBIR (or other reconstruction
technique) may be implemented on a single or multiple
compute devices using a combination of system and/or
algorithmic techniques. For example, an iterative technique
for CT reconstruction may be employed that alternates
between updating an image using portions of sinogram data
(e.g., a view at a time) and updating variables related to the
regularizer. During each update, data may be transferred to
the computational device for subsequent updates. The regu-
larizer and image updates may be designed using duality
such that the algorithm is guaranteed to converge. In some
embodiments, the sinogram views may be chosen randomly
or pseudo-randomly. The dual variables may be associated
with sinogram elements and with differences between neigh-
boring voxels for the regularizer (or other relationships
between neighboring pixels). In some embodiments, the
image volume data may be partitioned across multiple
compute devices (e.g., GPUs) in a fashion favorable to
computation by rows, columns, or slices of the image
volume. Further still, the image volume data may be pro-
integrated across one or two dimensions to improve com-
putation performance of a forward-projection algorithm
and/or a back-projection algorithm on a highly parallel
computing architecture.

Additionally or alternatively, various embodiments allow
different nodes of a system to perform multiple image
updates (and/or other iterative processes) between data
communication phases. For example, in some embodiments,
a block separable surrogate function method has been
adapted to CT reconstruction. For example, an image data
volume may be partitioned into disjoint axial-slabs. Slices
on the slab boundary may converge more slowly (in itera-
tions) due to BSS, but multiple numbers of iterations may be
performed before synchronization, thereby reducing com-
munication time. To help make the convergence rate more
uniform, the partition boundary may be dithered between
updates to vary which slices are on the boundary.

Further additionally or alternatively, in various embodi-
ments, an algorithm (e.g., a simultaneous MBIR algorithm)
may be implemented on multiple compute devices (or
nodes). The latency of communicating between the multiple
compute devices (e.g., CPU) may be “hidden” behind con-
current calculations. In various embodiments, some portion
of' image volume data starts resident on a compute device or
node (e.g., GPU) to be used for calculations of a next subset
and/or iteration, thereby enabling additional image volume
data for subsequent computations to be transferred simulta-
neously or concurrently with computations using data
already resident on the node without performance penalty
(or with minimized or reduced performance penalty). Alter-
natively or additionally, some portion of sinogram data starts
resident on a compute device or node (e.g., GPU) to be used
for calculations of a next subset and/or iteration, thereby
enabling additional sinogram data for subsequent computa-
tions to be transferred simultaneously or concurrently with
computations using data already resident on the node with-
out performance penalty (or with minimized or reduced
performance penalty).

Various embodiments provide improved imaging. A tech-
nical effect of at least one embodiment includes reducing
compute time required to reconstruct an image, for example
using model-based or other iterative techniques. A technical
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effect of at least one embodiment includes reduction of
radiation dose. A technical effect of at least one embodiment
includes improved image quality.

FIG. 1 provides a flowchart of a method 100 for recon-
structing an image of an object, for example model based
iterative reconstruction (MBIR), in accordance with various
embodiments. The method 100, for example, may employ or
be performed by structures or aspects of various embodi-
ments (e.g., systems and/or methods) discussed herein. In
various embodiments, certain steps may be omitted or
added, certain steps may be combined, certain steps may be
performed simultaneously, certain steps may be performed
concurrently, certain steps may be split into multiple steps,
certain steps may be performed in a different order, or
certain steps or series of steps may be re-performed in an
iterative fashion. In various embodiments, portions, aspects,
and/or variations of the method 100 may be able to be used
as one or more algorithms to direct hardware (e.g., one or
more aspects of the processing unit 200 and/or image
reconstructor 950) to perform one or more operations
described herein. It may be noted that, in the illustrated
embodiment, an MBIR or other iterative cost minimization
technique is employed. In other embodiments, other tech-
niques may be employed additionally or alternatively.

At 102, CT information is acquired. The CT information
may be collected by rotating an X-ray source and detector
relative to an object to be imaged. In some embodiments, the
CT information may also be collected by translating the
X-ray source and detector axially or longitudinally relative
to the object to be imaged. The axial or longitudinal trans-
lation may occur at the same time as the rotation in some
embodiments (e.g., during a helical mode of operation), or
may occur in steps or increments between rotations (e.g.,
during a step and shoot mode of operation). It may be noted
that in some embodiments, the CT imaging information may
be acquired from a storage device, memory device, and/or
network or internet connection. The processors that acquire
the CT imaging information for use in reconstruction may be
integral with an acquisition unit as part of an imaging system
located at a single location, or the processors may be located
remotely from the acquisition unit.

After the CT information is acquired, the collected CT
information may be used to reconstruct an image. In the
illustrated embodiment, an iterative reconstruction process
is employed. Both sinogram information (e.g., information
from a sinogram domain representation of the CT informa-
tion) and image domain information (e.g., regularizer infor-
mation) are employed in updating an image as part of an
iterative reconstruction process in the illustrated embodi-
ment. In contrast to certain conventional approaches, how-
ever, updates using the sinogram information and updates
using the image domain information are separately applied.
Accordingly, systems and methods utilizing the method 100
may be utilized more efficiently than conventional
approaches. For example, while data relating to one of the
sinogram information or the image domain information is
being transferred, data relating to the other of the sinogram
information or the image domain information may be used
to update the image, reducing time spent idly waiting for
completion of data transfer and increasing processing effi-
ciency. In various embodiments, as discussed herein, the
processing may be performed using distributed processors
operating in parallel.

At 104, a view is selected from the CT information. The
CT information may be acquired as a series of views, with
each view corresponding to a given projection angle or
rotational position of the X-ray source with respect to the
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6

object being imaged. In the illustrated embodiment, the
image is updated using information from one view at a time.
The sequence of views may be selected randomly. Use of
randomly selected views may help reduce or minimize
overlap between adjacent views in the sequence of views
used to update. Other techniques, such as selecting the views
in bit-reversed order, may be utilized in some embodiments
to select the particular sequence in which the views are
employed to update the image. It may be noted that in the
illustrated embodiment, the method is performed view by
view (e.g., sinogram information for one view used to
update, then image domain information used to update the
image, then sinogram information for a next view used to
update, then image domain information used to update the
image); however, other sequences (e.g., groups of views for
sinogram information used to update the image followed by
groups of views of image domain information used to update
the image) may be employed in alternate embodiments.
Portions of a view or views could be used for an update in
another embodiment, rather than entire views.

At 106, sinogram information (or tomography informa-
tion) is generated from the CT information. For example, the
sinogram information may be selected from the CT infor-
mation for a particular selected view. At least some of the
sinogram information may be transformed from a sinogram
domain to an imaging domain, for example to update an
image. At various stages of processing, the sinogram infor-
mation may be back projected to provide tomography infor-
mation in an image domain, or tomography information may
be forward projected from an image domain to a sinogram
domain.

At 108 in the depicted embodiment, sinogram information
is transferred from a central processing unit (CPU) to a
distributed processing unit. The distributed processing unit,
for example, may be a graphics processing unit (GPU). The
sinogram information may be transferred to more than one
distributed processing unit in various embodiments. How-
ever, in some embodiments, the processing may be per-
formed with a single processing node, or without the use of
distributed processing nodes (e.g., GPU or other distributed
processors).

FIG. 2 is a schematic block diagram illustrating an image
reconstruction system 200 that includes distributed process-
ing units in accordance with various embodiments. The
image reconstruction system 200 may be operably coupled
to an image acquisition unit 250, and a display unit 260.
Generally, the image reconstruction system acquires CT
imaging information via the acquisition unit, generates a
reconstructed image (e.g., using MBIR or other iterative
technique), and provides a reconstructed image to the dis-
play unit 260 for display and/or storage for later display. The
image reconstruction system 200 may be configured to
utilize one or more portions of the methods or processes
discussed herein to reconstruct an image.

As seen in FIG. 2, the image reconstruction system
includes a central processing unit 210, a first distributed
processing unit 220, a second distributed processing unit
230, and a third distributed processing unit 240. Generally,
the distributed processing units 220, 230, 240 are connected
in parallel with the central processing unit 210. Processing
units, for example, may also be referred to as nodes. Each of
the distributed processing units 220, 230, 240 may be
configured to perform operations, such as minimization of a
cost function or other operation as part of an iterative image
reconstruction process. As depicted in FIG. 2, each of the
processing units includes a memory 212 (e.g., 212a, 2125,
212¢, 212d). The memory 212 may include one or more
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computer readable storage media. The memory 212 of each
of the processing units, for example, may store imaging
information, results of intermediate processing steps, or the
like. Further, the process flows and/or flowcharts discussed
herein (or aspects thereof) may represent one or more sets of
instructions that are stored in one or more of the memories
212 for direction of operations of the system 200. It may be
noted that the various nodes or processors depicted in FIG.
2 do not share memory. The various depicted processing
units may include processing circuitry configured to perform
one or more tasks, functions, or steps discussed herein. It
may be noted that operations performed by the processing
units (e.g., operations corresponding to process flows or
methods discussed herein, or aspects thereof) may be suf-
ficiently complex that the operations may not be performed
by a human being within a reasonable time period.

The central processing unit 210 may receive the CT
imaging information from the image acquisition unit 250,
separate the CT imaging information (e.g., into tomography
information and image domain information on a view-by-
view basis) and distribute the separated portions of the CT
imaging information among the distributed processing units
220, 230, 240.

Accordingly, one aspect of processing (e.g., performing
an update using tomography information) may be performed
by one of the distributed processing units while information
for a different aspect of processing (e.g., information for use
in performing an update using image domain information
such as regularizer information) is being transferred to or
from a different one of the distributed processing units. It
may be noted that a given distributed processing unit may be
configured only for use with a given type of information
(e.g., dedicated to processing sinogram information but not
image domain information, dedicated to processing image
domain information but not sinogram information). Alter-
natively, a given distributed processing unit may be config-
ured for processing sinogram information as well as image
domain information at different times. Further, one or more
of the distributed processing units may be configured for
projecting or transforming information between sinogram
and image domains. In some embodiments, one or more
distributed processing units may determine an update to be
performed on an image, while the central processing unit
210 applies the updates.

Returning to FIG. 1, at 110, a sinogram cost function is
minimized using the sinogram information to produce opti-
mized sinogram information, for example in connection
with MBIR. The cost function may be minimized using a
convex conjugate as discussed elsewhere herein in further
detail. At 112, the image is updated using the optimized
sinogram information. It may be noted that other techniques
alternatively or additionally to MBIR may be utilized to
produce the sinogram or tomography information used to
update the image at 112. Further, the sinogram or tomogra-
phy information may be transformed from a sinogram
domain to an image domain before using the sinogram
information to update the image. Further still, it may be
noted that an initial image (e.g., an image to which the first
update in an iterative process is applied) may be generated
using a fast filtered backprojection method as known in the
art.

In various embodiments, during the transfer and/or pro-
cessing and/or updating related to the sinogram or tomog-
raphy information, one or more steps regarding image
domain information may be performed separately from the
steps regarding sinogram or tomography information. In the
illustrated embodiment, at 114, image domain information is
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generated from the CT information. For example, the image
domain information may be generated using an initial image
for a first iteration, or using a previously updated image
(e.g., an image updated based on a previous view of sino-
gram information). In various embodiments, the image
domain information may include regularizer information.
Generally, as used herein, regularizer information may be
understood as information corresponding to relationships of
pixels in an image. For example, relationships between all or
some of a group of pixels within a predetermined range may
be utilized to generate the regularizer information. In some
embodiments the pixels may be neighboring or near to each
other. For example, in some embodiments, the regularizer
information may include differences between immediately
adjacent pixels. Again, it may be noted that different rela-
tionships other than a difference and/or different groups of
neighboring pixels alternatively or additionally to immedi-
ately adjacent pixels may be employed. Further still, it may
be noted that neighboring pixels of a given pixel may be
separated into different groups and processed separately
(e.g., by different distributed processing units). For example,
for a single voxel in a 3-D array, the given voxel will have
26 different immediately adjacent neighbors (e.g., voxels
having at least an edge or point of an edge in common with
the given voxel). In various embodiments, the 26 neighbors
may be separated into two or more groups, and correspond-
ing regularizer information may be developed and/or pro-
cessed separately for the groups. It may be noted that other
forms of image domain information, for example non-
negativity information, may be utilized additionally or alter-
natively to regularizer information.

At 116 in the depicted embodiment, image domain infor-
mation is transferred from a central processing unit (CPU) to
a distributed processing unit. The image domain information
may be transferred from a distributed processing unit to a
different distributed processing unit via the CPU. The dis-
tributed processing unit, for example, may be a graphics
processing unit (GPU). It may be noted that the image
domain information may be transferred to more than one
distributed processing unit in various embodiments (e.g.,
different portions of regularizer information transferred to
different distributed processing units, regularizer informa-
tion transferred to a given distributed processing unit (or
units) and non-negativity information transferred to a dif-
ferent distributed processing unit (or units), among others).
However, in some embodiments, the processing may be
performed with a single processing node, or without the use
of distributed processing nodes (e.g., GPU or other distrib-
uted processors).

At 118, an image domain cost function (e.g., a regularizer
function) is minimized using the image domain information
to produce optimized image domain information, for
example in connection with MBIR. The cost function may
be minimized using a convex conjugate as discussed else-
where herein in further detail. At 120, the image is updated
using the optimized image domain information. It may be
noted that other techniques alternatively or additionally to
MBIR may be utilized to produce the image domain infor-
mation used to update the image at 120.

In the illustrated embodiment, the updating of the image
using image domain information (e.g., at 120) and the
updating of the image using sinogram or tomography infor-
mation (e.g., at 112) are performed separately and alternately
in an iterative fashion. For example, a tomography infor-
mation-based update may be performed for a selected view,
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followed by a separate image domain information-based
updated (e.g., regularizer-based update) for the selected
view.

With reference to FIG. 2, it may be noted that in various
embodiments, the distributed processing units 220, 230, 240
are configured to perform parallel processing under the
direction of the central processing unit 210. Accordingly,
one of the of the distributed processing units (e.g., first
distributed processing unit 220) may be employed to per-
form minimization of the sinogram information cost func-
tion (and/or other processing related to the sinogram infor-
mation), while a different one of the distributed processing
units (e.g., second distributed processing unit 230 and/or
third distributed processing unit 240) is employed to per-
form minimization of the image domain information cost
function (and/or other processing related to the image
domain information).

The transfer of one type of information may be performed
while processing is performed on a different type of infor-
mation, thereby improving processor efficiency by reducing
idle time waiting for transfer of both types of information
before processing. For example, at least some of the sino-
gram or tomography information may be transferred from
the central processing unit 210 to at least one of the
distributed processing units (e.g., first distributed processing
unit 220) while a different one of the distributed processing
units (e.g., second distributed processing unit 230) is per-
forming the minimization of the image domain cost function
(or other operation using the image domain information).
Similarly, at least some of the image domain information
may be transferred from the central processing unit 210 to at
least one of the distributed processing units (e.g., second
distributed processing unit 230) while a different one of the
distributed processing units (e.g., first distributed processing
unit 220) is performing the minimization of the sinogram
cost function (or other operation using the sinogram infor-
mation).

It may be noted that additional techniques may be
employed additionally or alternatively to improve processor
efficiency. For example, the distributed processing units may
transfer or share with each other, for example, via the central
processing unit 210. In some embodiments, a distributed
processing unit (e.g., first distributed processing unit 220)
may utilize both resident information (or information pre-
viously generated by the first distributed processing unit
220) and non-resident information (e.g., information gener-
ated by other processing units) to perform a given operation.
The first distributed processing unit 220 may begin perform-
ing the operation using the resident information while
receiving non-resident information from one or both of the
second distributed processing unit 230 and third distributed
processing unit 240. The first distributed processing unit 220
may complete performing the operation using the non-
resident information after the non-resident information has
been received. Accordingly, processing efficiency may be
improved, for example, by beginning a processing step with
a portion of information that is readily available while
receiving a portion from one or more other processing units.
Additional discussion regarding beginning performing of an
operation while receiving information for performing the
operation (or receiving information on a just-in-time basis)
may be found herein at FIGS. 6 and 7 and the related
discussion.

Additionally or alternatively, the central processing unit
210 may be configured to distribute at least one of the
sinogram information or the image domain information
using block-separable surrogate functions. For example, the
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first distributed processing unit 220 may perform multiple
iterations of a first block-separable surrogate function while
the second distributed processing unit 230 performs multiple
iterations of a second block-separable surrogate function.
Additional discussion regarding block-separable surrogates
may be found herein at FIGS. 4 and 5 and the related
discussion.

Returning to FIG. 1, at 122, it is determined if more views
of the CT information are to be used to reconstruct the
image. If one or more additional views are to be used, the
method proceeds to 104, where a new view is selected to be
used as a new current view. If no more views are to be
utilized, the method proceeds to 124. At 124, the image is
displayed, for example, on a screen or printout. Additionally
or alternatively, the image may be stored for further pro-
cessing and/or display at a later time. It may be noted that
processing and/or transfer of information for different views
of the CT information may occur simultaneously or concur-
rently. For example, while an image domain update for a
previous view is being determined and/or applied, sinogram
or tomography information for a subsequent view may begin
the transfer and/or processing steps using a different distrib-
uted processor than is being used for image domain update.

Accordingly, for example using one or more aspects of the
method 100, processing efficiency for an iterative recon-
structive process may be improved. Certain general consid-
erations as well as particular examples of aspects of iterative
reconstructive processes that may be used in conjunction
with one or more aspects of the method 100 will now be
discussed. Generally, MBIR methods for X-ray reconstruc-
tion may improve image quality and reduce patient X-ray
dose. MBIR methods produce images by solving high-
dimensional, statistically motivated numerical optimization
problems. Unfortunately, MBIR methods may require rela-
tively high computation costs to solve the optimization
problems. However, by improving processing or computa-
tional efficiency using one or more techniques as discussed
herein, MBIR (or other iterative reconstruction techniques)
may be more practically achieved. Various embodiments
discussed herein may use duality and/or group coordinate
ascent to alternately perform efficient tomography and de-
noising (and/or other image domain information-based)
updates. Various embodiments may employ non-smooth
regularizers such as total variation (TV), and may store only
two image-sized vectors on a GPU (or other distributed
processing unit).

For example, consider the following model-based X-ray
image reconstruction (MBIR) problem:

% = argminl(Ax) + R(Cx) Eq. 1

With X-ray CT system matrix A, 3D finite differencing
matrix C, log-likelihood data-fit term [, and edge-preserving
regularizer R. It may be noted that examples discussed
herein may not include a non-negativity constraint; however
in various embodiments the techniques discussed herein
may be extended to accommodate a non-negativity con-
straint. Both L. and R are separable sums of convex func-
tions:

L(x)=%, M Ax]) RCO)=Z, Mer([Cx],). Eq 2:

Accordingly, L. and R may be separated or de-coupled,
and addressed separately. One possible choice for the data-fit
term L is the Gaussian-inspired quadratic term
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1 2
Liax) = llAx—ylly

with noisy measurements y and diagonal matrix of positive
statistical weights W. The edge-preserving regularizer may
be a weighted sum of nonquadratically penalized finite
differences,

PP ([Cx/ ) =B (V1 —¥72)

with convex 1 and 3,>0. This includes anisotropic total
variation (TV) and many other noise-reducing regularizers.
In Eq. 3, the (Xx;,-X;,) term corresponds to differences
between two (in some embodiments, two neighboring) pixel
values.

An image produced by solving Eq. 1 may be higher
quality than images produced with conventional filtered-
backprojection methods, and MBIR algorithms may produce
diagnostically useful images at lower doses than conven-
tional CT reconstruction algorithms. Unfortunately, solving
MBIR’s optimization problem may be computationally
challenging and time-consuming in comparison with con-
ventional methods. However, as disclosed herein, use of
algorithms in connection with highly parallel hardware
improves computational and processing efficiency and
makes MBIR’s advantages more practically attainable. Vari-
ous embodiments utilize techniques that combine the high
parallelism available in modern GPUs with structure-ex-
ploiting algorithms to solve MBIR optimization problems.

First a framework for certain algorithms will be dis-
cussed. Let x®e B @ be an estimate of X. Customarily, x©,
the initial image, is generated using a fast filtered backpro-
jection method. An example algorithm discussed herein has
two steps that are alternated between until convergence.
First, identify an update d*” to x%, and then apply the
update, generating x”*V=x"+d". The first step may be
performed by approximately solving the following optimi-
zation problem:

Eq 3:

d™ = argminL(A¥" = Ad) + R(Cx™ + Cd) + §||d||§ Eq. 4
d

with €>0. [t may be noted that solving Eq. 4 may be nearly
as challenging as solving the original optimization problem
given by Eq. 1; however the final term of Eq. 4 allows use
of a duality approach.

In one example duality approach utilized in some embodi-
ments, L* and R* are convex conjugates of L. and R,
respectively:

LA =2 M (03), R (V=2 (). Eq. 5:

Where 1,* and r,* are the convex conjugates of 1, and r,,
respectively. Eq. 4 may be rewritten using the biconjugate
property of the convex functions L. and R:

d"™ + argmimmaxu’ Ax® + d) + Eq. 6
S

V™ + dy = L* (u) — R*(v)++§|ld||%

After swapping the order of the “min” and “max” in Eq.
6, the update d(n) may be solved for in terms of u and v:

20

25

30

35

40

45

50

55

60

65

12

1 Eq. 7
A" (u, v) = —E(ATM+ cTy) .

Plugging Eq. 7 back into Eq. 6 produces the dual problem:

u® v = argmaxD(")(u, v), where Egq. 8

A

1 Eq. 9
D) & 21 = R0 + uT A 4T o — ST+ ayp

Eq. 8 may be approximately solved with a coordinate
ascent method that is similar to stochastic dual coordinate
ascent (SDCA). In various embodiments, in each of N,
inner iterations, a group of elements of either u or v may be
randomly chosen, and, holding all other variables constant,
the selected group of variables may be updated to increase
the dual function D®(u,v). This inner procedure is a rela-
tively simple, convergent group coordinate ascent algo-
rithm. As used herein, optimizations over elements of u may
be referred to as sinogram updates or tomography updates,
and optimizations over elements of v may be referred to as
image domain information updates, such as regularizer
updates (e.g., denoising updates).

With respect to tomography updates, a duality-based
proximal technique may efficiently solve quadratic problems
involving the CT system matrix A. Unlike ordered subsets
(OS) approximations, the duality-based approach is conver-
gent.

In an example duality-based approach, one view of u at a
time, written ug, may updated. The corresponding CT pro-
jection operator, noisy data, and statistical weights are A,
¥p> and W, respectively. Tomography terms unrelated to u
are indicated using the subscript “\” (e.g., u,g). Holding all
variables other than up constant, it is desired to find ug™ such
that:

D(")(uﬁ*, u\ﬁ,v)zD(")(uﬁ*, V) Eq. 10:

and then update ug<—uy* in place. ug* may be found as the
maximizer of the minorizing surrogate function S, for D®:

u; = argmaxSg(ug; u, v, x(”)), where, Eq. 11
“s
Slg(u;; u, v, x") = Eq. 12

1
— L) = 5t = uﬁnjdﬁ + @pT A + ™, v)

Updating u," in this way will increase the dual function
D(n) if MBEABABT , 1.e., if all the eigenvalues of MIS_AISAIST
are non-negative. Finding the “tightest” so-called majorizer
for ABABT may be challenging; however, the following
diagonal matrix is relatively easy to compute and useful in
practice:

My = diag{[AgA} 1]} Eq. 13
1

These M, depend only on A (i.e., they are independent of
any patient data) so they may be precomputed. It may be
noted that storing Mb for all § may utilize the same amount
of memory as the projection data y.
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1 2 . Eq. 14
When L(Ax) = zlle— Yl the update (11) is

uf +ug + eWplel + WsWp)™!

(Ap(x™ +d™(u, v)) - y5 - up)

It may be noted that the major computational costs of
implementing Equation 14 are the one-view forward pro-
jection (Ap), a series of diagonal operations, and a one-view
backprojection to update d’(u,v).

With respect to do-noising updates, one example regular-
izer R utilized in various embodiments couples neighboring
pixels together through a finite differencing matrix C. This
property may be utilized to update groups of pixels from
different neighborhoods simultaneously, providing a fast
de-noising algorithm. The dual function D(n) has a similar
structure as a function of v. For example, let D be the number
of directions along which R penalizes voxel differences
(e.g., horizontal, vertical, axial, etc.), with v=[v 7 .. . v, 7]~
Because R* is separable, the only coupling between different
elements of v comes from the quadratic term:

NATu+ch? = Eq. 15

v, 7l acl ooadch v

+ 27 CATu + c(u),

Vpl | cpcl ... cpch |l VD

where each C, is a banded upper triangular finite differ-
encing matrix in a single direction with 1s along the diagonal
and -1s along an upper band.

To optimize over one “direction” of differences at a time,
all variables except one v, may be held constant. The entries
of v, are coupled in the dual function by C,C,7. It may be
noted that only differences that are adjacent to one another
along the d” direction are coupled by C,C 7. For example,
if d corresponds to the horizontal direction, then the only
elements of v, coupled by C,C/7 are those horizontally
adjacent to one another. If optimization is first performed
over the “even” entries of v, and then optimization is
performed over the “odd” entries of v, each of these half-v,,
optimizations will be over decoupled variables. Conse-
quently, they may be performed independently and in par-
allel (e.g., utilizing different distributed processing units).

For example, let v, be one such half-v, group and C, be
the matrix of corresponding rows from C,;. The updated v_*
may found by maximizing the following separable surrogate
for D(n):

vy = argmaxSy(ve; u, v, ), Eq. 16
Vg
Sy, 2y = Y s gy, v, 2, Eq. 17
V,‘:E\/g
Sk(v;; u, v, 2% = Eq. 18

1
VLG +d®u, )], =700 = 3 ICserl PO = ve)?

where e, is the k” elementary basis vector.
If the dual function r,* has a convenient closed form, then
the elements of v," may be computed from Eq. 18. While
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this is true for the absolute value and quadratic potential
functions, this may not always be the case. Instead, if the
potential function 1 has a closed form shrinkage function,
Eq. 18 may be maximized by again invoking duality.

e
V;:Vk"'E(KIk—Zk), Eq. 19
g = [Cot™ +dPw, W], Eg. 20
Eq. 21

n5(e(o 20))
= —(z—[q + = +
2k argzrmn 1 Sl O e (z)

This approach is more convenient for the many potential
functions with closed-form shrinkage operators but compli-
cated dual functions, such as the Fair potential.

Next, certain aspects of implementation of the algorithms
discussed above on one or more GPUs will be discussed. It
may be noted that memory may be a relatively scarce
resource on a GPU, and that transfers between the GPUs
on-board memory and the host computer’s memory (or
memory of central processor) may be relatively expensive.
For reasonably-sized problems, some data may be trans-
ferred between a host (e.g., central processing unit 110) and
a distributed processing unit such as a GPU. The selection of
what particular data remains on the GPU may be determined
based on the given application, along with what data may be
transferred between the GPU and the host, and how to hide
the latency of these transfers (for example by simultaneously
performing computations on the GPU. Various conventional
approaches may be unacceptably slow due to data transfer
delays, whereas the improved processing efficiency pro-
vided by various embodiments discussed herein provides for
more practical implementation of MBIR, for example.

In various embodiments, an example algorithm (e.g., as
described above) may be implemented by storing two
image-sized vectors on a GPU. Namely, a vector g reflecting
the current value of x”*Y if the inner iterations were
terminated (e.g., g=x"+d"(u,v)=x"-(1/e)(ATu+C%v)),
and a vector to store v, when updating a group of the
regularizer dual variables. The latency of transferring v, to
and from the GPU may be hidden by performing tomogra-
phy updates between starting the transfer of v, to the GPU,
updating v, and transferring v, back to the host.

FIG. 3 illustrates an example process flow for implemen-
tation of an algorithm inner loop that hides the cost of
transferring v, by interleaving transfers with tomography
updates. As seen in FIG. 3, at 310, a regularizer direction is
chosen at random, and a transfer process of v, to a GPU
(e.g., first distributed processing unit 220) begins. At 320,
N,, ., tomography updates are performed with randomly
selected views. At 330, v, is updated, and transfer of v, back
to the host (e.g., central processing unit 210) is begun. At
340, N, tomography updates are performed with ran-
domly selected views.

After N, iterations, x*” may be updated. One simple
way of accomplishing this is to simply set the buffers storing
v and u to zero. This restarts the update search problem (e.g.,
Eq. 4) from d=0, and the GPU vector g is equal to x**P.
However, in various embodiments it may be useful to
“warm-start” the next update search with the current values
of u® and v, Consequently, g may be updated as follows:

1 Eq. 22
g =X - —(ATu) = g + (g = x™)
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Accordingly, in various embodiments, updates based on
sinogram information may be performed separately (e.g.,
alternately) with updates based on image domain data such
as do-noising or non-negativity. FIG. 9 provides pseudocode
for an example algorithm alternating between sinogram and
image domain information updates in accordance with vari-
ous embodiments.

As indicated herein, in various embodiments, the central
processing unit 210 may be configured to distribute at least
one of the sinogram information or the image domain
information using block-separable surrogate functions. For
example, the first distributed processing unit 220 may per-
form multiple iterations of a first block-separable surrogate
function while the second distributed processing unit 230
performs multiple iterations of a second block-separable
surrogate function.

FIG. 4 provides a flowchart of a method 400 for perform-
ing block separable surrogate functions in accordance with
various embodiments. The method 400, for example, may
employ or be performed by structures or aspects of various
embodiments (e.g., systems and/or methods) discussed
herein. In various embodiments, certain steps may be omit-
ted or added, certain steps may be combined, certain steps
may be performed simultaneously, certain steps may be
performed concurrently, certain steps may be split into
multiple steps, certain steps may be performed in a different
order, or certain steps or series of steps may be re-performed
in an iterative fashion. In various embodiments, portions,
aspects, and/or variations of the method 400 may be able to
be used as one or more algorithms to direct hardware (e.g.,
one or more aspects of the processing unit 200 and/or image
reconstructor 950) to perform one or more operations
described herein.

At 402, CT information is acquired. The CT information
may be collected by rotating an X-ray source and detector
relative to an object to be imaged. In some embodiments, the
CT information may also be collected by translating the
X-ray source and detector axially or longitudinally relative
to the object to be imaged. The axial or longitudinal trans-
lation may occur at the same time as the rotation in some
embodiments (e.g., during a helical mode of operation), or
may occur in steps or increments between rotations (e.g.,
during a step and shoot mode of operation). It may be noted
that in some embodiments, the CT imaging information may
be acquired from a storage device, memory device, and/or
network or internet connection. The processors that acquire
the CT imaging information for use in reconstruction may be
integral with an acquisition unit as part of an imaging system
located at a single location, or the processors may be located
remotely from the acquisition unit.

At 404, block separable surrogate functions are generated.
For example, sinogram or tomography information (e.g., as
represented herein by L(x)) may be analyzed using block
separable surrogate functions as discussed herein. The block
separable functions may have an iterative form. Alterna-
tively or additionally, image domain information (e.g., regu-
larizer information) may be analyzed using block separable
surrogate functions.

At 406, the block separable surrogate functions generated
at 404 are assigned to corresponding distributed processors
(e.g., first distributed processing unit 220, second distributed
processing unit 230, third distributed processing unit 240).
For example, each block separable surrogate component
may be assigned to a particular separate or dedicated dis-
tributed processing unit which may optimize the assigned
block separable surrogate component. In various embodi-
ments, the distributed processors may be graphics process-
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ing units (GPU’s) arranged in a parallel orientation with
respect to a central processing unit.

At 408, multiple iterations of the block separable surro-
gates are independently performed using the corresponding
distributed processors. For example, each of the distributed
processor may perform a number of iterations of its assigned
block separable surrogate component without using any
additional information from any others of the processors
during performance of the multiple iterations.

At 410, the block separable surrogates are synchronized.
For example, after performing a number of iterations of the
corresponding block separable surrogate components, the
distributed processor may transfer information therebetween
to update the block separable surrogate for each distributed
processor using information from at least one other distrib-
uted processor.

Certain general considerations as well as particular
examples of aspects of iterative reconstructive processes that
may be used in conjunction with one or more aspects of the
method 400 will now be discussed. Generally, statistical
reconstruction for low-dose CT may provide desirable
image quality, but the computation burden may be challeng-
ing, particularly for large 3D helical scans. Parallel comput-
ing may help reduce computation times, but simple paral-
lelization methods for CT reconstruction may be hampered
by relatively large data communication times between nodes
that do not share memory. Various embodiments discussed
herein relate to block-separable surrogate approaches to
developing algorithms that facilitate parallelization. Various
embodiments reduce communication between nodes and
allow multiple independent updates on each node, while
attempting to maintain convergence rates of recent acceler-
ated algorithms.

Statistical X-ray CT reconstruction may reduce noise and
artifacts using safer low-dose CT scans compared to con-
ventional filtered back-projection (FBP) methods; however,
statistical reconstruction (e.g., of large helical CT scan data)
may require relatively long computation times. Previously,
ordered subsets (OS) methods based on separable quadratic
surrogates (SQS) have been used in CT research because
they are parallelizable and heuristically reduce the compu-
tation cost by using only a subset of data per iteration.
However, these efficient OS method are still slower than
desired.

Distributed computing resources may be used to acceler-
ate big data computational problems. For example, although
a distributed implementation of OS-SQS method with
momentum (OS-SQS-mom) has been utilized to reduce run
time, data communication between nodes may become a
bottleneck for such an approach, for example when using
many nodes.

Various embodiments discussed herein reduce computa-
tion time further, while aiming to preserve a relatively fast
convergence speed similar to a convergence speed of OS-
SQS-mom. For example, a block-separable surrogate (BSS)
technique may be adapted to CT scans (e.g., 3D helical CT
scans). First, an OS-SQS-mom algorithm and distributed
implementation thereof will be reviewed. Next, for example,
to reduce communication time between nodes, BSS will be
adapted with the OS-SQS-mom method.

First, an OS-SQS-mom algorithm is reviewed. For
example, a patient image (X ® ,*¥) may be reconstructed by
minimizing a penalized weighted least squares (PWLS) cost
function (e.g., at strictly convex and continuously differen-
tiable PWLS cost function):
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1 Eq. 23
= argmin{y) £ L + ROOJLED) 2 5y = Al 4

where xel® . is an (unknown) image, yel® ™ is noisy

measured sinogram data, Ael® ,**? is a forward projection

operator, Welk " is a diagonal statistical weighting
matrix, and R(x) is an edge-preserving regularizer.

Among many potential optimization methods, massively
parallelizable SQS methods that iteratively minimize the
SQS surrogate the nth iteration may be considered:

1 Eq. 24
W) = Dsgs (6 x7) 2 Yx) + Vg (r- ) 4 Sl
for a diagonal majorizing matrix D, as
240 = argminGsgs(x; 1) Eq. 25
=[x .. D'V, Eq. 26

where [-]+ enforces a non-negativity constraint. After
computing the gradient, SQS updates each voxel indepen-
dently. D may be chosen as:

D=diag{4"W41}+DR Eq. 27:

where 1={1}e® ™ and D® is a majorizer for the Hessian
of R(x).

Computing the gradient in Eq. 26 may be expensive for
large helical scans, so OS methods have been used with SQS
by dividing N, projection data into (non-overlapping) M
subsets and using the following approximation:

V@)=MV,,(x) Eq. 28:
2 MATW, (4, %y, )+VR(x) Eq. 29:
For m=0, . . ., M-1, leading (empirically) to M-times

acceleration in run time (for early iterations). The matrices
A,,, W, andy,, are submatrices of A, W, and y correspond-
ing to the mth subset of N, projection data. It may be noted
that the gradient of R(x) may be small compared to the
gradient of L(x).

An OS-SQS-mom approach may be well-suited for par-
allelizable computing platforms that share memory, how-
ever, a typical implementation of OS-SQS-mom may be
inefficient for distributed computing resources, for example
because the computation of the gradient for 1), (x) may
require expensive global communications across nodes.

In previous distributed OS-SQS-mom approaches,
because global communication for the gradient of 4, (x) is
expensive, the problem may be divided into S sub-problems
(e.g., slabs of contiguous z-slices) with each sub-problem
assigned to a cluster consisting of multiple nodes. However,
because of the “long object” problem in helical CT, to
reconstruct a slab of slices of interest, additional “padding”
end slices may be required to be added. Such additional
slices may reduce efficiency and limit how large S may be.

Mathematically, an image x may be divided into S (over-
lapping) sub-images {x }, with each problem solved sepa-
rately:
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. sl -
s, = argmin{y () 2 Sy~ Ay + R

fors=1,...,S, where A-, R Y= 5 the system matrix and
R,(x,) is the regularizer for each s. The solutions {X,} may
differ from Eq. 23, particularly near the slab boundaries.

Even though slab positioning reduces communication, the
communication within each cluster may remain a bottle-
neck. Accordingly, in various embodiments, a BSS tech-
nique may be adapted to reduce the global communications
required for gradient computation.

For example, it may be desired for each node to perform
multiple iterations before synchronizing, instead of commu-
nicating after every (subset) gradient. Also, it may be
desirable for the algorithm to be guaranteed to converge in
its one-subset (M=1) version. A BSS approach in various
embodiments provide block-separable surrogates where
each node may minimize its (non-overlapping) slab x,
independently. In various embodiments, the BSS for B
blocks (nodes) has the form:

L& Eq 30
Y(x) < Ppss(x; 27 = Z {Dhss,, (kb5 x) + O, (3 57
par}

where the BSS surrogate of the quadratic [.(x) is defined
as:

1 Eq. 31
A T 2 4
Ofiss,, (w3 1) £ G+ (T L) 2 = o + 5 b = 23l

for b=1, . . ., B where L(x)")=2%,_,C,". In some
embodiments, the majorizer Hessian may be defined as:
HbL:-?; AFWAPA, Eq. 32:
where A, , is the columns of the system matrix corre-
sponding to the slices in the bth slab and
A% diag{41}diag {4 ,1,}
for b=1, . .
embodiments:
V()= V2 Ppss(x;x)<<D

Eq. 33:

., B. It may be noted that, in various

Eq. 34:

In various embodiments, an algorithm may be selected for
minimizing the BSS majorizer (Eq. 30). In some embodi-
ments, OS-SQS*-mom may be utilized, although it may be
noted that other techniques may be employed in different
embodiments.

Next, an example algorithm that iteratively minimizes the
BSS surrogate function node-independently using OS-SQS-
mom is considered. FIG. 5 summarizes an example distrib-
uted BSS algorithm that guarantees monotonic descent
update and convergence for the one-subset (M=1) version.
One difference between the example depicted in FIG. 5 and
certain previous approaches is that the example depicted in
FIG. 5 does not require communication when computing the
gradient and image transfer after every update.

For the example of FIG. 5, it may be noted that the (mth
subset) gradient may be computed efficiently as:

L Eq. 35
o, = MAT W, x {Am,bz“” — Y+ AL A (zE,M) - zﬁ,‘”)} +
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-continued

L
v ¢§SS,b (ZE;M )i ZLO))

requiring one (mth subset) forward and back projection.
In the depicted embodiment, for example, a two-input
forward projector may be employed that simultaneously
computes Am,bz(o) and Am,b(zb(l/M)—zb(O)) with small over-
head. For improved efficiency, in some embodiments, the
matrix A, of Eq. 32 may be computed simultaneously with
D of Eq. 27.

As indicated herein, in various embodiments, a distributed
processing unit (e.g., first distributed processing unit 220)
may utilize both resident information (or information pre-
viously generated by the first distributed processing unit
220) and non-resident information (e.g., information gener-
ated by other processing units) to perform a given operation.
For example, with continued reference to FIG. 2, the first
distributed processing unit 220 may begin performing an
operation using the resident information while receiving
non-resident information from one or both of the second
distributed processing unit 230 and third distributed pro-
cessing unit 240. The first distributed processing unit 220
may complete performing the operation using the non-
resident information after the non-resident information has
been received.

FIG. 6 provides a flowchart of a method 600 for perform-
ing just in time (JIT) data transfer or otherwise beginning
performance of an operation using resident information
while non-resident information is being transferred in accor-
dance with various embodiments. The method 600, for
example, may employ or be performed by structures or
aspects of various embodiments (e.g., systems and/or meth-
ods) discussed herein. In various embodiments, certain steps
may be omitted or added, certain steps may be combined,
certain steps may be performed simultaneously, certain steps
may be performed concurrently, certain steps may be split
into multiple steps, certain steps may be performed in a
different order, or certain steps or series of steps may be
re-performed in an iterative fashion. In various embodi-
ments, portions, aspects, and/or variations of the method 600
may be able to be used as one or more algorithms to direct
hardware (e.g., one or more aspects of the processing unit
200 and/or image reconstructor 950) to perform one or more
operations described herein.

At 602, CT information is acquired. The CT information
may be collected by rotating an x-ray source and detector
relative to an object to be imaged. In some embodiments, the
CT information may also be collected by translating the
x-ray source and detector axially or longitudinally relative to
the object to be imaged. The axial or longitudinal translation
may occur at the same time as the rotation in some embodi-
ments (e.g., during a helical mode of operation), or may
occur in steps or increments between rotations (e.g., during
a step and shoot mode of operation). It may be noted that in
some embodiments, the CT imaging information may be
acquired from a storage device, memory device, and/or
network or internet connection. The processors that acquire
the CT imaging information for use in reconstruction may be
integral with an acquisition unit as part of an imaging system
located at a single location, or the processors may be located
remotely from the acquisition unit.

At 604 resident information is generated. Resident infor-
mation of a given processor may be understood as informa-
tion generated by that processor, in contrast to information
received by that processor from other processors. Accord-
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ingly, resident information of a given distributed processor
is non-resident information of other distributed processors.
The resident information may be generated, for example, by
a back projection, by a forward projection, or by an image
processing step. The resident information may be part of or
utilized for a cost minimization solving operation and/or an
updating operation used in connection with, for example,
MBIR.

At 606, non-resident information is generated. Similar to
resident information, non-resident information may be
defined with respect to a particular distributed processor
based on the origin of generation of the information. Non-
resident information of a given processor may be understood
as information generated by a different processor (e.g.,
information that must be transferred to the given processor),
in contrast to information generated by that processor. As
such, non-resident information of a given distributed pro-
cessor is resident information of a different distributed
processor. The non-resident information may be generated,
for example, by a back projection, by a forward projection,
or by an image processing step. The non-resident informa-
tion may be part of or utilized for a cost minimization
solving operation and/or an updating operation used in
connection with, for example, MBIR.

At 608, performance of an operation (e.g., by a given
distributed processor) is begun using resident information
(e.g., of the particular distributed processor). The perfor-
mance at 608 may be begun, for example, during at least a
portion of a time of data transfer of non-resident information
to be used for the same operation from one or more other
distributed processors. The performance at 608 may be
understood as using information resident on the particular
distributed processor at an initial time, where the initial time
may be understood as being at or shortly thereafter the
completion of a previous operation or step by the particular
distributed processor and before all of the information from
a corresponding previous operation or step by one or more
different distributed processors is transferred to the particu-
lar distributed processor. The operation begun at 608 may
be, for example, a back projection, or, as another example,
a forward projection.

At 610, non-resident information is transferred. In the
illustrated embodiment, non-resident information from one
or more additional distributed processors is transferred to the
particular distributed processor that has begun performing
the operation using resident information at 608. At 612, the
non-resident information is received. Again, in the illus-
trated embodiment, the non-resident information is received
by the particular distributed processor that has begun per-
forming the operation using resident information at 608. It
may be noted that, in various embodiments, the non-resident
information may be received during at least a portion of a
time already being utilized by the particular distributed
processor to begin performing the operation using the resi-
dent information.

At 614, with the non-resident information received, per-
formance of the operation is completed using the non-
resident information now available. By beginning perfor-
mance of the operation before all of the non-resident
information was available, computational time is reduced
and processing efficiency improved by the illustrated
embodiment.

FIG. 7 depicts an example process flow 700. In the
example process flow, certain operations are evenly divided
among a number of distributed processors (GPU1, GPU2, .
.. GPUn). It may be noted that in various embodiments, an
image volume may be split in half (or otherwise) along a
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z-direction (or axial direction), and a sinogram may be split
in half in a row direction, with the separated halves being
computationally independent. Thus, for example, the GPU’s
shown in FIG. 7 may process half of an image volume while
other GPU’s process the other half.

As seen in FIG. 7, at 710 (a forward projection step) each
of the depicted GPU’s receives all images of an image
volume to be processed as an input, and generates an output
of 1/n of the resulting sinogram information generated by
the forward projection. GPU1 generates output 712, GPU2
generates output 714, and GPUn generates output 716.

At 720, (a view sort step) information is transferred
among the GPU’s (e.g., via a central processing unit to
which the depicted GPU’s are connected in parallel). It may
be noted that the output 712 is already resident on GPU1 and
thus is available to GPU1 before the outputs 714 and 716 are
available to GPU1. Accordingly, to save computational time,
GPU1 may begin an operation using output 712 while
outputs 714 and 716 are being transferred, and complete the
operation once the outputs 714 and 716 are received.

For example, in the depicted embodiment, at 730 (a back
projection step) GPU1 uses all of the sinogram information
from step 720 as an input, and provides 1/n of the resulting
images as an output, with GPU2 through GPUn providing
the other (n-1)/n of the resulting images. To perform the
back projection at 730, GPU1 eventually requires all of the
sinogram information from steps 710 and 720; however, in
the illustrated embodiment, GPU1 begins the back projec-
tion and performs the back projection to the extent possible
using only the output 712 (the resident information). As the
output 714 and 716 become available, GPU1 completes
performance of the back projection. Similarly, GPU2 may
begin its back projection using the output 714 (which is
resident to GPU2), and GPUn may begin its back projection
using the output 716 (which is resident to GPUn).

At 740 (an image processing step) each of the GPU’s
utilizes 1/n of the images from 730 (the 1/n resident thereon)
as an input and provides an output of 1/n of the images.

At 750, (an image sort step) images are transferred among
the GPU’s (e.g., via a central processing unit to which the
depicted GPU’s are connected in parallel). It may be noted
that the output 752 is already resident on GPU1 and thus is
available to GPU1 before the outputs 754 and 756 are
available to GPU1. Accordingly, to save computational time,
GPU1 may begin an operation using output 752 while
outputs 754 and 756 are being transferred, and complete the
operation once the outputs 754 and 756 are received.

For example, in the depicted embodiment, at 760 (a
second forward projection step), GPU1 uses all of the
images from step 750 as an input, and provides 1/n of the
resulting sinogram information as an output 772, with GPU2
through GPUn using all of the images from step 750 as an
input, and providing the other (n-1)/n of the resulting
sinogram information (as output 774 and 776, respectively).
To perform the forward projection at 760, GPU1 eventually
requires all of the images from steps 740 and 750; however,
in the illustrated embodiment, GPU1 begins the forward
projection and performs the forward projection to the extent
possible using only the output 752 (the resident informa-
tion). As the output 754 and 756 become available, GPU1
completes performance of the forward projection. Similarly,
GPU2 may begin its forward projection using the output 754
(which is resident to GPU2), and GPUn may begin its
forward projection using the output 756 (which is resident to
GPUn).

Next, at 770, (a second view sort step) information is
again transferred among the GPU’s (e.g., via a central
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processing unit to which the depicted GPU’s are connected
in parallel). With output 772 is already resident on GPU1,
output 772 is available to GPU1 before the outputs 774 and
776 are available to GPU1. Accordingly, to save computa-
tional time, GPU1 may begin an operation using output 772
while outputs 774 and 776 are being transferred, and com-
plete the operation once the outputs 774 and 776 are
received.

For example, in the depicted embodiment, at 780 (a
second back projection step), GPU1 uses all of the sinogram
information from step 770 as an input, and provides 1/n of
the resulting images as an output, with GPU2 through GPUn
providing the other (n-1)/n of the resulting images. To
perform the back projection at 780, GPU1l eventually
requires all of the sinogram information from steps 760 and
770; however, in the illustrated embodiment, GPU1 begins
the back projection and performs the back projection to the
extent possible using only the output 772 (the resident
information). As the output 774 and 776 become available,
GPU1 completes performance of the back projection. Simi-
larly, GPU2 may begin its back projection using the output
774 (which is resident to GPU2), and GPUn may begin its
back projection using the output 776 (which is resident to
GPUn).

At 790 (a second image processing step) each of the
GPU’s again utilizes 1/n of the images from 780 (the 1/n
resident thereon) as an input and provides an output of i/n of
the images following an image processing operation.

Various methods and/or systems (and/or aspects thereof)
described herein may be implemented using a medical
imaging system. For example, FIG. 8 is a block schematic
diagram of an exemplary CT imaging system 900 that may
be utilized to implement various embodiments discussed
herein. Although the CT imaging system 900 is illustrated as
a standalone imaging system, it should be noted that the CT
imaging system 900 may form part of a multi-modality
imaging system in some embodiments. For example, the
multi-modality imaging system may include the CT imaging
system 900 and a positron emission tomography (PET)
imaging system, or a single photon emission computed
tomography (SPECT) imaging system. It should also be
understood that other imaging systems capable of perform-
ing the functions described herein are contemplated as being
used.

The CT imaging system 900 includes a gantry 910 that
has the X-ray source 912 that projects a beam of X-rays
toward the detector array 914 on the opposite side of the
gantry 910. A source collimator 913 and a bowtie filter are
provided proximate the X-ray source 912. In various
embodiments, the source collimator 913 may be configured
to provide wide collimation as discussed herein. The detec-
tor array 914 includes a plurality of detector elements 916
that are arranged in rows and channels that together sense
the projected X-rays that pass through a subject 917. The
imaging system 900 also includes a computer 918 that
receives the projection data from the detector array 914 and
processes the projection data to reconstruct an image of the
subject 917. The computer 918, for example, may include
one or more aspects of the processing unit 120, or be
operably coupled to one or more aspects of the processing
unit 120. In operation, operator supplied commands and
parameters are used by the computer 918 to provide control
signals and information to reposition a motorized table 922.
More specifically, the motorized table 922 is utilized to
move the subject 917 into and out of the gantry 910.
Particularly, the table 922 moves at least a portion of the
subject 917 through a gantry opening (not shown) that
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extends through the gantry 910. Further, the table 922 may
be used to move the subject 917 vertically within the bore of
the gantry 910.

The depicted detector array 914 includes a plurality of
detector elements 916. Each detector element 916 produces
an electrical signal, or output, that represents the intensity of
an impinging X-ray beam and hence allows estimation of the
attenuation of the beam as it passes through the subject 917.
During a scan to acquire the X-ray projection data, the
gantry 910 and the components mounted thereon rotate
about a center of rotation 940. FIG. 8 shows only a single
row of detector elements 916 (i.e., a detector row). However,
the multislice detector array 914 includes a plurality of
parallel detector rows of detector elements 916 such that
projection data corresponding to a plurality of slices can be
acquired simultaneously during a scan.

Rotation of the gantry 910 and the operation of the X-ray
source 912 are governed by a control mechanism 942. The
control mechanism 942 includes an X-ray controller 944 that
provides power and timing signals to the X-ray source 912
and a gantry motor controller 946 that controls the rotational
speed and position of the gantry 910. A data acquisition
system (DAS) 948 in the control mechanism 942 samples
analog data from detector elements 916 and converts the
data to digital signals for subsequent processing. An image
reconstructor 950 receives the sampled and digitized X-ray
data from the DAS 948 and performs high-speed image
reconstruction. The reconstructed images are input to the
computer 918 that stores the image in a storage device 952.
The computer 918 may also receive commands and scanning
parameters from an operator via a console 960 that has a
keyboard. An associated visual display unit 962 allows the
operator to observe the reconstructed image and other data
from computer. It may be noted that one or more of the
computer 918, controllers, or the like may be incorporated as
part of a processing unit such as the processing unit 120
discussed herein.

The operator supplied commands and parameters are used
by the computer 918 to provide control signals and infor-
mation to the DAS 948, the X-ray controller 944 and the
gantry motor controller 946. In addition, the computer 918
operates a table motor controller 964 that controls the
motorized table 922 to position the subject 917 in the gantry
910. Particularly, the table 922 moves at least a portion of
the subject 917 through the gantry opening.

In various embodiments, the computer 918 includes a
device 970, for example, a CD-ROM drive, DVD drive,
magnetic optical disk (MOD) device, or any other digital
device including a network connecting device such as an
Ethernet device for reading instructions and/or data from a
tangible non-transitory computer-readable medium 972, that
excludes signals, such as a CD-ROM, a DVD or another
digital source such as a network or the Internet, as well as
yet to be developed digital means. In another embodiment,
the computer 918 executes instructions stored in firmware
(not shown). The computer 918 is programmed to perform
functions described herein, and as used herein, the term
computer is not limited to just those integrated circuits
referred to in the art as computers, but broadly refers to
computers, processors, microcontrollers, microcomputers,
programmable logic controllers, application specific inte-
grated circuits, and other programmable circuits, and these
terms are used interchangeably herein.

In the exemplary embodiment, the X-ray source 912 and
the detector array 914 are rotated with the gantry 910 within
the imaging plane and around the subject 917 to be imaged
such that the angle at which an X-ray beam 974 intersects
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the subject 917 constantly changes. A group of X-ray
attenuation measurements, i.e., projection data, from the
detector array 914 at one gantry angle is referred to as a
“view” or “projection.” A “scan” of the subject 917 com-
prises a set of views made at different gantry angles, or view
angles, during one or more revolutions of the X-ray source
912 and the detector array 914. In a CT scan, the projection
data is processed to reconstruct an image that corresponds to
a three-dimensional volume taken of the subject 917. It may
be noted that, in some embodiments, an image may be
reconstructed using less than a full revolution of data. For
example, with a multi-source system substantially less than
a full rotation may be utilized. Thus, in some embodiments,
a scan (or slab) corresponding to a 360 degree view may be
obtained using less than a complete revolution.

It should be noted that the various embodiments may be
implemented in hardware, software or a combination
thereof. The various embodiments and/or components, for
example, the modules, or components and controllers
therein, also may be implemented as part of one or more
computers or processors. The computer or processor may
include a computing device, an input device, a display unit
and an interface, for example, for accessing the Internet. The
computer or processor may include a microprocessor. The
microprocessor may be connected to a communication bus.
The computer or processor may also include a memory. The
memory may include Random Access Memory (RAM) and
Read Only Memory (ROM). The computer or processor
further may include a storage device, which may be a hard
disk drive or a removable storage drive such as a solid-state
drive, optical disk drive, and the like. The storage device
may also be other similar means for loading computer
programs or other instructions into the computer or proces-
sor.

As used herein, the term “computer” or “module” may
include any processor-based or microprocessor-based sys-
tem including systems using microcontrollers, reduced
instruction set computers (RISC), ASICs, logic circuits, and
any other circuit or processor capable of executing the
functions described herein. The above examples are exem-
plary only, and are thus not intended to limit in any way the
definition and/or meaning of the term “computer”.

The computer or processor executes a set of instructions
that are stored in one or more storage elements, in order to
process input data. The storage elements may also store data
or other information as desired or needed. The storage
element may be in the form of an information source or a
physical memory element within a processing machine.

The set of instructions may include various commands
that instruct the computer or processor as a processing
machine to perform specific operations such as the methods
and processes of the various embodiments. The set of
instructions may be in the form of a software program. The
software may be in various forms such as system software
or application software and which may be embodied as a
tangible and non-transitory computer readable medium.
Further, the software may be in the form of a collection of
separate programs or modules, a program module within a
larger program or a portion of a program module. The
software also may include modular programming in the
form of object-oriented programming. The processing of
input data by the processing machine may be in response to
operator commands, or in response to results of previous
processing, or in response to a request made by another
processing machine.

As used herein, a structure, limitation, or element that is
“configured to” perform a task or operation is particularly
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structurally formed, constructed, or adapted in a manner
corresponding to the task or operation. For purposes of
clarity and the avoidance of doubt, an object that is merely
capable of being modified to perform the task or operation
is not “configured to” perform the task or operation as used
herein. Instead, the use of “configured to” as used herein
denotes structural adaptations or characteristics, and denotes
structural requirements of any structure, limitation, or ele-
ment that is described as being “configured to” perform the
task or operation. For example, a processing unit, processor,
or computer that is “configured to” perform a task or
operation may be understood as being particularly structured
to perform the task or operation (e.g., having one or more
programs or instructions stored thereon or used in conjunc-
tion therewith tailored or intended to perform the task or
operation, and/or having an arrangement of processing cir-
cuitry tailored or intended to perform the task or operation).
For the purposes of clarity and the avoidance of doubt, a
general purpose computer (which may become “configured
to” perform the task or operation if appropriately pro-
grammed) is not “configured to” perform a task or operation
unless or until specifically programmed or structurally modi-
fied to perform the task or operation.

As used herein, the terms “software” and “firmware” are
interchangeable, and include any computer program stored
in memory for execution by a computer, including RAM
memory, ROM memory, EPROM memory, EEPROM
memory, and non-volatile RAM (NVRAM) memory. The
above memory types are exemplary only, and are thus not
limiting as to the types of memory usable for storage of a
computer program.

It is to be understood that the above description is
intended to be illustrative, and not restrictive. For example,
the above-described embodiments (and/or aspects thereof)
may be used in combination with each other. In addition,
many modifications may be made to adapt a particular
situation or material to the teachings of the various embodi-
ments without departing from their scope. While the dimen-
sions and types of materials described herein are intended to
define the parameters of the various embodiments, they are
by no means limiting and are merely exemplary. Many other
embodiments will be apparent to those of skill in the art
upon reviewing the above description. The scope of the
various embodiments should, therefore, be determined with
reference to the appended claims, along with the full scope
of equivalents to which such claims are entitled. In the
appended claims, the terms “including” and “in which” are
used as the plain-English equivalents of the respective terms
“comprising” and “wherein.” Moreover, in the following
claims, the terms “first,” “second,” and “third,” etc. are used
merely as labels, and are not intended to impose numerical
requirements on their objects. Further, the limitations of the
following claims are not written in means-plus-function
format and are not intended to be interpreted based on 35
US.C. §112(f) unless and until such claim limitations
expressly use the phrase “means for” followed by a state-
ment of function void of further structure.

This written description uses examples to disclose the
various embodiments, including the best mode, and also to
enable any person skilled in the art to practice the various
embodiments, including making and using any devices or
systems and performing any incorporated methods. The
patentable scope of the various embodiments is defined by
the claims, and may include other examples that occur to
those skilled in the art. Such other examples are intended to
be within the scope of the claims if the examples have
structural elements that do not differ from the literal lan-
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guage of the claims, or the examples include equivalent
structural elements with insubstantial differences from the
literal language of the claims.

What is claimed is:

1. A method for iteratively reconstructing an image, the
method comprising:

acquiring, with a detector, computed tomography (CT)

imaging information;

generating, with at least one processor, sinogram infor-

mation from the CT imaging information;

generating, with the at least one processor, image domain

information from the CT imaging information;
updating the image using the sinogram information; and
updating the image using the image domain information,
wherein the updating the image using the sinogram
information and updating the image using the image
domain information are performed separately and alter-
nately in an iterative fashion, wherein the image is
updated separately and independently using the sino-
gram information and the image domain information.

2. The method of claim 1, wherein the image domain
information comprises regularizer information, wherein the
regularizer information corresponds to relationships to
neighboring pixels of a detector used to acquire the CT
information.

3. The method of claim 2, wherein the regularizer infor-
mation comprises difference information between adjacent
pixels.

4. The method of claim 1, further comprising:

minimizing, with the at least one processor, a sinogram

cost function using the sinogram information to pro-
duce optimized sinogram information;

minimizing, with the at least one processor, an image

domain cost function using the image domain informa-
tion to produce optimized image domain information;
wherein the minimizing the image domain cost func-
tion and minimizing the sinogram cost function are
performed separately and alternately in an iterative
fashion; and

reconstructing, with the at least one processor, the image

using the optimized sinogram information and the
optimized image domain information.

5. The method of claim 4, wherein the minimizing of the
sinogram cost function and the minimizing of the image
domain cost function are performed using convex conju-
gates.

6. The method of claim 4, wherein the minimizing of the
image domain cost information comprises at least one of
generating de-noising updates or generating non-negativity
updates.

7. The method of claim 4, wherein the at least one
processor includes a central processor and plural distributed
processors, wherein the distributed processors are config-
ured to perform parallel processing under the direction of the
central processor, wherein the minimizing the sinogram cost
function is performed by at least one of the distributed
processors and the minimizing the image domain cost func-
tion is performed by at least one other of the distributed
processors.

8. The method of claim 7, wherein at least some of the
sinogram information is transferred from the central pro-
cessing unit to the at least one distributed processing unit
while the at least one other of the distributed processors is
performing the minimizing of the image domain cost func-
tion.

9. The method of claim 7, wherein at least some of the
image domain information is transferred from the central
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processing unit to the at least one other of the distributed
processors while the at least one of the distributed proces-
sors is performing the minimizing of the sinogram cost
function.

10. The method of claim 1, wherein the at least one
processor includes a central processor and plural distributed
processors, wherein the distributed processors are config-
ured to perform parallel processing under the direction of the
central processor, wherein the distributed processors com-
prise a first distributed processor and a second distributed
processor, wherein the first distributed processor begins
performing an operation on at least one of the sinogram
information or the image domain information using resident
information while receiving non-resident information from
at least the second distributed processor, and wherein the
first distributed processor completes performing the opera-
tion after receiving the non-resident information.

11. The method of claim 1, wherein the at least one
processor includes a central processor and plural distributed
processors, wherein the distributed processors are config-
ured to perform parallel processing under the direction of the
central processor, wherein the distributed processors com-
prises a first distributed processor and a second distributed
processor, wherein the central processor distributes at least
one of the sinogram information or the image domain
information using block-separable surrogate functions,
wherein the first distributed processor performs multiple
iterations of a first block-separable surrogate function and
the second distributed processor performs multiple iterations
of a second block-separable surrogate function.

12. The method of claim 1, wherein the updating the
image using the sinogram information and the updating the
image using the image domain information are performed on
a series of views of the CT imaging information, with a
sequence of views employed selected randomly.

13. A reconstruction system comprising:

a central processor; and

plural distributed processors, wherein the distributed pro-

cessors are configured to perform parallel processing

under the direction of the central processor, wherein the

reconstruction system is configured to:

acquire CT imaging information;

determine block-separable surrogates for analyzing the
CT imaging information, the block-separable surro-
gates having components;

assign each component of the block-separable surro-
gates to a corresponding distributed processor, the
corresponding distributed processor configured to
minimize the component;

perform multiple iterations of minimizations of the
components of the block-separable surrogates inde-
pendently using the corresponding distributed pro-
cessors; and
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synchronize the block-separable surrogates after per-
forming the multiple iterations using the correspond-
ing distributed processors.

14. The reconstruction system of claim 13, wherein the
reconstruction system is further configured to generate
tomography information and regularizer information, and to
determine the block-separable surrogates for the tomogra-
phy information.

15. The reconstruction system of claim 13, wherein the
distributed processors are graphics processing units
(GPU’s).

16. The reconstruction system of claim 13, wherein the
block-separable surrogates have the form:

P(E)=Bpss(xx")
= 217:1B{®Bss,bL(xb;x(")):ngs,bR(xb;x("))}

where the block-separable surrogate of a quadratic L(x) is
defined as:

A T 1 2
Pls., (s ) 2 CF 4 (T L) oy =55 + 5 by = -

17. A reconstruction system comprising:

a central processor; and

plural distributed processors, wherein the distributed pro-

cessors are configured to perform parallel processing
under the direction of the central processor, wherein the
reconstruction system is configured to perform an
operation utilizing resident information initially resi-
dent upon one of the distributed processors and non-
resident information transferred from at least one other
of the distributed processors, wherein the one of the
distributed processors is configured to:
begin performing the operation using the resident infor-
mation;
receive the non-resident information during at least a
portion of a time utilized to begin performing the
operation using the resident information; and
complete performing the operation using the non-resi-
dent information.

18. The reconstruction system of claim 17, wherein the
one of the distributed processor is further configured to
transfer the resident information of the one of the distributed
processors to the at least one other of the distributed pro-
Cessors.

19. The reconstruction system of claim 17, wherein the
resident information comprises sinogram information gen-
erated by a forward projection of imaging information.

20. The reconstruction system of claim 17, wherein the
resident information comprises information generated by an
image processing operation.
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