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A non-transitory computer-readable medium encoded with a
computer-readable program, which, when executed by a
processor, will cause a computer to execute a method of
processing an image, wherein the method includes receiving
a 2-D color Doppler image. The method additionally
includes extracting a single component velocity field of a
2-D plane from the 2-D color Doppler image. Further, the
method includes receiving a geometrical boundary of a
region of interest within the 2-D color Doppler image.
Moreover, the method includes applying a plurality of
boundary conditions to the geometrical boundary, an at least
one inlet, and an at least one outlet, of the single component
velocity field of a 2-D plane. The method additionally
includes solving a streamfunction vorticity formulation to
reconstruct a transverse velocity component. Further, the
method includes outputting a reconstructed 2-D 2-compo-
nent velocity based on the transverse velocity component.
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METHOD OF PROCESSING AN IMAGE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] The present U.S. Patent Application is related to
and claims the priority benefit of U.S. Provisional Patent
Application Ser. No. 62/640,849, filed Mar. 9, 2018, the
contents of which is hereby incorporated by reference in its
entirety into this disclosure.

BACKGROUND

[0002] This section introduces aspects that may help
facilitate a better understanding of the disclosure. Accord-
ingly, these statements are to be read in this light and are not
to be understood as admissions about what is or is not prior
art.

[0003] Conventional art for Doppler image reconstruction
relate to procedures solving solely a continuity equation and
require an additional assumption of symmetry. Some con-
ventional procedures attempt to close the problem by
decomposing the velocity field formulation into rotational
and irrotational components, thereby producing a more
generalized formulation. This approach is largely phased out
in favor of the methods which present a formulation that
solves the continuity equation in a scalar formulation. This
formulation allows for a more robust solver, however,
boundary conditions for the solver are difficult. Additionally,
rotational flow features are under-resolved due to formula-
tion assumptions. Meteorology methods utilize continuity
along with momentum equations and allow the field to vary
in time to improve initial estimates. Their formulations are
solved using least squares methods but largely underesti-
mate the exact velocity.

[0004] There is, therefore an unmet need for a novel
approach for a new formulation that greatly improves the
physical consistency and measurement accuracy. Based on
improvements of methods that process a Doppler image,
more accurate post-measurement quantities relevant to each
field such as pressure, circulation, and energy loss can be
obtained.

SUMMARY

[0005] Doppler velocity measurement by Doppler image
processing is utilized in several fields including meteorol-
ogy, oceanography, petroleum production, and medical
examinations to measure flow velocity of a working fluid.
FIG. 1 illustrates measuring flow velocities in medical
examinations. As indicated in FIG. 1, such measurements
are often rendered as 2 dimensional images.

[0006] Various embodiments of the present disclosure
relate to a novel image processing approach to reconstruct 2
dimensional (2-D) 2-component or 3 dimensional (3-D)
3-component velocity fields from a single velocity compo-
nent Doppler velocity image. In one or more embodiments,
the above methodology is used to create a velocity vector
field image.

[0007] One aspect of the present application relates to a
non-transitory computer-readable medium encoded with a
computer-readable program, which, when executed by a
processor, will cause a computer to execute a method of
processing an image, wherein the method includes receiving
a 2-D color Doppler image. The method additionally
includes extracting a single component velocity field of a
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2-D plane from the 2-D color Doppler image. Further, the
method includes receiving a geometrical boundary of a
region of interest within the 2-D color Doppler image.
Moreover, the method includes applying a plurality of
boundary conditions to the geometrical boundary, with at
least one inlet, and at least one outlet, of the single compo-
nent velocity field of a 2-D plane. The method additionally
includes solving a streamfunction-vorticity formulation to
reconstruct a transverse velocity component. Further, the
method includes outputting a reconstructed 2-D 2-compo-
nent velocity based on the transverse velocity component.

[0008] Another aspect of the present application relates to
a non-transitory computer-readable medium encoded with a
computer-readable program, which, when executed by a
processor, will cause a computer to execute a method of
processing an image, wherein the method includes receiving
a 2-D color Doppler image. The method additionally
includes extracting a single component velocity field of a
2-D plane from the 2-D color Doppler image. Further, the
method includes receiving a geometrical boundary of a
region of interest within the 2-D color Doppler image.
Moreover, the method includes applying a plurality of
boundary conditions to the geometrical boundary, an at least
one inlet, and an at least one outlet, of the single component
velocity field of a 2-D plane. The method additionally
includes solving a streamfunction vorticity formulation to
reconstruct a transverse velocity component. Further, the
method includes outputting a reconstructed 2-D 2-compo-
nent velocity based on the transverse velocity component.
The solving the streamfunction vorticity formulation to
reconstruct the transverse velocity component includes ini-
tializing a plurality of vorticity values for each point of a
flow field of the 2-D color Doppler image within the
geometrical boundary of the region of interest. The solving
further includes solving, numerically, Poisson Equation for
a streamfunction with an iterated vorticity as a source term
of the Poisson Equation, thereby generating an updated
streamfunction. Next the solving includes calculating a 2-D
2-component velocity field using the updated streamfunc-
tion. Further, the solving includes comparing the updated
streamfunction with the one determined at the previous
iteration to determine whether a difference between the
updated stream function and the stream function is above or
below a tolerance value.

[0009] Still another aspect of the present application
relates to a non-transitory computer-readable medium
encoded with a computer-readable program, which, when
executed by a processor, will cause a computer to execute a
method of processing an image, wherein the method
includes receiving a 2-D color Doppler image. The method
further includes extracting a single component velocity field
of'a 2-D plane from the 2-D color Doppler image. Next, the
method includes receiving a geometrical boundary of a
region of interest within the 2-D color Doppler image.
Additionally, the method includes applying a plurality of
boundary conditions to the geometrical boundary, an at least
one inlet, and an at least one outlet, of the single component
velocity field of a 2-D plane. Further, the method includes
solving a streamfunction-vorticity formulation to recon-
struct a transverse velocity component based on the single
component velocity field defined on a 2-D plane, wherein
the solving the streamfunction includes initializing a plural-
ity of vorticity values for each point of a flow field of the 2-D
color Doppler image within the geometrical boundary of the
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region of interest. The solving the streamfunction includes
iterating, by solving numerically, Poisson Equation for the
streamfunction with a vorticity as a source term of the
Poisson Equation until a difference between a resulting
streamfunction and the streamfunction is below a tolerance
value. Next, the method of processing the image continues
with calculating a 2-D 2-component velocity field using the
resulting streamfunction. Further, the method includes
reconstructing the transverse velocity component based on
the 2-D 2-component velocity field. Moreover, the method
includes outputting a reconstructed 2-D 2-component veloc-
ity based on the transverse velocity component.

BRIEF DESCRIPTION OF THE DRAWINGS

[0010] One or more embodiments are illustrated by way of
example, and not by limitation, in the figures of the accom-
panying drawings, wherein elements having the same ref-
erence numeral designations represent like elements
throughout. It is emphasized that, in accordance with stan-
dard practice in the industry, various features may not be
drawn to scale and are used for illustration purposes only. In
fact, the dimensions of the various features in the drawings
may be arbitrarily increased or reduced for clarity of dis-
cussion.

[0011] FIG. 1 illustrates measuring flow velocities in
medical examinations.

[0012] FIG. 2 illustrates velocity reconstruction in accor-
dance with one or more embodiments.

[0013] FIG. 3 illustrates an overview of an algorithm of
processing an image in accordance with one or more
embodiments.

[0014] FIG. 4 illustrates a method of processing an image
in accordance with one or more embodiments.

[0015] FIG. 5 illustrates one example of a computing or
processing node 1500 for operating a method or a software
architecture in accordance with the present application.

DETAILED DESCRIPTION

[0016] The following disclosure provides many different
embodiments, or examples, for implementing different fea-
tures of the present application. Specific examples of com-
ponents and arrangements are described below to simplify
the present disclosure. These are examples and are not
intended to be limiting. The making and using of illustrative
embodiments are discussed in detail below. It should be
appreciated, however, that the disclosure provides many
applicable concepts that can be embodied in a wide variety
of specific contexts. In at least some embodiments, one or
more embodiment(s) detailed herein and/or variations
thereof are combinable with one or more embodiment(s)
herein and/or variations thereof.

[0017] Various embodiments of the present application
relate to a novel image processing approach to reconstruct
2-D 2-component or 3-D 3-component velocity fields from
a single velocity component Doppler velocity image. The
above procedure of processing a Doppler image results in
more accurate measurement quantities such as pressure,
circulation, and energy loss. FIG. 2 illustrates velocity
reconstruction in accordance with one or more embodi-
ments. Various embodiments of the present application
consider an area or volume of interest as a 2D or 3D Doppler

image with a single velocity component, V ,,,,,,;.,, measured
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at every pixel or voxel, with some spatial location x which
can be in Cartesian, Polar, or Spherical coordinates.
[0018] The component V,,,, ., is one of the terms for the
velocity vector, which is written along with the unknown
components U & W as

7;(x):( Vpoppter U W) Equation 1

In order to perform reconstruction, one must assume that the
working fluid, whether Newtonian or Non-Newtonian, is
incompressible. Therefore, the field must adhere to:

Vi (x)=0

[0019] The above assumption makes the velocity field
divergence-free (solenoidal). One can now assume that each
Doppler velocity component at every location is related to
the unknown components by a scalar function, 1), that still
allows Equation 2 to be satisfied. This is the solenoidal flow
condition, and 1 is known as the streamfunction. Therefore
1 relates to the velocity as

Equation 2

Vxp(x)=1 (x)

[0020] One imposes an additional constraint based on the
potential for the flow to rotate or shear, referred to as
vorticity, m. Vorticity is defined as

Equation 3

Vx tl (x)=0(x)

[0021] Rotation and shear are used in medical and meteo-
rological applications, as they indicate the formation of
vortical structures. By including and minimizing this con-
straint, we ensure that physical structures are not just con-
sistent in appearance, but also in intensity. We may substi-
tute Equation 2 into Equation 3 to obtain an elliptic equation
that relates ¢ to

VA )=o)

Equation 4

Equation 5

The elliptic equation imposes a smoothness condition within
the domain when solved and will converge to a suitable
solution with minimal error so long as appropriate boundary
conditions are provided. The above formulation holds for
any orthogonal coordinate system but needs modifications
when going from the 2D to the 3D formulation.

[0022] The algorithm for velocity reconstruction dis-
cussed in this application includes at least a single Doppler
velocity field with a single velocity component (FIG. 2,
101), at each pixel or voxel location within the image. This
data is pre-processed to assess if the data is in a single
component format or provided in an RGB color image
format. In the case of an image formation, a fast nearest-
neighbor interpolation will be performed at each set of pixel
or voxel values to convert it into their corresponding veloc-
ity based on the image color scale.

[0023] The user then provides or generates a “mask”
region (FIG. 2, 102), corresponding to a domain for flow
reconstruction using Equations 3, 4, and 5. The mask region
will be the pixels or voxels over which Equation 4 is solved.
User then specifies which “walls”, or edges of the mask
region are inlet or outlet for flow. Multiples of each condi-
tion may be selected. Specifying boundary classification is
necessary for generating proper boundary conditions (FIG.
2, 103).

[0024] User also specifies a “starting point” along the
boundary. This point will act as the streamfunction with
initial value of zero and allow for physically consistent
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boundary conditions to be imposed. For each inlet and
outlet, velocities normal to the boundary are integrated with
the following equation:

— —
W)= o (DA prvions Equation 6

Here, {5, ...« corresponds to the streamfunction value from
the integral of the previous inlet or outlet that corresponded
to the respective volume flow rate. Next, the walls are
integrated, with the following forms:

Moving W) AT W previons)

Stationary Y(X )= p,evious Equation 7

[0025] Once the domain is selected and proper boundary
conditions are imposed for each image, one can solve for the
missing velocity component(s) by solving Equation 5 for 1)
in an iterative sense with Equations 3 & 4 to obtain updated
estimates of u and w(FIG. 2, 104). For each pass, Equation
5 is initialized with an estimate of vorticity from Equation 4.
After initialization, Equation 5 is then solved with an elliptic
PDE solver. Once complete, the original velocity values
from the Doppler scan are placed back into the velocity field,
and updated values for u and w are obtained, after which the
next iteration begins. This is done until the solution on 1)
does not change more than machine precision.

[0026] User is then provided with an output that provides
a 2-D, 2 component (FIG. 2, 105) or 3D-3C field of velocity
estimates for each time point, steamfunction quantities for
each time point that relate to flux, and vorticity quantities for
each time point that relate to potential of rotation or shear.
An overview of the algorithm work flow is provided in FIG.
3

[0027] FIG. 4 illustrates a method of processing an image
in accordance with one or more embodiments. Method 400
of processing an image starts off with step 405 of extracting
a single component velocity field of a 2-D plane from a 2-D
color Doppler image. Method 400 continues with step 410
of receiving a geometrical boundary of a region of interest
within the 2-D color Doppler image. Method 400 addition-
ally includes step 415 of applying a plurality of boundary
conditions to the geometrical boundary, an at least one inlet,
and an at least one outlet, of the single component velocity
field of a 2-D plane. Additionally, method 400 includes step
420 of solving a streamfunction vorticity formulation to
reconstruct a transverse velocity component based on the
single component velocity field of a 2-D plane. Method 400
further includes step 425 of calculating a 2-D 2-component
velocity field using the resulting streamfunction. Further,
method 400 includes step 430 of reconstructing the trans-
verse velocity component based on the 2-D 2-component
velocity field. Next, method 400 includes step 430 of
outputting a reconstructed 2-D 2-component velocity based
on the transverse velocity component. Method 400 also
includes step 435 of creating a velocity vector field image
based on the reconstructed 2-D 2-component velocity. In
some embodiments, the tolerance value is user defined. In
some embodiments, the resulting streamfunction includes
Vsp(x)=1 (x).

[0028] The solving the streamfunction includes initializ-
ing a plurality of vorticity values for each point of a flow
field of the 2-D color Doppler image within the geometrical
boundary of the region of interest. Additionally, the solving
the streamfunction includes iterating, by solving numeri-
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cally, Poisson Equation for the streamfunction with an
iterated vorticity as a source term of the Poisson Equation
until a difference between a resulting streamfunction and the
streamfunction is below a tolerance value.

[0029] In various embodiments, method 400 additionally
includes step 440 of characterizing the at least one inlet and
the at least one outlet for the single component velocity field
of'a 2-D plane. In some embodiments, at least one of the at
least one inlet or the at least one outlet is a moving wall for
the single component velocity field of a 2-D plane. In some
embodiments, at least one of the at least one inlet or the at
least one outlet is a static wall for the single component
velocity field of a 2-D plane.

[0030] Insome embodiments, the applying the plurality of
boundary conditions to the geometrical boundary includes
defining the boundary conditions on the moving wall in
terms of corresponding values of a streamfunction along or
across the geometrical boundary of the 2-D color Doppler
image. In some embodiments, the applying the plurality of
boundary conditions to the geometrical boundary comprises
defining the boundary conditions on the static wall in terms
of corresponding values of a streamfunction along or across
the geometrical boundary of the 2-D color Doppler image.
[0031] In at least one embodiment, the receiving the 2-D
color Doppler image includes receiving a single 2-D color
Doppler image. In some embodiments, the geometrical
boundary is received through manual selection by a user. In
some embodiments, the geometrical boundary is received
through automatic segmentation of the 2-D color Doppler
image. In some embodiments, the geometrical boundary is
received through superimposition of a computer-aided
design (CAD) image into the 2-D color Doppler image.
[0032] In one or more embodiments, the applying the
plurality of boundary conditions to the geometrical bound-
ary includes applying the plurality of boundary conditions
that satisfy kinematic constraints of a flow field of the 2-D
color Doppler image.

[0033] In one or more embodiments, the initializing the
plurality of vorticity values for the each point of the flow
field of the 2-D color Doppler image within the geometrical
boundary of the region of interest includes performing a

calculation denoted by Vx?(x)zuﬁx), wherein H(x) is the
single component velocity field of a 2-D plane.

[0034] One of ordinary skill in the art would recognize
that operations are added or removed from method 400, in
one or more embodiments. One of ordinary skill in the art
would also recognize that the order of the operations in
method 400 is varied in various alternative embodiments.

EXAMPLE 1

[0035] A software architecture encoded on a non-transi-
tory computer readable medium, the software architecture
includes a first protocol, wherein the first protocol is con-
figured to receive a 2-D color Doppler image. The software
architecture further includes a second protocol, wherein the
second protocol is configured to extract a single component
velocity field of a 2-D plane from the 2-D color Doppler
image. Additionally, the software architecture includes a
third protocol, wherein the third protocol is configured to
receive a geometrical boundary of a region of interest within
the 2-D color Doppler image. Further, the software archi-
tecture includes a fourth protocol, wherein the fourth pro-
tocol is configured to apply a plurality of boundary condi-
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tions to the geometrical boundary, an at least one inlet, and
an at least one outlet, of the single component velocity field
of'a 2-D plane. Moreover, the software architecture includes
a fifth protocol, wherein the fifth protocol is configured
solving a streamfunction vorticity formulation to reconstruct
a transverse velocity component based on the single com-
ponent velocity field of a 2-D plane. The software architec-
ture also includes a calculation protocol, wherein the calcu-
lation protocol is configured to calculate a 2-D 2-component
velocity field using the resulting streamfunction. Moreover,
the software architecture includes a reconstruction protocol,
wherein the reconstruction protocol is configured to recon-
struct the transverse velocity component based on the 2-D
2-component velocity field. Further, the software architec-
ture includes a sixth protocol, wherein the sixth protocol is
configured to output a reconstructed 2-D 2-component
velocity based on the transverse velocity component. In
some embodiments, the first protocol is configured to
receive a single 2-D color Doppler image. In some embodi-
ments, the tolerance value is user defined. In some embodi-

ments, the resulting streamfunction includes wa(x):H(x).

[0036] The fifth protocol further includes a first module,
wherein the first module is configured to initialize a plurality
of vorticity values for each point of a flow field of the 2-D
color Doppler image within the geometrical boundary of the
region of interest. Additionally, the fifth protocol includes a
second module, wherein the second module is configured to
iterate, by solving numerically, Poisson Equation for the
streamfunction with an iterated vorticity as a source term of
the Poisson Equation until a difference between a resulting
streamfunction and the streamfunction is below a tolerance
value. In various embodiments, the first module comprises a
third module, wherein the third module is configured to

perform a calculation denoted by Vxu (x)=w(x), wherein
H(x) is the single component velocity field of a 2-D plane.

[0037] The software architecture additionally includes a
seventh protocol, wherein the seventh protocol is configured
to characterize the at least one inlet and the at least one outlet
for the single component velocity field of a 2-D plane. In
some embodiments, at least one of the at least one inlet or
the at least one outlet is a moving wall for the single
component velocity field of a 2-D plane. In some embodi-
ments, at least one of the at least one inlet or the at least one
outlet is a static wall for the single component velocity field
of a 2-D plane.

[0038] In at least one embodiment, the fourth protocol
includes an eighth protocol, wherein the eighth protocol is
configured to define the boundary conditions on the moving
wall in terms of corresponding values of a streamfunction
along or across the geometrical boundary of the 2-D color
Doppler image. In some embodiments, the fourth protocol
includes a ninth protocol, wherein the ninth protocol is
configured to define the boundary conditions on the static
wall in terms of corresponding values of a streamfunction
along or across the geometrical boundary of the 2-D color
Doppler image.

[0039] In some embodiments, the third protocol is con-
figured to receive the geometrical boundary through manual
selection by a user. In some embodiments, the third protocol
is configured to receive the geometrical boundary through
automatic segmentation of the 2-D color Doppler image. In
some embodiments, the third protocol is configured to
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receive the geometrical boundary through superimposition
of'a computer-aided design (CAD) image into the 2-D color
Doppler image.

[0040] In one or more embodiments, the fourth protocol
comprises a tenth protocol, wherein the tenth protocol is
configured to apply the plurality of boundary conditions that
satisfy kinematic constraints of a flow field of the 2-D color
Doppler image.

[0041] FIG. 5 illustrates one example of a computing or
processing node 1500 for operating the methods and the
software architecture of the present application. This is not
intended to suggest any limitation as to the scope of use or
functionality of embodiments of the invention described
herein. Regardless, the computing node 1500 is capable of
being implemented and/or performing any of the function-
ality set forth hereinabove.

[0042] In computing node 1500 there is a computer sys-
tem/server 1502, which is operational with numerous other
general purpose or special purpose computing system envi-
ronments or configurations. Examples of well-known com-
puting systems, environments, and/or configurations that
may be suitable for use with computer system/server 1502
include, but are not limited to, personal computer systems,
server computer systems, thin clients, thick clients, hand-
held or laptop devices, multiprocessor systems, micropro-
cessor-based systems, set top boxes, programmable con-
sumer electronics, network PCs, minicomputer systems,
mainframe computer systems, and distributed cloud com-
puting environments that include any of the above systems
or devices, and the like.

[0043] Computer system/server 1502 may be described in
the general context of computer system-executable instruc-
tions, such as program modules, being executed by a com-
puter system. Generally, program modules may include
routines, programs, objects, components, logic, data struc-
tures, and so on that perform particular tasks or implement
particular abstract data types. Computer system/server 502
may be practiced in distributed cloud computing environ-
ments where tasks are performed by remote processing
devices that are linked through a communications network.
In a distributed cloud computing environment, program
modules may be located in both local and remote computer
system storage media including memory storage devices.
[0044] As shown in FIG. 5, computer system/server 1502
in cloud computing node 1500 is shown in the form of a
general-purpose computing device. The components of
computer systen/server 1502 may include, but are not
limited to, one or more processors or processing units 1504,
a system memory 1506, and a bus 1508 that couples various
system components including system memory 1506 to pro-
cessor 1504.

[0045] Bus 1508 represents one or more of any of several
types of bus structures, including a memory bus or memory
controller, a peripheral bus, an accelerated graphics port, and
a processor or local bus using any of a variety of bus
architectures. By way of example, and not limitation, such
architectures include Industry Standard Architecture (ISA)
bus, Micro Channel Architecture (MCA) bus, Enhanced ISA
(EISA) bus, Video Electronics Standards Association
(VESA) local bus, and Peripheral Component Interconnects
(PCI) bus.

[0046] Computer system/server 1502 typically includes a
variety of computer system readable media. Such media
may be any available media that is accessible by computer
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system/server 1502, and it includes both volatile and non-
volatile media, removable and non-removable media.

[0047] System memory 1506, in one embodiment, imple-
ments the methods and the software architectures of the
present application. The system memory 506 can include
computer system readable media in the form of volatile
memory, such as random access memory (RAM) 1510
and/or cache memory 1512. Computer system/server 1502
may further include other removable/non-removable, vola-
tile/non-volatile computer system storage media. By way of
example only, storage system 1514 can be provided for
reading from and writing to a non-removable, non-volatile
magnetic media (not shown and typically called a “hard
drive”). Although not shown, a magnetic disk drive for
reading from and writing to a removable, non-volatile mag-
netic disk (e.g., a “floppy disk™), and an optical disk drive for
reading from or writing to a removable, non-volatile optical
disk such as a CD-ROM, DVD-ROM or other optical media
can be provided. In such instances, each can be connected to
bus 1508 by one or more data media interfaces. As will be
further depicted and described below, memory 1506 may
include at least one program product having a set (e.g., at
least one) of program modules that are configured to carry
out the functions of various embodiments of the invention.

[0048] Program/utility 1516, having a set (at least one) of
program modules 1518, may be stored in memory 1506 by
way of example, and not limitation, as well as an operating
system, one or more application programs, other program
modules, and program data. Each of the operating system,
one or more application programs, other program modules,
and program data or some combination thereof, may include
an implementation of a networking environment. Program
modules 1518 generally carry out the functions and/or
methodologies of various embodiments of the invention as
described herein.

[0049] As will be appreciated by one skilled in the art,
aspects of the present invention may be embodied as a
system, method, or computer program product. Accordingly,
aspects of the present invention may take the form of an
entirely hardware embodiment, an entirely software embodi-
ment (including firmware, resident software, micro-code,
etc.) or an embodiment combining software and hardware
aspects that may all generally be referred to herein as a
“circuit,” “module” or “system.” Furthermore, aspects of the
present invention may take the form of a computer program
product embodied in one or more computer readable medi-
um(s) having computer readable program code embodied
thereon.

[0050] Computer system/server 1502 may also communi-
cate with one or more external devices 1520 such as a
keyboard, a pointing device, a display 1522, etc.; one or
more devices that enable a user to interact with computer
system/server 1502; and/or any devices (e.g., network card,
modem, etc.) that enable computer system/server 1502 to
communicate with one or more other computing devices.
Such communication can occur via /O interfaces 1524. Still
yet, computer system/server 1502 can communicate with
one or more networks such as a local area network (LAN),
a general wide area network (WAN), and/or a public net-
work (e.g., the Internet) via network adapter 1526. As
depicted, network adapter 1526 communicates with the
other components of computer system/server 1502 via bus
1508. It should be understood that although not shown, other
hardware and/or software components could be used in
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conjunction with computer system/server 1502. Examples,
include, but are not limited to: microcode, device drivers,
redundant processing units, external disk drive arrays, RAID
systems, tape drives, and data archival storage systems, etc.
[0051] Although the present disclosure and its advantages
have been described in detail, it should be understood that
various changes, substitutions and alterations can be made
herein without departing from the spirit and scope of the
disclosure as defined by the appended claims. Moreover, the
scope of the present application is not intended to be limited
to the particular embodiments of the process, design,
machine, manufacture, and composition of matter, means,
methods and steps described in the specification. As one of
ordinary skill in the art will readily appreciate from the
disclosure, processes, machines, manufacture, compositions
of matter, means, methods, or steps, presently existing or
later to be developed, that perform substantially the same
function or achieve substantially the same result as the
corresponding embodiments described herein may be uti-
lized according to the present disclosure. Accordingly, the
appended claims are intended to include within their scope
such processes, machines, manufacture, compositions of
matter, means, methods, or steps.

[0052] While several embodiments have been provided in
the present disclosure, it should be understood that the
disclosed systems and methods might be embodied in many
other specific forms without departing from the spirit or
scope of the present disclosure. The present examples are to
be considered as illustrative and not restrictive, and the
intention is not to be limited to the details given herein. For
example, the various elements or components may be com-
bined or integrated in another system or certain features may
be omitted, or not implemented.

1. A non-transitory computer-readable medium encoded
with a computer-readable program, which, when executed
by a processor, will cause a computer to execute a method
of processing an image, wherein the method comprises:

extracting a single component velocity field of a 2-D

plane from a 2-D color Doppler image;

receiving a geometrical boundary of a region of interest

within the 2-D color Doppler image;

applying a plurality of boundary conditions to the geo-

metrical boundary, an at least one inlet, and an at least
one outlet, of the single component velocity field of a
2-D plane;
solving a streamfunction vorticity formulation to recon-
struct a transverse velocity component based on the
single component velocity field of a 2-D plane, wherein
the solving the streamfunction comprises:
initializing a plurality of vorticity values for each point
of'a flow field of the 2-D color Doppler image within
the geometrical boundary of the region of interest;
and
iterating, by solving numerically, Poisson Equation for
the streamfunction with an iterated vorticity as a
source term of the Poisson Equation until a differ-
ence between a resulting streamfunction and the
streamfunction is below a tolerance value;
calculating a 2-D 2-component velocity field using the
resulting streamfunction;
reconstructing the transverse velocity component based
on the 2-D 2-component velocity field; and
outputting a reconstructed 2-D 2-component velocity
based on the transverse velocity component.
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2. The method of claim 1, further comprising character-
izing the at least one inlet and the at least one outlet for the
single component velocity field of a 2-D plane.

3. The method of claim 2, wherein at least one of the at
least one inlet or the at least one outlet is a moving wall for
the single component velocity field of a 2-D plane.

4. The method of claim 2, wherein at least one of the at
least one inlet or the at least one outlet is a static wall for the
single component velocity field of a 2-D plane.

5. The method of claim 3, wherein applying the plurality
of boundary conditions to the geometrical boundary com-
prises defining the boundary conditions on the moving wall
in terms of corresponding values of a streamfunction along
or across the geometrical boundary of the 2-D color Doppler
image.

6. The method of claim 4, wherein applying the plurality
of boundary conditions to the geometrical boundary com-
prises defining the boundary conditions on the static wall in
terms of corresponding values of a streamfunction along or
across the geometrical boundary of the 2-D color Doppler
image.

7. The method of claim 1, wherein receiving the 2-D color
Doppler image comprises receiving a single 2-D color
Doppler image.

8. The method of claim 1, wherein receiving the geo-
metrical boundary of the region of interest within the 2-D
color Doppler image comprises receiving the geometrical
boundary through manual selection by a user.

9. The method of claim 1, wherein receiving the geo-
metrical boundary of the region of interest within the 2-D
color Doppler image comprises receiving the geometrical
boundary through automatic segmentation of the 2-D color
Doppler image.

10. The method of claim 1, wherein receiving the geo-
metrical boundary of the region of interest within the 2-D
color Doppler image comprises receiving the geometrical
boundary through superimposition of a computer-aided
design (CAD) image into the 2-D color Doppler image.

11. The method of claim 1, wherein applying the plurality
of boundary conditions to the geometrical boundary com-
prises applying the plurality of boundary conditions that
satisfy kinematic constraints of a flow field of the 2-D color
Doppler image.

12. The method of claim 1, wherein initializing the
plurality of vorticity values for the each point of the flow
field of the 2-D color Doppler image within the geometrical
boundary of the region of interest comprises:

performing a calculation denoted by VXH(X):(,U(X),

wherein H(x) is the single component velocity field of
a 2-D plane.
13. The method of claim 1, wherein the tolerance value is
user defined.
14. The method of claim 1, wherein the resulting stream-

function comprises wa(x):H(x).

15. A non-transitory computer-readable medium encoded
with a computer-readable program, which, when executed
by a processor, will cause a computer to execute a method
of processing an image, wherein the method comprises:

receiving a 2-D color Doppler image;

extracting a single component velocity field of a 2-D

plane from the 2-D color Doppler image;

receiving a geometrical boundary of a region of interest

within the 2-D color Doppler image;

Sep. 12,2019

applying a plurality of boundary conditions to the geo-
metrical boundary, an at least one inlet, and an at least
one outlet, of the single component velocity field of a
2-D plane;

solving a streamfunction vorticity formulation to recon-
struct a transverse velocity component; and

outputting a reconstructed 2-D 2-component velocity
based on the transverse velocity component,

wherein solving the streamfunction vorticity formulation

to reconstruct the transverse velocity component com-

prises:

initializing a plurality of vorticity values for each point
of'a flow field of the 2-D color Doppler image within
the geometrical boundary of the region of interest;

solving, numerically, Poisson Equation for the stream-
function with a vorticity as a source term of the
Poisson Equation, thereby generating an updated
streamfunction;

calculating a 2-D 2-component velocity field using the
updated streamfunction; and

comparing the updated streamfunction with the stream-
function to determine whether a difference between
the updated streamfunction and the streamfunction is
above or below a tolerance value.

16. The method of claim 15, further comprising:

realizing the difference between the updated streamfunc-

tion and the streamfunction is above the tolerance
value;

solving, numerically, the Poisson Equation for the stream-

function with a second vorticity as the source term of
the Poisson Equation, thereby generating a second
updated streamfunction;

calculating a second 2-D 2-component velocity field using

the second updated streamfunction; and

comparing the second updated streamfunction with the

streamfunction to determine whether a difference
between the second updated streamfunction and the
streamfunction is above or below the tolerance value.

17. The method of claim 15, further comprising recon-
structing the transverse velocity component based on the
2-D 2-component velocity field, when the difference
between the updated streamfunction and the streamfunction
is below the tolerance value.

18. A non-transitory computer-readable medium encoded
with a computer-readable program, which, when executed
by a processor, will cause a computer to execute a method
of processing an image, wherein the method comprises:

receiving a 2-D color Doppler image;

extracting a single component velocity field of a 2-D

plane from the 2-D color Doppler image;

receiving a geometrical boundary of a region of interest

within the 2-D color Doppler image;

applying a plurality of boundary conditions to the geo-

metrical boundary, an at least one inlet, and an at least
one outlet, of the single component velocity field of a
2-D plane;
solving a streamfunction vorticity formulation to recon-
struct a transverse velocity component; and
outputting a reconstructed 2-D 2-component velocity
based on the transverse velocity component.

19. The method of claim 18, wherein the solving the

streamfunction comprises:



US 2019/0277965 Al Sep. 12,2019

initializing a plurality of vorticity values for each point of
a flow field of the 2-D color Doppler image within the
geometrical boundary of the region of interest; and

iterating, by solving numerically, Poisson Equation for the
streamfunction with an iterated vorticity as a source
term of the Poisson Equation until a difference between
a resulting streamfunction and the streamfunction is
below a tolerance value.

20. The method of claim 19, further comprising:

calculating a 2-D 2-component velocity field using the
resulting streamfunction; and

reconstructing the transverse velocity component based
on the 2-D 2-component velocity field.
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