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(2) DENSITY INCREASING OF
IMAGING DATA

(1) INSERTION OF DENSITY-
INCREASING DATA
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< SPECIFIC EXAMPLE LOW DENSITY IMAGE (NUMBER OF LINES: 81)>
-

FIG. 15

<SPECIFIC EXAMPLE 1 OF HIGH DENSITY IMAGE (NUMBER OF LINES: 121)>
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< SPECIFIC EXAMPLE 2 OF HIGH DENSITY IMAGE (NUMBER OF LINES: 121) >
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<SPECIFIC EXAMPLE 4 OF HIGH DENSITY IMAGE (NUMBER OF LINES: 121)>
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ULTRASOUND DIAGNOSTIC APPARATUS

TECHNICAL FIELD

[0001] The present invention relates to an ultrasound diag-
nostic apparatus, and more particularly to a technique of
increasing the density of an ultrasound image.

BACKGROUND ART

[0002] Use of an ultrasound diagnostic apparatus enables
real-time capturing of a moving image of a tissue in motion,
for example, for diagnosis. In recent years, ultrasound diag-
nostic apparatuses are extremely important medical devices
especially in diagnosis and treatment of the heart and other
organs.

[0003] Itis desirable not only for the purpose of diagnosing
the heart but also for other purposes that an ultrasound image
obtained by an ultrasound diagnostic apparatus has excellent
image quality. A technique of increasing the density of an
ultrasound image is being proposed as a specific countermea-
sure for enhancing the quality of an ultrasound image.

[0004] Patent Document 1, for example, describes a tech-
nique of performing pattern matching processing, for each
pixel of interest on the previous frame, between the previous
frame and the current frame, and, based on the original group
of pixels forming the current frame and the additional group
of pixels defined, for each pixel of interest, by the pattern
matching processing, increasing the density of the current
frame.

[0005] Patent Document 2 describes a technique of defin-
ing a first pixel array, a second pixel array, and a third pixel
array in a frame, executing pattern matching processing, for
each pixel of interest on the first pixel array, between the first
pixel array and the second pixel array to calculate a mapping
address on the second pixel array for the pixel of interest,
further executing pattern matching processing, for each pixel
of interest on the third pixel array, between the third pixel
array and the second pixel array to calculate a mapping
address on the second pixel array for the pixel of interest, and,
with the use of pixel values and the mapping addresses of the
plurality of pixels of interest, increasing the density of the
second pixel array.

[0006] Itis possible to increase the density of a low-density
image obtained at a high frame rate using the techniques
described in Patent Document 1 and Patent Document 2.

[0007] Among methods of scanning an ultrasound beam, in
the sector scanning and the convex scanning, an ultrasound
beam is scanned radially or in a sector shape about a center
which is located on the probe side. Accordingly, the interval
of the ultrasound beams is greater in a deep portion distant
from the probe than in a shallow portion near the probe. It is
therefore desired that, even if the interval of the ultrasound
beams is wide as described above, the density can be
increased so as to fill the interval.

CITATION LIST

Patent Literature
[0008] [Patent Document 1] JP-2012-105750 A
[0009] [Patent Document 2] JP-2012-105751 A
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SUMMARY OF INVENTION

Technical Problem

[0010] In view of the background art described above, the
inventor of the present invention has repeated research and
development concerning an improved technique of increas-
ing the density of an ultrasound image. In particular, the
present inventor has noted a technique of increasing the den-
sity of an ultrasound image based on a principle which is
different from those of the epoch-making techniques
described in Patent Document 1 and Patent Document 2.
[0011] Thepresentinvention has been conceived during the
course of the research and development described above and
is aimed at providing an improved technique of increasing the
density of an ultrasound image by using a density-based
relationship between the scanning direction and the depth
direction of the ultrasound beam.

Solution to Problem

[0012] In order to attain the above object, an ultrasound
diagnostic apparatus in accordance with a preferable aspect
includes a probe configured to transmit and receive ultra-
sound, a transmitter/receiver unit configured to control the
probe to scan an ultrasound beam, a density-increasing pro-
cessing unit configured to increase a density of imaging data
obtained by scanning the ultrasound beam, and a display
processing unit configured to form a display image based on
the imaging data having an increased density, and the density-
increasing processing unit, based on depth direction data
arranged at a high density along a depth direction of the
ultrasound beam within the imaging data, augments a density
of scanning direction data arranged at a low density in a
scanning direction of the ultrasound beam, thereby increasing
the density of the imaging data.

[0013] Intheabove structure, various types of probes which
transmit and receive ultrasound, including a convex scanner
type, a sector scanner type, and a linear scanner type, for
example, may be used in accordance with the type of diag-
nostic use. The density increasing which is implemented by
the above structure is particularly preferably realized by a
combination of a convex scanner and a sector scanner. Also,
either a probe for a two-dimensional tomographic image or a
probe for a three-dimensional image may be used. While a
two-dimensional tomographic image (B mode image) is a
preferable example image to be subjected to density increas-
ing, a three-dimensional image, a Doppler image, or an elas-
tography image may also be adopted. The imaging data refers
to data which is used for forming an image, and is line data
obtained along the ultrasound beams which are scanned, for
example.

[0014] Inthe depth direction of the ultrasound beam, as it is
possible to sequentially obtain a received signal of ultrasound
from the shallow portion (on the side close to the probe)
through the deep portion (on the side distant from the probe),
depth direction data arranged at a relatively high density can
be obtained. It is, for example, possible to obtain several
thousand line data units along a single ultrasound beam, and
the several thousand line data units may be used as they are or
several hundred line data units obtained by resampling (deci-
mation) the several thousand line data units may be used. A
plurality of ultrasound beams are sequentially formed by
scanning the ultrasound beams, while, for example, shifting
the position (angle) of the ultrasound beam stepwise along the
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scanning direction. In the case of a general two-dimensional
B-mode image, the number of ultrasound beams used for
obtaining one image (one frame) is about 100, for example. In
order to increase the frame rate, for example, it is necessary to
further reduce the number of ultrasound beams. Accordingly,
the scanning direction data is arranged in the scanning direc-
tion of ultrasound beam at a relatively low density. As
described above, the data which is obtained differs in density
between the scanning direction and the depth direction of the
ultrasound beam.

[0015] The above apparatus can realize density increasing
of an ultrasound image by using a density-based relationship
between the scanning direction and the depth direction of the
ultrasound beams. More specifically, by augmenting the den-
sity of the scanning direction data arranged at a low density
along the scanning direction of the ultrasound beam based on
the depth direction data arranged at a high density along the
depth direction of the ultrasound beam, the density of the
imaging data is increased.

[0016] In a preferable specific example, the density-in-
creasing processing unit places a template corresponding to
the scanning direction of the ultrasound beam within the
imaging data and moves a kernel corresponding to the depth
direction of the ultrasound beam for searching for a kernel
that matches the template, thereby augmenting a density of
the scanning direction data that belongs to the template by
using the depth direction data that belongs to the kernel which
has been found.

[0017] Inthe above structure, the template is preferably set
so as to enclose the scanning direction data, for example, and
may have a one-dimensional shape or a two-dimensional
shape. If the imaging data is three-dimensional data, a tem-
plate having a three-dimensional shape may be used. The
kernel is preferably set so as to enclose the depth direction
data, for example, and may have a one-dimensional shape or
atwo-dimensional shape. If the imaging data is three-dimen-
sional data, a kernel having a three-dimensional shape may be
used. A template and a kernel preferably have identical
shapes.

[0018] 1In a preferable specific example, the density-in-
creasing processing unit searches for akernel that matches the
template by pattern matching between the scanning direction
data that belongs to the template and the depth direction data
that belongs to the kernel.

[0019] In a preferable specific example, the density-in-
creasing processing unit searches for akernel that matches the
template by pattern matching based on a degree of similarity
between the scanning direction data within the template and
the depth direction datato be selected from the kernel ata data
interval of the scanning direction data.

[0020] Intheabove structure, the degree of similarity refers
to an indicator for evaluating a similarity level, and may be an
indicator which indicates a smaller value as the similarity is
greater (more similar) or an indicator which indicates a
greater value as the similarity is greater. While, as the indica-
tor for evaluating the similarity level, a sum of squares con-
cerning a difference between data items to be compared with
each other and a sum of absolute values concerning a differ-
ence between data items to be compared with each other, for
example, are preferable, various other known operation meth-
ods may be used.

[0021] In a preferable specific example, the density-in-
creasing processing unit inserts the density-increasing data
obtained based on the depth direction data within the kernel

Oct. 22,2015

that matches the template into a gap of the scanning direction
data within the template, thereby increasing the density of the
imaging data.

[0022] In a preferable specific example, the density-in-
creasing processing unit assumes a location where the degree
of similarity is the best in the gap of the scanning direction
data within the template, based on a spatial distribution of the
degree of similarity obtained for the search for the kernel that
matches the template, and inserts the density-increasing data
in the location which is assumed.

[0023] In a preferable specific example, the density-in-
creasing processing unit searches for a plurality of candidate
kernels that match the template by pattern matching, and,
based on a distance between each of the candidate kernels and
the template, selects a kernel that matches the template from
among the plurality of candidate kernels.

[0024] 1In a preferable specific example, the density-in-
creasing processing unit selects a plurality of kernels that
match the template, and, based on the depth direction data
obtained from the plurality of kernels, obtains the density-
increasing data to be inserted in a gap of the scanning direc-
tion data within the template.

[0025] In a preferable specific example, the density-in-
creasing processing unit obtains the density-increasing data
based on the depth direction data obtained from the plurality
of kernels that match the template and a distance between
each of the kernels and the template.

[0026] In a preferable specific example, the density-in-
creasing processing unit sets the template and the kernel so as
to be of identical size in a real space.

[0027] In a preferable specific example, the density-in-
creasing processing unit, for increasing the density of the
imaging data obtained by scanning the ultrasound beam radi-
ally or in a sector shape, increases a size of the template in a
real space as the depth of a location where the template is to
be placed within the imaging data is greater.

[0028] In a preferable specific example, the density-in-
creasing processing unit, for searching for a kernel that
matches the template by pattern matching based on a degree
of similarity between the scanning direction data within the
template and the depth direction data to be selected at a data
interval of the scanning direction data from within the kernel,
increases the data interval of the depth direction data to be
selected from within the kernel as the depth of the location of
the template is greater.

[0029] In a preferable specific example, the density-in-
creasing processing unit places templates at a plurality of
different locations within the imaging data and searches fora
kernel that matches the template at each of the locations,
thereby increasing the density of the scanning direction data
that belongs to the templates at the plurality of locations.

[0030] In a preferable specific example, the density-in-
creasing processing unit sets the number of the scanning
direction data that belong to the template to a fixed value at
each of the plurality of locations within the imaging data.

[0031] In a preferable specific example, the density-in-
creasing processing unit, for placing a template at a plurality
of different locations within the imaging data and searching
for a kernel that matches the template at each of the locations,
thereby increasing the density of the scanning direction data
that belongs to the template at the plurality of locations, sets
a size of the template in a real space to a fixed size at each of
the plurality of locations within the imaging data.
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Advantageous Effects of Invention

[0032] Thepresentinvention canrealize density-increasing
of an ultrasound image by using a density-based relationship
between the scanning direction and the depth direction of an
ultrasound beam. According to a preferable embodiment of
the present invention, for example, the density of the scanning
direction data arranged at a low density along the scanning
direction of the ultrasound beam is augmented based on the
depthdirection data arranged at ahigh density along the depth
direction of the ultrasound beam, thereby increasing the den-
sity of the imaging data

BRIEF DESCRIPTION OF DRAWINGS

[0033] FIG. 1 is a block diagram illustrating the overall
structure of an ultrasound diagnostic apparatus according to a
preferable embodiment of the present invention.

[0034] FIG. 2 is a view illustrating specific example imag-
ing data obtained by scanning an ultrasound beam.

[0035] FIG. 3isa view illustrating specific example search
using a template and a kernel.

[0036] FIG.4disaview for explaining a data interval within
a real space.
[0037] FIG.5isaview illustrating specific example density

increasing by using density-increasing data.

[0038] FIG. 6 is a view illustrating specific example den-
sity-increased imaging data.

[0039] FIG. 7 is a view illustrating example insertion of
density-increasing data in consideration of a distance.
[0040] FIG. 8 is a view illustrating example insertion of
density-increasing data using a plurality of kernels K.
[0041] FIG. 9 is a view illustrating specific example
assumption concerning the insertion location of the density-
increasing data.

[0042] FIG. 10 is a view illustrating example insertion of
density-increasing data into a corresponding point location.
[0043] FIG. 11 is a view illustrating specific example den-
sity increasing by using corresponding point locations.
[0044] FIG. 12 is a view illustrating imaging data having
been subjected to density increasing by using the correspond-
ing point locations.

[0045] FIG.13 is a view illustrating specific example inter-
polation processing performed in the digital scan converter.
[0046] FIG. 14 is a flowchart showing a summary of pro-
cessing performed by the ultrasound diagnostic apparatus
illustrated in FIG. 1.

[0047] FIG. 15 is a view illustrating a specific example
low-density image.

[0048] FIG.16 is aview illustrating a specific example 1 of
a high-density image.

[0049] FIG.17 is aview illustrating a specific example 2 of
a high-density image.

[0050] FIG. 18 is aview illustrating a specific example 3 of
a high-density image.

[0051] FIG.19is aview illustrating a specific example 4 of
a high-density image.

[0052] FIG. 20 is a view for explaining various processing
applied to line data.

[0053] FIG. 21 is a view for explaining filter processing in
the depth direction applied to the density-increased imaging
data.

[0054] FIG. 22 is a view illustrating a specific example of
pattern matching.
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[0055] FIG. 23 is a view for explaining modification
example processing performed by the density-increasing pro-
cessing unit.

[0056] FIG. 24 is a view for explaining a modification
example with an enlarged search area.

DESCRIPTION OF EMBODIMENTS

[0057] FIG. 1 is a block diagram illustrating the overall
structure of an ultrasound diagnostic apparatus according to a
preferable embodiment of the present invention. A probe 10 is
an ultrasound probe which transmits and receives ultrasound.
In accordance with different types of diagnosis, various types
ofthe probe 10 can be used, including a convex scanning type,
a sector scanner type, a linear scanner type, a probe for a
two-dimensional image (tomographic image), a probe for a
three-dimensional image, and other types.

[0058] A transmitter/receiver unit 12 controls transmission
concerning a plurality of transducer elements included in the
probe 10 to form a transmitting beam, and scans the transmit-
ting beam within a diagnosis region. The transmitter/receiver
unit 12 also applies phase alignment and summation process-
ing and other processing on a plurality of received signals
obtained from the plurality of transducer elements to form a
received beam, and collects a received beam signal from the
whole region within the diagnosis region. In other words, the
transmitter/receiver unit 12 has a function of a beam former.
The received beam signals (RF signals) which are collected
are subjected to received signal processing including detec-
tion processing. Consequently, line data obtained, for each
received beam, along the received beam are transmitted to a
density-increasing processing unit 20.

[0059] The density-increasing processing unit 20 increases
the density of imaging data formed of a plurality of line data
units corresponding to a plurality of ultrasound beams
obtained by scanning the ultrasound beams (transmitting
beam and received beam). The density-increasing processing
unit 20 specifically increases the density of the imaging data
by augmenting the density of scanning direction data
arranged at a low density along the scanning direction of the
ultrasound beam based on depth data arranged at a high
density along the depth direction of the ultrasound beam in
the imaging data. The specific processing performed by the
density-increasing processing unit 20 will be described in
detail below.

[0060] A digital scan converter (DSC) 30 applies coordi-
nate transformation processing, frame rate adjustment pro-
cessing, and other processing to the imaging data having the
density increased in the density-increasing processing umit
20; that is, a plurality of density-increased line data units. The
digital scan converter 30 obtains image data corresponding to
adisplay coordinate system from a plurality of line data units
obtained in a scanning coordinate system corresponding to
the scanning of an ultrasound beam, by using coordinate
transformation processing, interpolation processing, and
other processing. The digital scan converter 30 also converts
the plurality of line data units obtained at a frame rate of the
scanning coordinate system to the image data at a frame rate
of the display coordinate system.

[0061] A display processing unit 40 synthesizes the image
data obtained by the digital scan converter 30 with graphic
data and the like to form a display image, which is displayed
on a display unit 42 implemented, for example, by a liquid
crystal display. Finally, a control unit 50 controls the entire
ultrasound diagnostic apparatus illustrated in FIG. 1.
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[0062] Among the elements (respective function blocks)
illustrated in FIG. 1, the transmitter/receiver unit 12, the
density-increasing processing unit 20, the DSC 30, and the
display processing unit 40 can be implemented by hardware
such as a processor and an electric circuit, and a device such
as a memory can be utilized for the implementation as
required. The control unit 50 can be implemented by, for
example, cooperation of hardware including a CPU, a pro-
cessor, and a memory, and software (program) for regulating
the operation of the CPU and the processor.

[0063] The overall structure of the ultrasound diagnostic
apparatus of FIG. 1 has been described above. The density-
increasing processing in the ultrasound diagnostic apparatus
will be now described. In the following description, reference
numerals in FIG. 1 will be used when describing the elements
(blocks) shown in FIG. 1.

[0064] FIG. 2 is a view illustrating specific example imag-
ing data which is obtained by scanning an ultrasound beam.
FIG. 2 illustrates imaging data formed of a plurality of line
data units corresponding to a plurality of ultrasound beams
obtained by scanning an ultrasound beam. FIG. 2 further
illustrates a depth direction “r”’ of the ultrasound beam and the
azimuth direction “8,” which is the scanning direction of the
ultrasound beam. A line of a plurality of black circles (solid
black circles) arranged in the depth direction r corresponds to
the line data.

[0065] The line data units are collected along the depth
direction “r” of the ultrasound beam. In the depth direction
“r,” as the received signals of ultrasound can be sequentially
obtained from a shallow portion (on the side near the probe
10) through a deep portion (on the side distant from the probe
10), it is possible to obtain the line data units arranged at a
relatively high density. For example, several thousands ofline
data units can be obtained along a single ultrasound beam.
The several thousands of line data units may be used as they
are, or several hundreds of line data units obtained by resam-
pling (decimating) the several thousands of line data units
may be used.

[0066] In the case of convex scanning or sector scanning,
for example, the ultrasound beam is scanned in the azimuth
direction 8 while the angle of the ultrasound beam is shifted
stepwise, so that a plurality of ultrasound beams are sequen-
tially formed. In order to obtain one (one frame) two-dimen-
sional B-mode image, for example, approximately several
tens to one hundred ultrasound beams are formed, and the line
data units are collected for each ultrasound beam along the
depth direction “r.”

[0067] As described above, while the line data units are
collected at a relatively high density along the depth direction
“r,” the line data units are separated from each other by a
scanning interval of the ultrasound beam in the azimuth direc-
tion 6. This makes the density of the imaging data formed of
a plurality of line data units relatively low along the azimuth
direction 8. Accordingly, the density-increasing processing
unit 20, based on the processing which will be detailed below,
inserts density-increasing data between adjacent ultrasound
beams; that is, on a straight line indicated by a dashed line in
FIG. 2, thereby increasing the density of the imaging data.
[0068] The density-increasing processing unit 20 places a
template corresponding to the azimuth direction 6 (the scan-
ning direction of ultrasound beam) within the imaging data,
and moves a kernel corresponding to the depth direction “r”
of the ultrasound beam to search for a kernel which matches
the template, thereby augmenting the density of the scanning
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direction data which belongs to the template by using the
depth direction data which belongs to the kernel which is
found.

[0069] FIG. 3 is a view illustrating specific example search
using a template and a kernel. FI1G. 3 illustrates the imaging
data of FIG. 2. More specifically, FIG. 3 shows the depth
direction “r” of the ultrasound beam and the azimuth direc-
tion 8 which is the scanning direction of the ultrasound beam,
and shows a line of a plurality of black circles (solid black
circles) arranged in the depth direction “r” as the line data. In
FIG. 3, a plurality of line data units obtained in the azimuth
direction 8 are arranged in parallel to each other.

[0070] FIG. 3(1) illustrates a specific example of a template
T and a kernel K. In this specific example, the template T has
a one-dimensional shape extending in the azimuth direction
0. Provided that data units of the imaging data arranged along
the azimuth direction 0 are azimuth direction data, the tem-
plate T includes the azimuth direction data composed of four
data units. The template T need not be parallel to the azimuth
direction 0 so long as the template T has a shape correspond-
ing to the azimuth direction 6, and may be set so as to be
inclined with respect to the azimuth direction 6, for example.
Also, the shape of the template T is not limited to a one-
dimensional shape, and may be a two-dimensional shape (a
rectangle or other polygonal shape, or a circular shape). If the
imaging data is three-dimensional data, a template T having a
three-dimensional shape may be used.

[0071] In the specific example illustrated in FIG. 3(1), the
kernel K has a one-dimensional shape extending in the depth
direction “r.” Provided that data units of the imaging data
arranged along the depth direction “r” are depth direction
data, the kernel K includes the depth direction data composed
of thirteen data units. The kernel K need not be parallel to the
depth direction “r” so long as the kernel K has a shape corre-
sponding to the depth direction “r”” and may be set so as to be
inclined with respect to the depth direction “r,” for example.
Also, the shape of the kernel K is not limited to a one-
dimensional shape, and may be a two-dimensional shape (a
rectangle or other polygonal shape, or a circular shape). If the
imaging data is three-dimensional data, a kernel K having a
three-dimensional shape may be used. It is desirable that the
kernel K and the template T be of identical shape.

[0072] The density-increasing processing unit 20 moves
the kernel K within the imaging data to search for a kernel K
that matches the template. The density-increasing processing
unit 20 sets a search area SA within the imaging data, and
moves the kernel K within the search area SA which is set. In
the specific example of FIG. 3 (1), the search area SA is set as
a rectangle enclosing the template T, with the template T
being at the center. The shape of the search area SA may,
however, be other polygonal shapes or a circular shape. If the
imaging data is three-dimensional data, a search area SA
having a three-dimensional shape may be adopted. Further,
the position of the search area SA is not limited to the example
in which the template T is located at the center, and the
positional relationship between the template T and the search
area SA may be adjusted as appropriate in accordance with
the state of the imaging data and other conditions. The size of
the search area SA may be fixed or may be adjusted as appro-
priate in accordance with the state of the imaging data and
other conditions. The overall region of the imaging data may
be set as the search area SA, for example.

[0073] FIG. 3(2) illustrates specific example search for a
kernel K that matches a template T. The density-increasing
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processing unit 20, based on pattern matching between the
azimuth direction data that belongs to the template T and the
depth direction data that belongs to the kernel K, searches for
a kernel K that matches the template T. Specifically, the
density-increasing processing unit 20, using pattern matching
based on the degree of similarity between the scanning direc-
tion data within the template T and the depth direction data
selected from within the kernel K at the data intervals of the
scanning direction data, searches for the kernel K matching
the template T. More specifically, in FIG. 3(2), pattern match-
ing is performed between the template T and the kernel K,
with the kernel K being rotated by 90° with respect to the
template T. In this case, the kernel K may be rotated by 90°
either clockwise or counterclockwise, or the pattern matching
may be performed with the kernel K being rotated by 90° both
in the clockwise direction and in the counterclockwise direc-
tion. In the pattern matching, calculations of the degree of
similarity represented by a sum of squared difference of
brightness (SSD) shown in Mathematical Formula 1 ora sum
of absolute difference of brightness (SAD) shown in Math-
ematical Formula 2 are used.

Rgsp = [Mathematical Formula 1]

Nl M1
D, Ulk+q.l+d-p)=Tli+p, j+q)
g=0 p=0
Ix,y) Osx=W-1 0OsysH-1
{T(x/,y’) Oy =W-1, 0=y =sH-1
Rsap = [Mathematical Formula 2]
N-L M-1

DMk +g.i+d-p)=Tii+p, j+9)
j=0 i=

.

Ix,y) O=sx=W-1 0O<sy<H-1
T,y) 0sxX<sW-1, 0y <H-1

[0074] Reference signs shown in FIG. 3(2) correspond to
variables in Mathematical Formula 1 and Mathematical For-
mula 2. M and N denote the size of the template T. Specifi-
cally, M denotes the size of the template T in the azimuth
direction 0; 1. e., the number of data units of the azimuth
direction data, and N denotes the size of the template T in the
depth direction “r”; i.e., the number of lines of the azimuth
direction data. In the specific example of FIG. 3(2), M=4 and
N=L1. T(, j) denotes a value (pixel value) of each data unit
(each pixel) within the template T, where “i” is a coordinate in
the azimuth direction 6, and “j” is a coordinate in the depth
direction “r.”

[0075] 1(k, 1) denotes a value (pixel value) of each data unit
(each pixel) within the kernel K, in which “k” is a coordinate
in the azimuth direction 6 and “1” is a coordinate in the depth
direction “r”” In the kernel K, each data unit of the depth
direction data is selected at a data interval of the azimuth
direction data within the template T. “d” denotes a data intet-
val in this selection, and in the specific example of FIG. 3(2),
d=4, so that every fourth data item is selected within the
kernel K along the depth direction “r.”

[0076] Itis desirable that the template T and the kernel K be
of identical size and identical shape within a real space. It is
also desirable that the data interval of the azimuth direction
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data within the template T and the data interval of the depth
direction data selected within the kernel K are equal to each
other in the real space.

[0077] FIG. 4 is a view for explaining the data interval
within the real space. FIG. 4 illustrates specific example line
data obtained by sector scanning. In the sector scanning and
convex scanning, an ultrasound beam is scanned radially or in
a sector shape with the probe side being the center, resulting
in a larger interval of the ultrasound beam in the deep portion
distant from the probe than in the shallow portion close to the
probe.

[0078] InFIG. 4, the length (maximum depth) of the ultra-
sound beam is R (millimeters), and the scanning range (angle
range) of the ultrasound beam is 8 (deg). The number of line
data units (the number of samples) which can be obtained
along a single ultrasound beam is S, and the number of ultra-
sound beams (total number of lines) is Ln.

[0079] Further, the sampling rate (line data interval) in the
depth direction is AR. The sampling rate (beam interval) in
the azimuth direction depends on the depth, and the sampling
rate at the depth Ra is Aa. Accordingly, in order to make the
data interval within the template T in the azimuth direction
and the interval of data selected from within the kernel K
corresponding to the depth direction equal to each other in the
real space, the ratio of the sampling rate Aa in the azimuth
direction and the sampling rate AR in the depth direction
indicated in the following formula is used.

2SR i [Mathematical Formula 3]
Aa S Tn-1

AR R

[0080] Assuming that the depth of the template T shown in
FIG. 3(2) is Ra, for example, the ratio of the sampling rates is
calculated according to Mathematical Formula 3, and the
integer which is the closest to the calculation result is set to
“d” (a selected interval of the depth direction data) in FIG.
3(2), Mathematical Formula 1, and Mathematical Formula 2.
More specifically, the deeper the template T, the greater
(wider) the sampling rate Aa in the azimuth direction, and
accordingly the greater the selected interval “d” in the depth
direction data within the kernel K. Thus, it is possible to make
the data interval in the azimuth direction data within the
template T and the data interval of the depth direction data
selected from within the kernel K equal to each other in the
real space.

[0081] Referring back to FIG. 3(2), in the pattern matching
using the sum of squared difference of brightness (SSD)
shown in Mathematical Formula 1, with the kernel K being
moved stepwise in the depth direction “r”; e. g., with the
kernel K being sequentially moved by an amount correspond-
ing to one data unit arranged at a high density along the depth
direction “r,” SSD in Mathematic Formula 1 is calculated
between the kernel K and the template T at each position.
Further, with the kernel K being shifted along the azimuth
direction 0 by an amount corresponding to a single ultrasound
beam and then moved along the depth direction “r,” SSD in
Mathematical Formula 1 is calculated at each position. In this
manner, while the kernel K is being moved over the entire
region of the search area SA, SSD in Mathematical Formula
1 is calculated. Then, the kernel K at a location within the
search area SA where SSD is the minimum value is deter-
mined as the kernel K that matches the template T. Here, the
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kernel K may be moved stepwise at several data intervals
along the depth direction “r” and at several beam intervals
along the azimuth direction 6.

[0082] In the pattern matching using a sum of absolute
difference of brightness (SAD) shown in Mathematical For-
mula 2, similar to the case of the sum of squared difference of
brightness (SSD), SAD in Mathematical Formula 2 is calcu-
lated at each position while moving the kernel K over the
entire region within the search area SA. Then, the kernel K at
alocation within the search area SA where SAD is the mini-
mum value is determined as the kernel K that matches the
template T.

[0083] The line data forming the imaging data in FIG. 3(2)
has been or has not been subjected to decimation (resam-
pling). If the line data has not been subjected to decimation
(before decimation), the large number of depth direction data
can result in increased accuracy of the pattern matching,
whereas if the line data has been subjected to decimation
(after decimation), the thinned-out depth direction data can
reduce the operation load of the pattern matching.

[0084] Once thekernel K matching the template T has been
found, the density-increasing data obtained from the depth
direction data of the kernel K is used to increase the density of
the azimuth direction data within the template T.

[0085] FIG. 5 is a view illustrating a specific example of
density increasing by using the density-increasing data. FIG.
5 illustrates the imaging data in FIG. 3. Specifically, FIG. 5
illustrates the depth direction “r” of the ultrasound beam and
the azimuth direction 6 of the ultrasound beam, and also
illustrates the line data as a plurality of black circles (solid
black circles) arranged along the depth direction “r”

[0086] FIG. 5(1) illustrates example insertion of the den-
sity-increasing data. In FIG. 5(1), atemplate T and a kernel K
matching the template T are shown within the imaging data.
The density-increasing processing unit 20 inserts the density-
increasing data which can be obtained from the depth direc-
tion data within the kernel K matching the template T into a
gap of the azimuth direction data within the template T. In the
specific example of FIG. 5(1), a depth direction data unit
indicated by a blank circle (unfilled circle) located at the
center of the kernel K is determined as the density-increasing
data unit and is inserted into a gap located at the center of the
template T (on the straight line indicated by a dashed line).
[0087] The kernel K matching the template T is a kernel K
for which the sum of squared difference of brightness (Math-
ematical Formula 1) or the sum of absolute difference of
brightness (Mathematical Formula 2) is the minimum within
the search area SA (FIG. 3), and therefore is an image portion
which is the most similar to the template T. The template T
corresponds to the azimuth direction 6, and the kernel K
corresponds to the depth direction “r.” The template T and the
kernel K which matches the template T are, although corre-
sponding to different directions, most similar image portions
and very likely to exhibit extremely similar properties,
including the acoustic behavior of the ultrasound and the
nature of a tissue.

[0088] Accordingly, as in the specific example illustrated in
FIG. 5(1), the density-increasing data unit of a blank circle
obtained from the depth direction data of the kernel K which
matches the template T is inserted into a gap of the azimuth
direction data of the template T. Itis desirable that the location
of the density-increasing data within the kernel K corre-
sponds to the insertion location of the density-increasing data
within the template T. Specifically, as in the specific example
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illustrated in FIG. 5 (1), for example, it is desirable that the
density-increasing data unit obtained from the center of the
kernel K is inserted into the center of the template T. Here, the
density-increasing data may be selected from the depth direc-
tion data units of the kernel K or may be calculated according
to an operation based on the depth direction data of the kernel
K.

[0089] The density-increasing processing unit 20 further
places the template T at a plurality of different locations
within the imaging data and searches for a kernel K matching
the template T at each location, thereby augmenting the den-
sity of the azimuth direction data belonging to the template T
at the plurality of locations for increasing the density of the
imaging data.

[0090] FIG. 5(2) illustrates specific example density
increasing of the imaging data. In FIG. 5(2), the density-
increasing data is inserted into the imaging data over the
entire region of the imaging data. Specifically, the specific
example of FIG. 5(2) can be obtained by placing the template
T at a plurality of locations over the entire region of the
imaging data and searching for the kernel K matching the
template T at each location to obtain the density-increasing
data of a blank circle at each location of the template T and
then placing the density-increasing data at each location. In
FIG. 5(2), the density-increasing data is inserted so as to fill a
gap between adjacent ultrasound beams; i.e. a space on the
straight line indicated by a dashed line shown in FIG. 5 (1),
thereby increasing the density of the imaging data.

[0091] FIG. 6 is a view illustrating a specific example of
density-increased imaging data. More specifically, FIG. 6
illustrates imaging data having a density increased by apply-
ing to the imaging data illustrated in FIG. 2 the processing
which has been described with reference to FIG. 3 to FIG. 5.
When compared to the imaging data of FIG. 2, in the imaging
data of FIG. 6, the density-increasing data is inserted between
adjacent ultrasound beams; i.e., on the straight lines indicated
by the dashedlines in FIG. 2, thereby increasing the density of
the imaging data. The imaging data having been subjected to
density increasing in the density-increasing processing umt
20 is further subjected to coordinate transformation process-
ing in the digital scan converter 30.

[0092] The digital scan converter 30, concerning the den-
sity-increased imaging data illustrated in F1G. 6, for example,
obtains image data corresponding to the display coordinate
system of the xy orthogonal coordinates system from the
imaging data obtained by the r0 scanning coordinate system
corresponding to scanning of the ultrasound beam. In a plu-
rality of coordinates within the xy orthogonal coordinates
system shown in a lattice shape in FIG. 6, for example, for
each coordinate, interpolation processing using the line data
(black circle) and the density-increasing data (blank circle)
located near the coordinate is performed to calculate image
data in each coordinate of the xy orthogonal coordinates
system.

[0093] The display processing unit 40 then synthesizes
graphic data and other data with respect to the image data thus
obtained by the digital scan converter 30 to form a display
image, which is displayed on the display unit 42.

[0094] While the specific example in which one density-
increasing data unit obtained from the center of the kernel K
is inserted into the center of the template T has been described
with reference to FIG. 5(1), the density-increasing data may
be inserted according to amodification example which will be
described below.
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[0095] FIG.7is aview illustrating example insertion of the
density-increasing data in consideration of a distance. FIG. 7
illustrates imaging data to be subjected to density increasing.
More specifically, FIG. 7 shows the degree of depth (depth
direction) “r” of the ultrasound beam and the line direction
(azimuth direction) 6 of the ultrasound beam, and also shows
aplurality of black circles (solid black circles) arranged along
the depth direction “r” as line data units.

[0096] InFIG.7,atemplate T and a plurality of kernels K,
Kz, and K - obtained by search for kernels K corresponding to
the template T are shown in the imaging data. FIG. 7 also
shows a sum of absolute difference of brightness SAD
between the template T and each kernel K, and a distance Dist
between the template T and each kernel K (a distance between
the centers, for example). Specifically, the sum of absolute
difference of brightness and the distance of the kernel K, are
SAD,, and Dist ,, respectively; the sum of absolute difference
of brightness and the distance of the kernel K are SAD and
Disty, respectively; and the sum of absolute difference of
brightness and the distance of kernel K - are SAD ~and Dist .,
respectively.

[0097] In the insertion example of FIG. 7, the density-
increasing data P to be inserted into the template T is deter-
mined in consideration of the distance Dist in addition to
consideration of the SAD indicative of the degree of similar-
ity. Specifically, while the top priority is placed on the SAD
being the minimum, if there are a plurality of kernels K with
the minimum SAD, the kernel K with the smallest distance
Dist is selected. Specific examples will be described below.
[0098] (1) Iftherelationship “SAD ,<SAD,<SAD,”is sat-
isfied, the kernel K, is selected, and data A located at the
center of the kernel K, is determined as the density-increas-
ing data P which is to be inserted in the template T.

[0099] (2) If the relationship “SAD ,=SADz=SAD_.” and
the relationship “Dist ;<Distz<Dist.” are both satisfied, the
kernel K, is selected, and data A located at the center of the
kernel K, is determined as the density-increasing data P
which is to be inserted in the template T.

[0100] (3) If the relationship “SAD >SADz=SAD.” and
the relationship “Dist ;<Distz<Dist.” are both satisfied, the
kernel K, is selected, and data B located at the center of the
kernel K is determined as the density-increasing data P
which is to be inserted in the template T.

[0101] Further, data obtained by smoothing a plurality of
data units from the selected kernel K may be used as the
density-increasing data P to be inserted in the template T. If
the kernel K, is selected, for example, a mean value of a
plurality of data units composed of a data unit A located at the
center of kernel K, and data units above and below the data
unit A (on the shallow and deep sides thereof) is used as the
density-increasing data P. This structure, even if the data unit
A is a noise, can reduce or eliminate effects of the noise due
to the smoothing, thereby suppressing generation of an
unnatural image.

[0102] Thenumber of data units (number of taps) foruse in
smoothing may be determined in accordance with the size of
the kernel K. A relationship of “number of taps=(kernel size—
1)/3+1”, for example, may be adopted. It is also desirable that
the size of the kernel K (the total number of data units in the
depth direction within the kernel) is matched with the size of
the template T within the real space. In a case where the size
of template T in the real space increases as the depth of the
template T increases, for example, the size of the kernel K is
increased accordingly. As a specific example, when the tem-
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plate T is in a relatively shallow area, the size of the kernel is
set to 7, and the number of taps in this case is 3; when the
template T is in the middle area, the size of the kernel is set to
19, and the number of taps is 7; and when the template T is in
the relatively deep area, the size of the kernel is set to 37, and
the number of taps in this case is 13.

[0103] FIG. 8isa view illustrating example insertion of the
density-increasing data using a plurality of kernels K. FIG. 8,
similar to FIG. 7, illustrates imaging data to be subjected to
density-increasing processing. The imaging data of FIG. 8
includes a template T and a plurality of kernels K, K, K,
and K, matching the template T which are obtained in the
search for the kernel K.

[0104] FIG. 8 shows a sum of absolute difference of bright-
ness SAD between the template T and each kernel K and a
distance (center-center distance, for example) Dist between
the template T and each kernel K. Specifically, the sum of
absolute difference of brightness and the distance of the ker-
nel K, are SAD, and Dist, respectively; the sum of absolute
difference of brightness and the distance of kernel K, are
SAD; and Disty, respectively; the sum of absolute difference
of brightness and the distance of kernel K. are SAD and
Dist, respectively; and the sum of absolute difference of
brightness and the distance of kernel K, are SAD , and Dist,,
respectively.

[0105] In the example insertion illustrated in FIG. 8, a
plurality of kernels K are selected in consideration of the
distance Dist sequentially from a kernel with a smaller SAD
which is a degree of similarity. In a case where three kernels
K with a smaller SAD are sequentially selected, for example,
ifaplurality ofkernels K have the same SAD value, the kernel
with the smallest distance Dist is selected. A specific example
will be described below.

[0106] (1) In the case of “SAD ,<SADz<SAD<SADp”
the kernels K ;, K, and K - are selected, and based on the data
units A, B, and C located at the centers of the respective
kernels K ,, Kz, and K, the density-increasing data P to be
inserted in the template T is obtained. For example, the mean
value of the data units A, B, and C is used as the density-
increasing data P. The density-increasing data P may also be
obtained by a weighted summation “P=0.5A+0.25B+0.25C”
in accordance with the distance of each of the selected kernels
K, Kz and K.

[0107] (2) In the case of “SAD ,=SAD =SAD ~SAD,"
and “Dist ,<Dist z<Dist<Dist,,” the kemels K ;, K5, and K
are selected, and the density-increasing data P which is to be
inserted in the template T is obtained based on the data units
A, B, and Clocated at the centers ofthe respective kernels K,
K, and K. A mean value of the data units A, B, and C, for
example, is used as the density-increasing data P. The density-
increasing data P may also be obtained by a weighted sum-
mation “P=0.5A+0.25B+0.25C” in accordance with the dis-
tance.

[0108] (3) In the case of “SAD >SAD;=SAD =SAD,”
and “Dist ,<Distz<Dist <Disty, ” the kernels K5, K, and K,
are selected, and the density-increasing data P which is to be
inserted in the template T is obtained based on the data units
B, C, and D located at the centers of the respective kernels K5,
K, and K. A mean value of the data units B, C, and D, for
example, is used as the density-increasing data P. The density-
increasing data P may also be obtained by a weighted sum-
mation “P=0.5B+0.25C+0.25D” in accordance with the dis-
tance.
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[0109] While the specific examples in which the density-
increasing data is inserted in the center of the template T have
been described, as will be described below, the density-in-
creasing data may be inserted in an insertion location which
has been assumed.

[0110] FIG. 9 is a view illustrating a specific example of
assumption concerning the insertion location of the density-
increasing data. Prior to assumption of the insertion location,
the density-increasing processing unit 20 searches for the
kernel K matching the template T according to the specific
example which has been described above with reference to
FIG. 3, for example. In the specific example of assumption
illustrated in FIG. 9, the best location in which the density-
increasing data is to be inserted is assumed in the gap of the
scanning direction data within the template T. The density-
increasing processing unit 20 assumes the best location with
the best degree of similarity based on a spatial distribution of
degree of similarity obtained during the search for the kernel
K matching the template T, and inserts the density-increasing
data in the assumed best location.

[0111] FIG. 9(1) shows an assumption example using 1s0-
metric linear fitting, and FIG. 9(2) shows an assumption
example using parabola fitting. In each of FIGS. 9(1) and (2),
the horizontal axis indicates the location of the kernel K, and
the vertical axis indicates a value of a degree of similarity at
each position, which is value of the sum of squared difference
of brightness (Mathematical Formula 1) or a value of the sum
of absolute difference of brightness (Mathematical Formula
2), for example. Each black circle (black solid circle) is a
specific example of the degree of similarity calculated at each
position.

[0112] As has been described with reference to FIG. 3, in
the search for the kernel K matching the template T, the kernel
K atalocation where the sum of squared difference of bright-
ness (SSD) or the sum of absolute difference of brightness
(SAD) is the minimum value is determined as the kernel K
matching the template T.

[0113] In FIGS. 9(1) and (2), the location O (zero) on the
horizontal axis is a search location of the kernel K. More
specifically, at the location 0, among a plurality of locations at
which the degree of similarity is calculated, the degree of
similarity which is calculated is the minimum value. Further,
the location 1 and the location —1 on the horizontal axis are
shift locations of the kernel K in the vicinity of the location 0
which is the search location. When the degree of similarity is
obtained while moving the kernel K by an amount corre-
sponding to one data unit along the depth direction “r,” for
example, the shift locations shifted from the location 0 by an
amount corresponding to one data unit are the location 1 and
the location -1.

[0114] Thedensity-increasing processing unit 20, based on
the spatial distribution of the degree of similarity in the vicin-
ity of the search location, assumes a corresponding point
location (best position) at which the degree of similarity is the
best. As in the example illustrated in FIG. 9(1), for example,
the isometric fitting is used to assume the corresponding point
location. More specifically, a decreasing straight line DL
showing a decrease in the degree of similarity from the nega-
tive direction side toward the position direction side and an
increasing straight line IL, showing an increase in the degree
of similarity from the negative direction side toward the posi-
tion direction side are set such that, with the inclination 0 of
the decreasing straight line DL and the inclination 0 of the
increasing straight line 1L, being the same (isometric), the
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decreasing straight line DL and the increasing straight line IL,
pass the three points (black circle) at the positions -1, 0, and
1, and the position of the intersection of the decreasing
straight line DL and the increasing straight line IL thus set is
determined as the corresponding point location (sub pixel
position).

[0115] Parabola fitting may also be used as in the example
illustrated in FIG. 9(2), for example. More specifically, a
parabola, for example, passing through three points (black
circles) at the locations -1, 0, and 1 is set, and a location at
which the parabola is a relative minimum is determined as the
corresponding point location (sub pixel location).

[0116] As described above, the corresponding point loca-
tion with a more preferable degree of similarity (smaller SSD
or SAD) than that of the location 0 which is the search loca-
tion is assumed. Upon assumption of the corresponding point
location, the density-increasing processing unit 20 inserts the
density-increasing data obtained from the kernel K of the
search location into the corresponding point location within
the template T. For example, the density-increasing data
obtained from the center of the kernel K is inserted in a
location which is shifted from the center of the template T by
a distance corresponding to the corresponding point location.

[0117] FIG. 10 is a view illustrating example insertion of
the density-increasing data into the corresponding point loca-
tion. FIG. 10 illustrates imaging data to be subjected to den-
sity increasing. Specifically, FIG. 10 shows the depth direc-
tion “r” of the ultrasound beam and the azimuth direction 0
which is the scanning direction of the ultrasound beam, and a
plurality of black circles (solid black circles) arranged along
the depth direction “r” as the line data units.

[0118] Theimaging data illustrated in FIG. 10 includes two
templates T1 and T2 and kernels K matching these templates.
In the template T1, two density-increasing data units (blank
circles) obtained from two kernels K are inserted in a gap in
the azimuth direction data (between the scanning lines). Fur-
ther, in the template T2, three density-increasing data units
obtained from three kernels K are inserted in a gap of the
azimuth direction data. The insertion location of each den-
sity-increasing data unit is assumed based on the processing
which has been described with reference to FIG. 9. As illus-
trated in FIG. 10, a plurality of density-increasing data units
may be inserted between data units in a single template T.

[0119] FIG. 11 is a view illustrating specific example den-
sity increasing using the corresponding point locations. In
FIG. 11, the density-increasing data units are inserted in an
overall region of the imaging data. In other words, the specific
example of FIG. 11 can be obtained by placing templates T at
a plurality of positions over the entire region of the imaging
data, searching for kernels K matching the template T at each
position to obtain the density-increasing data unit of a blank
circle from the kernel K, and placing the density-increasing
data unit in the corresponding point location. In FIG. 11, a
plurality of density-increasing data units are inserted between
adjacent ultrasound beams; that is, between the line data units
indicated by black circles in FIG. 11, thereby increasing the
density of the imaging data.

[0120] The density-increasing data units may be inserted at
a uniform density within the imaging data or at various den-
sities in accordance with the depth. In the imaging data
obtained by sector scanning or convex scanning, for example,
as the interval of the ultrasound beams are increased at a
deeper portion, the number of density-increasing data units
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may be increased at a deep portion while the density increas-
ing processing is omitted in a shallow portion.

[0121] FIG. 12 is a view illustrating imaging data having
been subjected to density increasing using the corresponding
point locations. More specifically, FIG. 12 illustrates density-
increased imaging data obtained by applying to the imaging
data illustrated in FIG. 2 the processing which has been
described with reference to FIG. 9 to FIG. 11. When com-
pared to the imaging data of F1G. 2, in FIG. 12, a plurality of
density-increasing data units are inserted between adjacent
ultrasound beams; that is, between the line data units indi-
cated by black circles, to thereby increase the density of the
imaging data several-fold. The imaging data having been
subjected to density increasing by the density-increasing pro-
cessing unit 20 is further subjected to coordinate transforma-
tion processing in the digital scan converter 30.

[0122] The digital scan converter 30, concerning the den-
sity-increased imaging data illustrated in FIG. 12, for
example, obtains image data corresponding to the display
coordinate system of the xy orthogonal coordinate system
from the imaging data obtained with the rf scanning coordi-
nate system corresponding to the ultrasound beam. In a plu-
rality of coordinates in the xy orthogonal coordinates system
shown in a lattice shape in FIG. 12, for example, for each
coordinate, interpolation processing using the line data (black
circle) and the density-increasing data (blank circle) in the
vicinity of that coordinate is performed to calculate image
data in each coordinate of the xy orthogonal coordinate sys-
tem.

[0123] FIG.13 is a view illustrating specific example inter-
polation processing performed in the digital scan converter
(DSC) 30. FIG. 13 illustrates an enlarged view of the area A
in FIG. 12. In order to obtain pixel data P forming the image
data of the xy orthogonal coordinate system, the digital scan
converter 30 uses at least one of the line data (black circle) and
the density-increasing data (blank circle) located in the vicin-
ity of the pixel data P.

[0124] In the specific example illustrated in FIG. 13, four
density-increasing data units which are selected as four data
units that are the closest to the pixel data P are used. The
location of the each density-increasing data unit (correspond-
ing point location) has been assumed according to the pro-
cessing described with reference to FIG. 9 and stored in a
memory, for example. The digital scan converter 30 reads the
corresponding point locations (6,, 6,, 65, 6,) of the four
density-increasing data units from the memory, and obtains
the pixel data P from the four density-increasing data units,
based on weighted summation in accordance with the dis-
tance from the location of the pixel data P to each density-
increasing data unit, for example. While in the specific
example of FIG. 13, four density-increasing data units are
used to obtain the pixel data P, the four data units used for the
interpolation processing may include the line data, depending
on the location of the pixel data P.

[0125] FIG. 14 is a flowchart showing a summary of the
processing performed by the ultrasound diagnostic apparatus
of FIG. 1. When imaging data formed of a plurality of line
data units corresponding to a plurality of ultrasound beams
are obtained (S1401), the density-increasing processing unit
20 places a template T within the imaging data (S1402, FIG.
3), and sets a search area SA (S1403, FIG. 3). The density-
increasing processing unit 20 also sets a data interval of the
depth direction data to be selected in akernel K, inaccordance
with the location (depth) of the template T (S1404, FIG. 4).
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[0126] The density-increasing processing unit 20 moves
the kernel K within the search area SA (51405, FIG. 3), and,
while moving the kernel, conducts pattern matching between
the kernel K and the template T at each location of the kernel
K (51406, FIG. 3). When the pattern matching is completed
for the overall region of the search area SA and a kernel K
matching the template T is found (S1407), density-increasing
data obtained from the depth direction data of the matching
kernel K is inserted in a gap in the azimuth direction data
within the template T (S1408, FIG. 5, and FIG. 7 to FIG. 11).
[0127] The density-increasing processing unit 20 places
the template T at a plurality of locations within the imaging
data, and executes the processing in steps S1402 to S1408 at
each location. The processing in steps S1402 to S1408 is
executed repeatedly until the processing for all the templates
in the overall region of the imaging data is completed
(51409).

[0128] When the density-increasing data is inserted in the
overall region within the imaging data in this manner by the
density-increasing processing unit 20, the density-increased
imaging data is converted to the display coordinate system by
the digital scan converter 30 (S1410, FIGS. 6,12, and 13), and
a density-increased image is displayed on the display unit 42
(S1411).

[0129] The ultrasound diagnostic apparatus illustrated in
FIG. 1 augments the density of the scanning direction data
(azimuth direction data) arranged at a low density along the
scanning direction (azimuth direction) of the ultrasound
beam, based on the depth direction data arranged at a high
density along the depth direction of the ultrasound beam,
thereby increasing the density of the imaging data. It is there-
fore possible to provide an ultrasound image having a rela-
tively high resolution. It is also possible to increase the den-
sity of a moving image obtained at a high frame rate and low
density, for example, to thereby provide a moving image with
a high frame rate and high density. Further, in addition to
density increasing at a deep portion of an image obtained by
sector scanning or convex scanning, the density of an image
obtained by linear scanning and so on may also be increased.
[0130] A part or all of the functions of the density-increas-
ing processing unit 20 through the display processing unit 40
illustrated in FIG. 1 may be implemented by a computer
according to a program corresponding to a part or all of the
processing which has been described with respect to FIG. 3 to
FIG. 14, to thereby cause the computer to function as an
ultrasound image processing apparatus. The above-described
program is stored in a computer-readable storage medium
such as a disk ora memory, for example, and is provided to the
computer through the storage medium. Of course, such a
program may be provided to the computer through an elec-
trical communication line such as the Internet.

[0131] The ultrasound diagnostic apparatus illustrated in
FIG. 1, which is a preferable embodiment of the present
invention, has been described in detail. A specific example of
an ultrasound image obtained by the ultrasound diagnostic
apparatus of FIG. 1 will be described below.

[0132] FIG. 15 is a view illustrating a specific example
low-density image. The low-density image of FIG. 15 is a
B-mode image whose number of lines (the number of beams),
is 61, obtained by sector scanning. Specific example high-
density images obtained by increasing the density of the
low-density image of F1G. 15 are shown in FIG. 16 to FIG. 19.
[0133] FIG. 16 is a view illustrating a specific example 1 of
a high-density image. The high-density image of FIG. 16 is a
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high-density image whose number of lines is 121, obtained by
sequentially inserting a single density-increasing data unit
obtained from a single kernel K with the minimum SAD value
into the low-density image of FIG. 15, according to the
example insertion of density-increasing data which has been
described with reference to FIG. 7.

[0134] FIG.17 is aview illustrating a specific example 2 of
a high-density image. The high-density image of FIG. 17 is a
high-density image obtained by sequentially inserting a den-
sity-increasing data unit obtained by smoothing data from a
single kernel K with the minimum SAD value into the low-
density image of FIG. 15, according to the example insertion
of density-increasing data which has been described with
reference to FIG. 7.

[0135] FIG. 18 is aview illustrating a specific example 3 of
ahigh-density image. The high-density image of FIG. 18 is a
high-density image obtained by sequentially inserting a den-
sity-increasing data unit obtained from an average value of
data units from three kernels K with small SAD values into
the low-density image of FIG. 15, according to the example
insertion of density-increasing data which has been described
with reference to FIG. 8.

[0136] FIG.19is aview illustrating a specific example 4 of
a high-density image. The high-density image of F1IG. 19 is a
high-density image obtained by sequentially inserting a den-
sity-increasing data unit obtained by applying weighted sum-
mation in accordance with a distance to the data units from
three kernels K with small SAD values into the low-density
image of FIG. 15, according to the example insertion of
density-increasing data which has been described with refer-
ence to FIG. 8.

[0137] All of the high-density images illustrated in FIG. 16
to FIG. 19 have a higher resolution and are clearer than the
low-density image of FIG. 15.

[0138] Specific examples ofultrasound image which canbe
obtained from the ultrasound diagnostic apparatus of FIG. 1
have been described above. The ultrasound diagnostic appa-
ratus (the present ultrasound diagnostic apparatus) illustrated
in FIG. 1 further has additional or modified functions, which
will be described below.

Filter Processing in Depth Direction

[0139] FIG. 20 is a view for explaining various processing
with respect to the line data. The various processing illus-
trated in FIG. 20 is executed, for example, by the transmitter/
receiver unit 12 or the density-increasing processing unit 20.
[0140] FIG.20(A)illustrates the original line data obtained
by the transmitter/receiver unit 12. The original line data
illustrated in FIG. 20 (A) is data corresponding to one ultra-
sound beam (received beam), and is composed of approxi-
mately several hundred to several thousand sampling data
units.

[0141] Thepresent ultrasound diagnostic apparatus applies
filter processing in the depth direction “r” to the original line
data. FIR filter processing with respect to some sampling data
units arranged in the depth direction “r,” for example, is
applied. FIG. 20(A) illustrates, as specific example filter pro-
cessing, an n-Tap (tap) FIR filter with respect to n (n is a
natural number) sampling data units. The line data having
been filtered as illustrated in FIG. 20(B) can be obtained by
shifting the window of n-TapFIRfilter (range of n data units)
by one data unit in the depth direction “r” to thereby sequen-
tially obtain the filtered data, for example.
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[0142] Thepresent ultrasound diagnostic apparatus applies
resampling processing to the filtered line data illustrated in
FIG. 20(B), to obtain resampled line data illustrated in FIG.
20(C). For example, sampling data units are extracted at
intervals of several data units from the filtered line data
arranged in the depth direction “r.”

[0143] The resampled line data illustrated in FIG. 20(C)
may be obtained directly from the original line data illustrated
in FIG. 20(A) by shifting the n-TapFIRfilter by several data
units to obtain the filtered data.

[0144] The present ultrasound diagnostic apparatus uses
the resampled line data illustrated in FIG. 20(C); that is, the
line data illustrated in FIG. 20(C"), to perform the density
increasing processing of the imaging data. The imaging data
having the density thereof increased by the processing
described with reference to FIG. 3 to FIG. 13 is obtained, for
example. Further, the present ultrasound diagnostic apparatus
applies filter processing in the depth direction “r” to the
density-increased imaging data.

[0145] FIG. 21 is a view for explaining the filtering pro-
cessing in the depth direction “r”* with respect to the density-
increased imaging data. FIG. 21 illustrates density-increased
imaging data. More specifically, FIG. 21 illustrates the depth
direction “r” of the ultrasound beam and the azimuth direc-
tion 6 of the ultrasound beam, and a plurality of black circles
(solid black circles) arranged in the depth direction “r” are
resampled line data units (see FIG. 20(C")), and a plurality of
blank circles (unfilled circles) arranged in the depth direction
“r” are data units (density-increasing data units) inserted by
the density-increasing processing (see FIG. 3 to FIG. 13, for
example).

[0146] In the ultrasound diagnostic apparatus, the density-
increasing processing unit 20, for example, applies the filter-
ing processing to the density-increasing data (blank circle)
which is substantially the same as the filtering processing in
the depth direction “r” applied to the line data (black circles).
The term “substantially the same™ as used herein refers to
cases where the lengths of a filter (the number of data units)
within the real space are the same or substantially the same,
and weights with respect to each data unit (filter coefficients)
are the same or substantially the same, for example.

[0147] Specifically, in a case where the n-TapFIRfilter
illustrated in FIG. 20(A) is used with respect to the line data,
a 3-Tap(tap)FIRfilter for 3 target data units is applied to the
density-increasing data, as illustrated in FIG. 21. The filter
length of the n-TapFIRfilter illustrated in FIG. 20(A)is n data
units, and the length thereof within the real space corresponds
to three data units (R1 to R3, for example) in FIG. 20(C).
Therefore, a 3-TapFIRfilter having a length corresponding to
three line data units (black circles) is applied to the density-
increasing data units (blank circles) illustrated in FIG. 21.

[0148] Further, the coefficient of the top data, the coeffi-
cient of the center data, and the coefficient of the last data of
the n-TapFIRfilter (FIG. 20) are subjected to standardization
processing, and are used as the coefficient of the top data and
the coefficient of the center data of the 3-TapFIRfilter (FIG.
21).

[0149] It should be noted that the filter length or weight
described above is only one specific example, and the filter
length or weight is not limited to that specific example. Also,
the user may adjust the filter length or weight.
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Pattern Matching in Consideration of Brightness Bias

[0150] Inthe description with reference to FIG. 3 described
above, concerning the search for a kernel K matching a tem-
plate T, pattern matching using the sum of squared difference
of brightness (SSD) indicated by Mathematical Formulal or
the sum of absolute difference of brightness (SAD) indicated
by Mathematical Formula 2 has been described.

[0151] The present ultrasound diagnostic apparatus is
capable of locally adjusting the gain within an ultrasound
image based on gain adjustment in accordance with the depth
(STC, for example) or gain adjustment in the azimuth direc-
tion (ANGLEGAIN, for example) within the apparatus. It is
therefore desirable to use an evaluation value which is robust
concerning brightness (degree of brightness) in the pattern
matching. Accordingly, the present ultrasound diagnostic
apparatus may define ZSAD (Zero-mean Sum of Absolute
Difference) in the following formula, and use the ZSAD in the
following formula in the pattern matching.
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[0152] Reference signs shown in FIG. 3(2) corresponding
to variables in Mathematical Formula 4. M and N, for
example, represent the size of a template T. Specifically, M
represents a size of the template T in the azimuth direction 0,
that is, the number of azimuth direction data units, and N
represents the size of the template T in the depth direction “r”;
that is, the number of lines of the azimuth direction data units.
In the specific example of FIGS. 3(2), M=4, and N=1. T(j, j)
represents a value (pixel value) of each data unit (each pixel)
within the template T, in which “i” represents a coordinate in
the azimuth direction 8, and “j” represents a coordinate in the
depth direction “r.”

[0153] Further, I(k, 1) represents a value (pixel value) of
each data unit (each pixel) of a kernel K, in which “k” repre-
sents a coordinate in the azimuth direction 6, and “1” repre-
sents a coordinate in the depth direction “r”” Within the kernel
K, each data unit of the depth direction data is selected at a
data interval of the azimuth direction data in the template T.
“d” represents the data interval for such aselection, and, in the
specific example illustrated in FIG. 3(2), d=4, so that every
fourth data item is selected within the kernel K along the
depth direction “r.”

[0154] FIG. 22 is a view illustrating a specific example of
pattern matching. FIG. 22 illustrates a specific example of a
brightness pattern (pixel values 70, 80, 75, 50) within the
template T and a brightness pattern (pixel values 100, 110,
105, 80) within the kernel K.

[0155] Using the SAD of Mathematical Formula 2 in the
specific example illustrated in FIG. 22 results in R, ,=120.
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Onotherhand, using the ZSAD of Mathematical Formula 4 in
the specific example illustrated in FIG. 22 results in R ¢, ,=0,
which increases the possibility that the kernel K in FIG. 22 is
selected as a kernel K matching the template T in FIG. 22.
[0156] Inacasewhere,inthe specific example illustrated in
FIG. 22, a pixel D (pixel value D) within the kernel K is
inserted between pixels within the template T and used as a
pixel D' (pixel value D), the pixel value will be determined
based on the following formula.

D=D-T+T [Mathematical Formula 5]
T...1=
| N M
— Itk+g,1+d-p)in Formula4
NM =
T..T=
SR
—_— T(i+p, j+g) in Formula4
N 4=0 p=0

Pattern Matching Based on Filtered Data

[0157] FIG. 23 is a view for explaining a modification
example of the processing performed in the density-increas-
ing processing unit 20. In the modification example illus-
trated in FIG. 23, the density-increasing processing unit 20
applies filtering processing intended for noise removal or
smoothing to the line data obtained from the transmitter/
receiver unit 12 illustrated in FIG. 1 (S21). With this process-
ing, noises which adversely affect the pattern matching are
removed.

[0158] The density-increasing processing unit 20 subse-
quently sets a template T and a kernel K and executes pattern
matching processing within the imaging data based on the
line data from which noise has been removed (see S22, and
FIG. 3). As a result, the density-increasing data units to be
inserted between the line data units are selected.

[0159] The density-increasing processing unit 20 then
inserts the line data from the transmitter/receiver unit 12
corresponding to the locations selected in step S22 into the
imaging data based on the line data obtained from the trans-
mitter/receiver unit 12, as the density-increasing data, thereby
increasing the density of the imaging data (see S23, and FIG.
5). The density-increased imaging data is then output to the
digital scan converter (DSC) 30 illustrated in FIG. 1.

[0160] In the modification example illustrated in FIG. 23,
in which pattern matching is performed based on the line data
having been filtered in S21, a reduction in the accuracy of
pattern matching caused by noise can be suppressed.

Extension of Search Area SA

[0161] FIG. 24 is a view for explaining a modification
example in which the search area SA is extended. FIG. 24
illustrates the imaging data obtained based on the line data in
a plurality of frames. In FIG. 24, a frame “f” is a frame of
interest which is a subject of density-increasing processing,
and a template is set within the imaging data of the frame “£”
[0162] Inthe modification example illustrated in FIG. 24, a
kernel matching the template of the frame “f” is searched for
in frames other than the frame “f,” in addition to the frame “f.”
For example, a search area SA is set within the frame “f,” and
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search areas SA are further set within a frame “f~1” and a
frame “f+1” adjacent to the frame “f,” and the kernels match-
ing the template of frame “f” are searched for within the
search areas SA set in the frame “f,” the frame “f-1,” and the
frame “f+1.”

[0163] This structure increases the accuracy of pattern
matching when compared to the structure in which a kernel is
searched for only within a frame in which a template is set.
Here, frames used for the search are not limited to those
adjacent to the frame of interest in which a template 1s set, and
may be extended to arange which is distant from the frame of
interest by several frames, for example.

[0164] In calculations of the degree of similarity (Math-
ematical Formulas 1,2, and 4), the frame of interest and other
frames may be weighted in different manners. For example, a
kernel matching a template may be searched for, with the
maximum weight being applied to the frame of interest and a
smaller weight being applied to a frame further distant from
the frame of interest.

REFERENCE SIGN LIST

[0165] 10 probe, 12 transmitter/receiver unit, 20 density-
increasing processing unit, 30 digital scan converter (DSC),
40 display processing unit, 42 display unit, 50 control unit.

1. An ultrasound diagnostic apparatus, comprising:
a probe configured to transmit and receive an ultrasound,
a transmitter/receiver unit configured to control the probe
to scan an ultrasound beam,;
adensity-increasing processing unit configured to increase
adensity of imaging data obtained by scanning the ultra-
sound beam; and
a display processing unit configured to form a display
image based on the imaging data having an increased
density,
the density-increasing processing unit, based on depth
direction data arranged at a high density along a depth
direction of the ultrasound beam within the imaging
data, augmenting a density of scanning direction data
arranged at a low density in a scanning direction of the
ultrasound beam, thereby increasing the density of the
imaging data.
2. The ultrasound diagnostic apparatus according to claim
1, wherein
the density-increasing processing unit places a template
corresponding to the scanning direction of the ultra-
sound beam within the imaging data and moves a kernel
corresponding to the depth direction of the ultrasound
beam for searching for a kernel that matches the tem-
plate, thereby augmenting a density of the scanning
direction data that belongs to the template using the
depth direction data that belongs to the kernel which has
been found.
3. The ultrasound diagnostic apparatus according to claim
2, wherein,
the density-increasing processing unit searches for akernel
that matches the template by pattern matching between
the scanning direction data that belongs to the template
and the depth direction data that belongs to the kernel.
4. The ultrasound diagnostic apparatus according to claim
3, wherein
the density-increasing processing unit searches for akernel
that matches the template by pattern matching based on
a degree of similarity between the scanning direction
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data within the template and the depth direction data to
be selected from the kernel at a data interval of the
scanning direction data.
5. The ultrasound diagnostic apparatus according to claim
2, wherein
the density-increasing processing unit inserts the density-
increasing data obtained based on the depth direction
data within the kernel that matches the template into a
gap of the scanning direction data within the template,
thereby increasing the density of the imaging data.
6. The ultrasound diagnostic apparatus according to claim
5, wherein
the density-increasing processing unit assumes a location
where the degree of similarity is the bestin the gap of the
scanning direction data within the template, based on a
spatial distribution of the degree of similarity obtained
for the search for the kernel that matches the template,
and inserts the density-increasing data in the location
which is assumed.
7. The ultrasound diagnostic apparatus according to claim
3, wherein
the density-increasing processing unit searches for a plu-
rality of candidate kernels that match the template by
pattern matching, and, based on a distance between each
of the candidate kernels and the template, selects a ker-
nel that matches the template from among the plurality
of candidate kernels.
8. The ultrasound diagnostic apparatus according to claim
3, wherein
the density-increasing processing unit selects a plurality of
kernels that match the template, and, based on the depth
direction data obtained from the plurality of kernels,
obtains the density-increasing data to be inserted in a
gap of the scanning direction data within the template.
9. The ultrasound diagnostic apparatus according to claim
8, wherein
the density-increasing processing unit obtains the density-
increasing data based on the depth direction data
obtained from the plurality of kernels that match the
template and a distance between each of the kernels and
the template.
10. The ultrasound diagnostic apparatus according to claim
2, wherein
the density-increasing processing unit sets the template
and the kernel so as to be of identical size in a real space.
11. The ultrasound diagnostic apparatus according to claim
2, wherein
the density-increasing processing unit, for increasing the
density of the imaging data obtained by scanning the
ultrasound beam radially or in a sector shape, increases
a size of the template in a real space as the depth of a
location where the template is to be placed within the
imaging data is greater.
12. The ultrasound diagnostic apparatus according to claim
11, wherein
the density-increasing processing unit, for searching for a
kernel that matches the template by pattern matching
based on a degree of similarity between the scanning
direction data within the template and the depth direc-
tion data to be selected at a data interval of the scanning
direction data from within the kernel, increases the data
interval of the depth direction data to be selected from
within the kernel as the depth of the location of the
template is greater.
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13. The ultrasound diagnostic apparatus according to claim
2, wherein
the density-increasing processing unit places templates at a
plurality of different locations within the imaging data
and searches for a kernel that matches the template at
each of the locations, thereby increasing the density of
the scanning direction data that belongs to the templates
at the plurality of locations.
14. The ultrasound diagnostic apparatus according to claim
13, wherein
the density-increasing processing unit sets the number of
the scanning direction data that belong to the template to
a fixed value at each of the plurality of locations within
the imaging data.
15. The ultrasound diagnostic apparatus according to claim
2, wherein
the density-increasing processing unit, for placing a tem-
plate at a plurality of different locations within the imag-
ing data and searching for a kernel that matches the
template at each of the locations, thereby increasing the
density of the scanning direction data that belongs to the
template at the plurality of locations, sets a size of the
template in a real space to a fixed size at each of the
plurality of locations within the imaging data.
16. The ultrasound diagnostic apparatus according to claim
3, wherein
the density-increasing processing unit inserts the density-
increasing data obtained based on the depth direction
data within the kernel that matches the template into a
gap of the scanning direction data within the template,
thereby increasing the density of the imaging data.

13
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17. The ultrasound diagnostic apparatus according to claim
5, wherein
the density-increasing processing unit searches for a plu-
rality of candidate kernels that match the template by
pattern matching, and, based on a distance between each
of the candidate kernels and the template, selects a ketr-
nel that matches the template from among the plurality
of candidate kernels.
18. The ultrasound diagnostic apparatus according to claim
6, wherein
the density-increasing processing unit searches for a plu-
rality of candidate kernels that match the template by
pattern matching, and, based on a distance between each
of the candidate kernels and the template, selects a ketr-
nel that matches the template from among the plurality
of candidate kernels.
19. The ultrasound diagnostic apparatus according to claim
5, wherein
the density-increasing processing unit selects a plurality of
kernels that match the template, and, based on the depth
direction data obtained from the plurality of kernels,
obtains the density-increasing data to be inserted in a
gap of the scanning direction data within the template.
20. The ultrasound diagnostic apparatus according to claim
6, wherein
the density-increasing processing unit selects a plurality of
kernels that match the template, and, based on the depth
direction data obtained from the plurality of kernels,
obtains the density-increasing data to be inserted in a
gap of the scanning direction data within the template.
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