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Description
TECHNICAL FIELD

[0001] The presentinvention relates to an ultrasonographic device which obtains images by transmitting and receiving
ultrasounds to and from a subject, and more particularly to an ultrasonographic device provided with a function to subject
the obtained image to image improvement processing by image processing and a method forimproving the image quality
of the ultrasonographic device.

BACKGROUND ART

[0002] Ultrasonographic devices are used in examining various regions within the body including the abdomen and
the heart. Ultrasonographic devices, having many advantages including the absence of harm to living bodies unlike X-
ray examining devices, handling ease and capability of permitting moving image observation on a real time basis, are
extensively utilized. An ultrasonographic device irradiates ultrasounds from an ultrasound probe toward a subject, re-
ceives reflected waves from tissues within the subject with the ultrasound probe, and displays the received information
on a monitor. By scanning multiple parts with ultrasounds focused in a specific direction, a two-dimensional image can
be obtained on a real time basis. The types of ultrasound images include B mode images obtained by converting the
reflectance of a tissue of a living subject into the brightness of pixel values, Doppler images having information on the
moving velocity of the living body tissue, tissue elastographs having hue information according to the distortion quantity
or elasticity of the living body tissue, and syntheticimages obtained by synthesizing information contained in these images.
[0003] However, a two-dimensional image obtained by the ultrasonographic device contains speckle noise generated
by the interference of multiple reflected waves from fine structures within the living body. Further more, as received
signals obtained with the ultrasound probe are bandwidth-limited signals, high frequency components which should
otherwise be obtained on the tissue boundary may fail to be sufficiently obtained, and invite blurring of edges contained
in the image. These phenomena including the occurrence of speckle noise and the blurring of edges give rise to quality
deterioration of the image, which would adversely affect diagnosis. In order to accurately read and image important
structures of morbid regions among others, it is required to display ultrasound images reduced in speckle noise and so
processed as to sharpen edges.

[0004] Techniques for reducing speckle noise include frequency compounding and spatial compounding. Frequency
compounding is a technique by which multiple images are generated by irradiating ultrasounds differing in frequency
toward the same region and a single image by summing and averaging those images.

[0005] As the pattern of speckle noise substantially varies with the frequency of the ultrasounds used and, on the
other hand the reflected waves from the tissue boundary or elsewhere are less subject to variations with the frequency,
speckle noise can be reduced by the summing and averaging. However, since the frequency is used in a divided way
in frequency compounding, there is a problem that the frequency band of the image is narrowed and edges are blurred.
On the other hand, spatial compounding is a technique by which multiple images are generated by irradiating the same
region with ultrasounds in different directions and a single image is obtained by summing and averaging those images.
According to this technique, speckle noise is reduced by utilizing the variation of the pattern of speckle noise with the
irradiating direction of ultrasounds. However, as obtaining a single image takes a long time by spatial compounding,
there is a problem of a drop in image displaying velocity.

[0006] On the other hand, as a method different from those referred to above, there is a noise reducing technique
using image processing. The advancement of performance enhancement and cost reduction of image processors in
recent years has made it relatively ease to mount on hardware complex image processing, whose practical application
previously was difficult in respect of processing speed. Long established noise reducing techniques, such as the one
using a smoothing filter, are known to involve problems of edge blurring and loss of vital signals, and noise removing
techniques using multiple resolution analysis, typically wavelet transform and Laplacian pyramid transform, and edge
sharpening techniques (for instance Patent Documents 1 through 3).

[0007] More recently, as more sophisticated multiple resolution analyzing systems, Curvelet transform (Non-Patent
Document 1), Contourlet transform (Non-Patent Document 2), complex Wavelet transform (Non-Patent Document 3)
and steerable pyramid transform (Non-Patent Document 4) have been proposed.

[0008] Furthermore, the application of these sophisticated multi-level resolving systems to ultrasonographic devices
is also proposed in Non-Patent Document 5.

[0009] In the conventional Wavelet transform, the edge direction is divided into three, and in the Laplacian pyramid
transform, the edge direction is only one, the sophisticated multi-level resolving systems allow the edge direction to be
divided into four or more. In the context, the edge direction is divided into K means resolution at each resolution level
and in each position into K resolution coefficients vividly reacting to a pattern having brightness variations in K types of
mutually different directions. Whereas an image is expressed in resolution coefficients in three edge directions including
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vertical (0°), transverse (90°) and oblique (45" and 135°) in the conventional Wavelet transform, in this transform an
edge in the 45° direction and another in the 135° direction cannot be distinguished from each other. In order to accomplish
higher performance in image quality improvement, it is essential to use a multi-level resolving system whose edge
direction is divided into at least four.

[0010] According to theimage qualityimproving technique based on a multi-level resolution, the intensities of resolution
coefficients are converted on the basis of the estimated amount of noise usually contained in each resolution coefficient.
Thus, by reconstructing the image, after conserving or emphasizing the intensities of resolution coefficients estimated
to contain large amounts of signal components and, conversely, reducing the intensities of resolution coefficients esti-
mated to contain large amounts of noise components, from the resolution coefficients, an image reduced in noise and
having sharpened edges can be obtained. Therefore, the estimation if the noise amount and the intensity conversion
of the resolution coefficients are processing steps of vital importance.

[0011]

Patent Document 1: U.S.Pat. No. 5497777

Patent Document 2: Japanese Patent Application Laid-Open Publication No. 2006-116307

Patent Document 3: Japanese Patent Application Laid-Open Publication No. 2005-296331

Non-Patent Document 1: J.L. Starck, E.J. Candes, et al.: IEEE Trans. Image Processing 11, 6, pp. 670-684 (2002)
Non-Patent Document 2: M.N. Do, M. Vetterli: IEEE Trans. Image Processing, 14, 12, PP. 2091-2106 (2005)
Non-Patent Document 3: N.G. Kingsbury: Proceedings of European Signal Processing Conference, pp. 319-322
(1998)

Non-Patent Document 4: E.P. Simoncelli, W.T. Freeman: Proceedings of IEEE International Conference on Image
Processing, 3, PP. 444-447 (1995)

Non-Patent Document 5: E.H.O. Ng: Applied science in electrical and computer engineering, University of Waterloo
(Master thesis), pp. 1-112 (2005)

DISCLOSURE OF THE INVENTION
PROBLEMS TO BE SOLVED BY THE INVENTION

[0012] However, there are some cases in which image quality improving techniques proposed in Non-Patent Docu-
ments 1 through 5 cannot achieve sufficient improving effects on low S/N images, typically including ultrasound images
living bodies, as enumerated below. The present invention is intended to provide sufficiently high performance in the
improvement of image quality even in such cases.

[0013] (1) The amount of speckle noise in ultrasound image, by its nature, depends on imaging conditions (including
the type and magnification of the ultrasound probe, the frequency used, the presence or absence of compounding, and
the scanning pitch), the type of the image (B mode image, Doppler image, tissue elastograph, synthetic image or the
like) and the imaging object, and varies with the resolution level, edge direction and position. Furthermore, at a resolution
level or in an edge direction or a position where signal components are greater relative to noise components, signals
and noise are sometimes difficult to distinguish from each other. This results in a problem that steady estimation of the
noise amount against these differences in imaging conditions, image type and imaging object is difficult. According to
some known techniques, for instance, noise estimation is carried out on the basis of the assumption that resolution
coefficients dominated by noise components constitute a majority, but this assumption does not always holds true.
[0014] (2) It is usually difficult to distinguish noise components and signal components from each other. Where the
S/N ratio is comparatively high, the amplitude is often great for resolution coefficients in which signal components are
dominant, and therefore sufficiently high performance of distinction can be achieved even if information regarding the
amplitudes of individual resolution coefficients alone is used as proposed in Patent Document 1. However, for low S/N
images, it is difficult to distinguish noise and signals according to information regarding individual resolution coefficients
alone, and how to achieve sufficient distinguishing performance even in such case poses a challenge to be met.
[0015] (3) The processing time taken to improve image quality and the performance level ofimage quality improvement
are usually in a trade-off relationship with each other. Meanwhile, the required processing time differs with the purpose
of examination; for instance, where observation of fast acting tissues of the heart, for instance, is wanted in moving
pictures at a high frame rate, processing involving a smaller amount of calculation is required. However, in simple
processing involving no large amount of calculation, no sufficient performance can be achieved where, for instance, a
region whose variations over time are slow is desired to be examined in detail.

The problems noted in (1) through (3) above lead to failures in intensity conversion of resolution coefficients and in
achieving sufficient improvement of image quality.
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MEANS FOR SOLVING THE PROBLEMS

[0016] The present invention addresses the problems by an image quality improving method for ultrasound images
including the following steps of processing and an ultrasonographic device mounted with the image quality improving
method.

[0017] (1) Inorder to estimate the noise amount with high precision, the estimated value of the noise amount is figured
for each resolution level. However, since some of the noise amounts may be poor in the precision of estimation as
referred to above, reliability of noise amounts, itis characterized in that high-precision corrected values of the estimated
noise amounts are figured out by assigning a level of reliability to each estimated noise amount and correcting the
estimated noise amount according to the level of reliability. The levels of reliability can, for instance, be made ready in
advance as constants within the system or be given as the distance between the estimated value of a noise amount
calculated by a method different from the noise amount estimation method and the foregoing estimated noise amount.
[0018] (2) For distinguishing noise components and signal components from each other, not only information on
individual resolution coefficients with respect to each position, resolution level and edge direction but also information
on the distribution of resolution coefficients obtained from multiple resolution coefficients is utilized. The tissue shape,
regularity or some other factor of signal components sometimes causes resolution coefficients to manifest a characteristic
distribution. For instance, in the vicinities of the peak of a distribution of resolution coefficients, resolution coefficients of
a similarly high amplitude are more likely to be present ("in the vicinities of certain resolution coefficients" means a set
of position, resolution level and edge direction, and includes the resolution coefficient in question). It is possible to
improve the distinguishing performance by capturing the information on resolution coefficient distribution referred to
above as a characteristic amount and determining noise components and signal components on the basis of this char-
acteristic amount. Further, for moving images, information on image frames in a continuous time series is utilized. Since
signal components are more regular and slower in variation over time than noise components, improvement in distin-
guishing performance can be realized by extracting regular characteristics in corresponding positions in image frames
in the time series.

[0019] (3) Characteristically, processing parameters are so set as to enable appropriate image displaying speed and
image quality effect according the imaging conditions, the type of the image and the imaging object to be obtained. For
instance, processing parameters are set as to provide the highest possible performance in image quality improvement
for an image displaying speed determined by the imaging conditions, the type of the image and the imaging object
without sacrificing the displaying speed. Processing parameters relevant to the trade-off between image quality and
processing time include, for instance, the number of resolution level divisions and that of edge directions in multi-level
resolution, whether or not it is done for each resolution level, each edge direction and each position of the object of
noise amount estimation, the number of resolution coefficients to be used for distinction between noise components
and signal components of each resolution coefficient, and whether or not information on image frames in a time series
is utilized.

[0020] One of the specific advantages of varying the processing parameters is that, for instance, the frequency range
in which signals and noise can be distinguished from each other is lowered, which means greater effectiveness in a
large amount of noise components is involved at relatively low frequencies, with an increase in the number of resolution
level divisions in multi-level resolution. Also, the tissue shape can be conserved more accurately and complex tissue
shape that can be examined more in detail with an increase in the number of edge direction divisions in multi-level
resolution. Further, even higher performance can be achieved by making available multiple algorithms in the multi-level
resolving system, noise amount estimation system, noise amount correction system and system for distinguishing noise
components and signal components from each other and switching over among these algorithms.

EFFECTS OF THE INVENTION

[0021] According to the invention, it is made possible to obtain ultrasound images reduced in noise content by using
in ultrasonographic devices and in image quality improving methods for ultrasonographic devices a multi-level resolution
method, estimating and correcting the noise amounts by using resolution coefficients of multiple resolution levels, and
converting the intensities of resolution coefficients based on the multiple resolution coefficients and corrected noise
amounts, and thereby to enable the visibility of tissue structure and morbid regions to be improved over earlier devices.
[0022] Furthermore, it is made possible to achieve both a reduction in processing time according to the purpose of
use and improve image quality by switching over processing parameters according to the imaging conditions, the type
of the image and the imaging object.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023]



10

15

20

25

30

35

40

45

50

55

EP 2 151 193 A1

Fig. 1 is a chart tracing the flow of image quality improvement in an exemplary embodiment of the invention.

Figs. 2(a)-2(d) are block diagrams illustrating the configuration an ultrasonographic device pertaining to the block
diagrams illustrating the configuration of the exemplary embodiment of the invention.

Figs. 3(a)-3(c) are block diagrams illustrating the method of multi-level resolution.

Figs. 4(a)-4(c) illustrate the method of frequency division in multi-level resolution.

Fig. 5 is a flow chart showing the method of noise amount estimation.

Figs. 6(a)-6(c) illustrate the processing to calculate the corrected noise amount.

Figs. 7(a)-7(c) are flow charts of intensity conversion.

Figs. 8(a), 8(b) illustrate the amplitude conversion of resolution coefficients.

Fig. 9 illustrates correction of resolution coefficients based on the conservation degree.

Figs. 10(a)-10(c) illustrate coefficient intensity conversion of based on multiple resolution coefficients.

Figs. 11(a)-11(c) are flow charts of conservation degree calculation.

Figs. 12(a), 12(b) illustrate intensity conversion based on weighted summing of multiple resolution coefficients in
nearby positions.

Fig. 13 illustrates intensity conversion of resolution coefficients based on resolution coefficients in multiple nearby
frames.

Figs. 14(a), 14(b) are flow charts of conservation degree calculation using resolution coefficient in multiple nearby
frames.

Figs. 15(a)-(c) are block diagrams showing the method of reconstruction.

Fig. 16 is flow charts of image quality improvement permitting alterations of processing parameters according to
the imaging conditions, the type of the image and the imaging object.

Fig. 17 shows a table listing processing parameters matching different imaging conditions, types of image and
imaging objects.

BEST MODES FOR CARRYING OUT THE INVENTION

[0024] Exemplary modes for carrying out the presentinvention will be described below with reference to accompanying
drawings.

[0025] Theinvention relates to processing and a device performing image processing that utilizes multi-level resolution
to improve the image quality of picked-up images by transmitting and receiving ultrasounds.

[0026] Exemplary embodiments of the invention will be described with reference to Fig. 1 through Figs. 15.

[0027] Fig. 1 shows the flow of image quality improvement in one exemplary embodiment of the invention. First, a
resolution coefficient w is figured out by subjecting an input image to be processed x to multi-level resolution by multi-
level resolution processing 101. The input image to be processed x is a vector having a scalar value x [m, n] for each
position (m, n). The resolution coefficient w is a vector having a scalar value W o [m, n] for each position (m, n), each
resolution level j and each edge direction o.

[0028] The resolution coefficient w generally has a value of a real number or a complex number for each resolution
level, edge direction or position. Next, a corrected noise amount z is calculated by figuring out an estimated noise amount
Z’ by noise amount estimation 102 and correcting the estimated noise amount by corrected noise amount calculation
103. If the estimated noise amount z’ need not be corrected, the same value as the estimated noise amount z’ may as
well be outputted at the corrected noise amount calculation 103 as the corrected noise amount z. After that, the resolution
coefficient w is subjected to intensity conversion as intensity conversion 104 on the basis of the corrected noise amount
z. The resolution coefficient after the intensity conversion will be referred to as the image quality improving resolution
coefficient w'. Finally, an image having gone through image quality improvement (hereinafter referred as the quality-
improved image) y is obtained by reconstruction 105. The quality-improved image y, like the input image to be processed
X, is a vector having a scalar value y [m, n] for each position (m, n). Also, the estimated noise amount z', the corrected
noise amount z and the image quality improving resolution coefficient w’, like the resolution coefficient w, is a vector
having scalar values z’j’ olm, nJ, Z, [m, n] and W'J-Y o [m, n] for each position (m, n), each resolution level j and each edge
direction o.

[0029] Next, the configuration of an ultrasonographic device according to the invention will be described with reference
to Figs. 2. Fig. 2(a) shows an exemplary embodiment of the configuration of an ultrasonographic device 201. The
ultrasonographic device 201 is provided with an ultrasound probe 203 that transmits and receives ultrasound signals,
a drive circuit 202 that generates drive signals to be inputted to the ultrasound probe 203, a receiver circuit 204 that
carries out amplification and A/D conversion of received signals, an image generator 205 that generates an image in
which sequences of ultrasound scanning line signals are arrayed two-dimensionally, an image quality improvement
processor 206 that processes image quality improvement of signals, a scan converter 212 that processes coordinate
conversion and interpolation of images expressed in scanning line signal sequences, a display 213 that displays the
image generated by the scan converter, and a controller/memory/processing unit 220 that controls all these steps as
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well as stores and processes data.

[0030] The ultrasound probe 203 transmits to a subject 200 ultrasound signals based on the drive signals, receives
reflected waves from the subject 200 that are obtained at the time of transmission and converts them into electrical
received signals. The ultrasound probe 203 is available in such types as linear, convex, sector and radial types. Where
the ultrasound probe 203 is of the convex type, the scan converter 212 converts a rectangularimage into a sectorialimage.
[0031] The image generator may so correct the position as to make the image obtained by performing transmission
and reception in consecutive time frames identical as the displayed position of the tissue.

[0032] The image quality improvement processor 206, as shown in Fig. 2 (d), is provided with a multi-level resolving
unit 207, a noise amount estimator 208, a noise amount corrector 209, an intensity converter 210 and a reconstructing
unit 211, which perform in the respective blocks the multi-level resolution processing 101, the noise amount estimation
102, the corrected noise amount calculation 103, the intensity conversion 104 and the reconstruction 105 shown in Fig. 1.
[0033] Further, the controller/memory/processing unit 220, as shown in Fig. 2(c), provided with an input unit 221, a
controller 222, memory 223 and a processor 224, and parameters regarding the timing of image generation starting and
the generation of an image among others are inputted from the input unit 221. The controller 222 controls the operations
of the drive circuit 202, the ultrasound probe 203, the receiver circuit 204, the image quality improvement processor 206
and so forth. The memory 223 stores received signals, images generated by the image generator 205, resolution
coefficients calculated by the image quality improvement processor 206, images having gone through image quality
improvement, displayed images, which are the outputs of the scan converter 212 and the like. Tasks processed by the
processor 224 include shaping of electrical signals for inputting to the ultrasound probe 203 and the adjustment of
brightness and contrast at the time of displaying an image.

[0034] In the configuration described above, the ultrasound probe 203 transmits to the subject 200 ultrasound signals
based on drive signals controlled by the controller 222 of the controller/memory/ processing unit 220, receives reflected
signals from the subject 200 which are obtained by this transmission, and converts them into electrical received signals.
[0035] Next, after the received signals converted into electrical signals are amplified by the receiver circuit 204 and
undergo A/D conversion, these A/D-converted signals are processed by the image generator 205 to generate an image,
which is inputted to the image quality improvement processor 206. In the image quality improvement processor 206,
the inputted image undergoes as stated above the multi-level resolution processing 101, the noise amount estimation
102, the corrected noise amount calculation 103, the intensity conversion 104 and the reconstruction 105 to be processed
for high-precision image quality improvement to provide a quality-improved image. Furthermore, by generating animage
resulting from coordinate conversion and interpolation processing of this quality-improved image by the scan converter
212, a clearer ultrasound image reduced in noise components can be displayed on the screen of the display 213.
[0036] Fig. 2(b) shows another exemplary embodiment of the configuration of the ultrasonographic device according
to the invention. In the configuration of the ultrasonographic device 201 shown in Fig. 2(b), the arrangement of a scan
converter 214 and an image quality improvement processor 215 differs from that in the configuration of the ultrasono-
graphic device 201 shown in Fig. 2(a). Meanwhile, the same elements in the configuration shown in Fig. 2 (b) as their
counterparts in the configuration shown in Fig. 2(a) are assigned respectively the same reference numerals.

[0037] This ultrasonographic device 201’ shown in Fig. 2(b) is provided with the ultrasound probe 203 that transmits
and receives ultrasound signals, the drive circuit 202 that generates drive signals to be inputted to the ultrasound probe
203, the receiver circuit 204 that carries out amplification and A/D conversion of received signals, the image generator
205 that generates an image in which sequences of ultrasound scanning line signals are arrayed two-dimensionally,
the scan converter 214 that processes coordinate conversion and interpolation of images generated by this image
generator 205, an image quality improvement processor 215 that processes image quality improvement of images
generated by the scan converter 214, the display 213’ that displays the image having gone through picture improvement,
and a controller/memory/processing unit 220’ that controls all these steps as well as stores and processes data.
[0038] In the configuration shown in Fig. 2(a), the output image from the image generator 205 is an image having
sequences of ultrasound scanning line signals expressed in parallel. For this reason, by subjecting the image generated
by the image generator 205 to image quality improvement, any deterioration in image quality dependent on the scanning
direction can be reduced. In the configuration shown in Fig. 2(b) on the other hand, the output image from the scan
converter 214 takes on the same form as the image outputted to the display 213. For this reason, by subjecting the
image generated by the scan converter 214 to image quality improvement, any deterioration in image quality that may
arise in connection with coordinate conversion and interpolation processed by the scan converter 214 or any other fault
can be kept to the minimum.

[0039] Next, multi-level resolution processed by the multi-level resolving unit 207 of the image quality improvement
processor 206 or 215 will be described with reference to Figs. 3 and Figs. 4.

[0040] As stated above, known multi-level resolving systems include Wavelet transform, complex Wavelet transform,
Curvelet transform, Contourlet transform and steerable pyramid transform systems. Exemplary embodiments of the
invention, representing processing flows of multi-level resolution, are shown in Figs. 3. Figs. 3(a), 3(b) and 3(c) show
embodiments of processing flows of multi-level resolving systems respectively based on Wavelet transform, complex



10

15

20

25

30

35

40

45

50

55

EP 2 151 193 A1

Wavelet transform and steerable pyramid transform having the edge direction divided into four or more.

[0041] To being with, the processing flow of the multi-level resolving system by Wavelet transform having the edge
direction divided into four or more, which is an exemplary embodiment of the invention, shown in Fig. 3(a) will be
described. First, after a horizontal (in the m direction) one-dimensional low-pass filter 301 and a horizontal one-dimen-
sional high-pass filter 302 are applied to the input image to be processed x [m, n], a one-dimensional low-pass filter 303
and a high-pass filter 304 in a direction vertical (in the n direction) to the output signals of the foregoing filters are applied.
The coefficients of these filters are real numbers. The sequence of applying the horizontal filters 301, 302 and the vertical
filters 303, 304 may as well be reverse. Processing to withdraw every other pixel (hereinafter referred to as decimation)
may be applied immediately after these steps of filtering. This results in resolution of the input image to be processed
x into four different resolution coefficients s;, Wy ¢, Wy 5 and wy 454 Of resolution level 1.

[0042] The resolution coefficient s, represents a component which is low in frequency both in the horizontal and in
the vertical directions; s, is referred to as the low frequency resolution coefficient of resolution level 1. The resolution
coefficient w, ¢ represents a component whose frequency is low in the horizontal direction and high in the vertical
direction; the resolution coefficient w4 5, a component whose frequency is high in the horizontal direction and low in the
vertical direction, and the resolution coefficient Wy 4,4, @ component which is high in frequency both in the horizontal
and in the vertical directions. The resolution coefficient w4 ¢ strongly reacts to a high frequency edge in the horizontal
edge while the resolution coefficient w, 5 strongly reacts to a high frequency edge in the vertical direction. Further,
whereas the resolution coefficient W1 giag Strongly reacts to a high frequency edge, edges in a 45° oblique direction
include two different edges, one parallel to a straight line m = n and the other parallel to a straight line m = -n.

[0043] Then, by further applying a filter 305 that passes the edge parallel to the straight line m = n and cuts off the
edge parallel to the straight line m = -n and a filter 306 that, conversely, cuts off the edge parallel to the straight line m
= n and passes the edge parallel to the straight line m = -n, resolution coefficients w4 p and wy g of resolution level 1
are calculated. The resolution coefficients wq o, Wy g. Wy ¢, and w4  will be referred to as high frequency resolution
coefficients of resolution level 1. Fig. 4(a) shows dominant frequency components in each resolution coefficient in a
multi-level resolving system by Wavelet transform having the edge direction divided into four or more. The frequencies
fm and f,, respectively are horizontal and vertical frequencies. For instance, wy 4 contains a greater proportion of com-
ponents of which the horizontal frequency f,, is high and the vertical frequency f,, is low.

[0044] Then, by filtering the resolution coefficient s; in the same way as in the processing of the input image to be
processed X, resolution coefficients S,, Wy o, W, g W, ¢, and wy p of resolution level 2 are calculated. Although Fig. 3
(a) shows resolution coefficients of only up to resolution level 2, resolution coefficients of successively higher resolution
levels are calculated by recurrently repeating the same processing. As shown in Fig. 4(a), the higher the resolution level
of a resolution coefficient, the higher the proportion of its low frequency contents and the lower the frequency of those
contents.

[0045] When the high frequency resolution coefficient of the highest resolution level calculated by multi-level resolution
is w_q, J is referred to as the highest resolution level (J = 3 in the example of (Fig. 3(a)). The low frequency resolution
coefficient s_¢ is represented by w,_,, while the low frequency resolution coefficient s, 1 = w,_, is referred to as the
resolution coefficient of resolution level J and the high resolution coefficient of resolution level j (j = 1, ..., J-1), as the
resolution coefficient of that resolution level j. The resolution coefficient w; , of resolution level j and edge direction o is
a vector having scalar values w ,, [m, n] in each position (m, n). Further, the resolution coefficient at every resolution
level is represented by w. Although the edge direction at resolution levels 1 and 2 is divided into four in Fig. 3(a), the
edge direction need not be always divided into four, but there may be a resolution level at which the edge direction is
divided into some other number than four. The same can be said of the cases in Figs. 3(b) and 3(c) which will be
described below.

[0046] Next, the processing flow of the multi-level resolving system by complex Wavelet transform, which is an ex-
emplary embodiment of the invention, shown in Fig. 3(b) will be described. First, after horizontal (in the m direction) one-
dimensional low-pass filters 321, 322 and horizontal one-dimensional high-pass filters 323, 324 to the input image to
be processed x [m, n] area applied, one-dimensional low-pass filters 325, 326 and high-pass filters 327, 328 in a direction
vertical (in the n direction) to the output signals of the foregoing filters are applied. Although filters of two different types
each are used for each round of filter processing in this illustration of the exemplary embodiment, this is not the only
applicable combination. The coefficients of these filters are usually complex numbers.

[0047] As in the case shown in Fig. 3(a), the sequence of applying the horizontal filters and the vertical filters may as
well be reverse, and decimation may be applied immediately after these steps of filtering. The resolution coefficients
s1  and s4 g obtained by applying the horizontal one-dimensional low-pass, filter and the vertical one-dimensional low-
pass filter will be referred to as low frequency resolution coefficients of resolution level 1. Next, processing to calculate
the difference between the sum and balance between the two signals by a ZA block 329 to other resolution coefficients
than the calculated low frequency resolution coefficient, and frequency resolution coefficients wy a, Wy g, Wy ¢, Wy p,
wy g and wy ¢ of high resolution level 1 are thereby calculated. Then, by filtering the low resolution coefficients s, 5 and
s¢ g Of resolution level 1 in the same way as in the processing of the inputimage to be processed x, resolution coefficients
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S2 A S2.8: Wo A, Wo,g Wp i, Wo p, Wy g, @nd W, ¢ of resolution level 2 are calculated. By applying recurrent processing
hereafter, resolution coefficients of successively higher resolution levels are calculated. Fig. 4(b) shows dominant fre-
quency components in each resolution coefficient in a multi-level resolving system by complex Wavelet transform. Six
different high frequency resolution coefficients at each resolution level strongly react to six different edge directions.
[0048] Next, the processing flow of the multi-level resolving system by steerable pyramid transform, which is an
exemplary embodiment of the invention, shown in Fig. 3(c) will be described. First, by applying two-dimensional high-
pass filter 341 which cuts off only those components whose frequencies are low in both vertical and horizontal directions
to the input image to be processed x [m, n], a high frequency resolution coefficient w, of resolution level 1 is calculated.
Further, by applying a two-dimensional low-pass filter 342 which passes only those components whose frequencies are
low in both vertical and horizontal directions to the input image to be processed x, a low frequency resolution coefficient
s, of resolution level 1 is calculated. Decimation may be processed immediately after the two-dimensional low-pass
filtering.

[0049] Next, by applying filters 343, 344, 345, 346, ... which pass only those components of which the frequency is
high and has a specific edge direction in either the vertical or horizontal direction to the resolution coefficient s4, high
frequency resolution coefficients w; 5, Wy g, Wy c, Wy p, ... Of resolution level 2 are calculated. Further, by applying a
two-dimensional low-pass filter 347 to the resolution coefficient s4, a low frequency resolution coefficient s, of resolution
level 2 is calculated. Then, by filtering the resolution coefficients s, in the same way as in the processing of the resolution
coefficient s4, resolution coefficients W3 A, W3 g, W3 g5 - of resolution level 3 are calculated, followed by recurrent process-
ing.

[0050] Fig. 4(c) shows dominant frequency components in each resolution coefficient in a multi-level resolving system
by steerable pyramid transform. It has to be noted that, in the case shown in Fig. 4(c), the edge direction at resolution
levels 2 and 3 is divided into eight and four, respectively. The processing parameters in the exemplary embodiment
shown in Figs. 3 include the highest resolution level, the number by which the edge direction at each resolution level is
divided, the edge direction to be divided, and the presence or absence of decimation after filtering. These processing
parameters can be varied with imaging conditions (including the type and magnification of the ultrasound probe, the
frequency used, the presence or absence of compounding, and the scanning pitch), the type of the image and the
imaging object (the imaging conditions, the type of the image and the imaging object will hereinafter be collectively
referred to as imaging information).

[0051] Next, processing regarding the calculation of the noise amount by the noise amount estimator 208 of the image
quality improvement processor 206 or 215 will be described with reference to Fig. 5 through Figs. 6.

[0052] Fig. 5 graphically describes the noise amount estimation 102 Fig. 1. Since the characteristics of noise contained
in an ultrasound image usually vary with the position, resolution level and edge direction, it is effective to calculate the
estimated noise amount for each position, resolution level and edge direction in order to process image quality improve-
ment while appropriately suppressing noise. In the noise amount estimation shown in Fig. 5, the estimated noise amount
Z'[m, n] ataresolution coefficient w [m, n] is calculated for each of multiple resolution levels j as represented by processing
steps 501,502 and 503. Herein, W om, n]and z’jyo[m, n] respectively represent the resolution coefficient and the estimated
noise amount at or in the same resolution level j, edge direction o and position (m, n).

[0053] Forinstance, z’jyo[m, n]is calculated in the following manner as the standard deviation of the resolution coefficient
in every edge direction and every position at the same resolution level j.

[0054]

—_ —_ " 2
Z'j’o [m, n] = Z"j = Z {wbo [m,n]} /Nj
o'.m',a¢

... (Egquation 1)

[0055] Herein, NJ- is the number of resolution coefficients in every edge direction and every position at the resolution
level j.

[0056] As another example, the following calculation is also by using the median of the absolute value of the resolution
coefficient.

[0057]
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_ oMedian

Z'm[m,n] == o' m' ' IWj,ov [m,n']|

... (Equation 2)

[0058] Herein, o is a constant. The estimated noise amount need not be calculated at every resolution level. In this
case, a corrected noise amount is calculated by corrected noise amount calculation on the basis of estimated noise
amounts at different resolution level.

[0059] Further, the estimated noise amount z’j’O need not be calculated for each of two or more edge directions or
two or more positions (m, n) as in (Equation 1) or (Equation 2), and in this case z' [m, n] is not dependent on the edge
direction or the position (m, n). It is not always necessary to calculate estimated noise amounts for multiple resolution
levels, and it is also permissible to calculate the estimated noise amount z', [m, n] for each of multiple edge directions
or of multiple positions. The processing parameters for use in noise amount estimation include parameters for determining
the resolution level, edge direction and position for which the noise amount is to be estimated and a parameter for
specifying the method of noise amount calculation, and these processing parameters can be varied according to imaging
information.

[0060] Next, the method of corrected noise amount calculation by the noise amount corrector 209 of the image quality
improvement processor 206 or 215 will be described with reference to Figs. 6. Graph 601 in Fig. 6(a) shows the estimated
noise amount z’j’O [m, n] and the corrected noise amount Z'j,o [m, n] at each resolution level in a specific edge direction
o and position (m, n) in an exemplary embodiment of the corrected noise amount calculating method. Graph 602 shows
the reliability of noise amount estimation (hereinafter referred as the reliability of estimation) 8o [m, n] in the resolution
level j, edge direction o and position (m, n) corresponding to the estimated noise amount z’j’o [m, n]. The reliability of
estimation €jo € [m, n] can be calculated, for instance, from one or more estimated noise amounts, from the distance
or the like between estimated noise amounts calculated by multiple methods such as (Equation 1) and (Equation 2), or
on the basis of resolution coefficients in different frames of images, or a predetermined reliability value can be used.
When a predetermined value is to be used, a table of such values may be prepared in advance so that an appropriate
value can be used according to imaging information.

[0061] The corrected noise amount is calculated on the basis of the estimated noise amount and reliability. In the
manner shown in Fig. 6(a) a threshold T is set with respect to reliability levels of estimation, and only an estimated noise
amount 603 matching a reliability level of estimation 605, which is smaller than the threshold T, and a corrected noise
amount 604 is calculated on that basis. Correction is accomplished by interpolation with respected to the pertinent
estimated noise amount by using the numbers of neighboring positions and neighboring frequencies and the values of
other estimated noise amounts in neighboring edge directions.

[0062] In the case graphed in Fig. 6(b), the estimated noise amount Zj, [m, n] and the corrected noise amount z’jyo
[m, n] in each of the positions (m, n) (where n is fixed) in a specific edge direction o and at a resolution level j are shown.
An approximate curve 611 is figured out for the estimated noise amount z’jyo [m, n], and a point on the figured-out
approximate curve is supposed to represent the corrected noise amount. The approximate curve 611 is calculated on
the basis of the reliability of estimation.

[0063] For instance, a curve that would minimize E, given by the following equation as the weighted least square
approximation is selected.

[0064]

E. = e o m,n' (2", [m,n']—-2' 5. [m',n ‘1)

.
} 0 ,m n°

... (Equation 3)

[0065] Z’J-,’Ov [m, n] here is a function representing the approximate curve 611, a function that can be represented by
one or more parameters, a resolution level j', an edge direction o’ and a position m’, n’.

[0066] The approximate curve 611 can be figured out by calculating the one or more parameters that would minimize
the value of (Equation 3). The sum on the right side of (Equation 3) represents calculation of the sum with respect to
the pertinent estimated noise amount in the neighboring positions m’, n’, the number of neighboring frequencies (reso-
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lution levels) j’ and neighboring edge directions o’. Further, as in the case of a corrected noise amount 612, a corrected
noise amount can be calculated by interpolation or approximation even for a position where no estimated noise amount
was calculated in the noise amount estimation with reference to Fig. 5.

[0067] In the case shown in Fig. 6(c), the corrected noise amount Zjo[m, nlis figured out by using the product of a
reliability of estimation €0 [m, n] and the estimated noise amount z’j_o [m, n].

[0068]

zo[mn] = ¢, [m,n]z| [mn] _
... (Equation 4)

[0069] This method is effective where the estimated noise amount becomes greater than the true noise amount with
adecrease inthe reliability of estimation. When noise amount estimation is processed by using (Equation 1) and (Equation
2), the calculation is affected by some signal components in the resolution coefficient, sometimes resulting in a greater
estimated noise amount than its real noise amount.

[0070] Processing parameters for use in corrected noise amount calculation include parameters for identifying the
reliability of estimation and parameters for specifying a particular method of correction on the basis of the reliability of
estimation, and these processing parameters can be varied according to imaging information.

Next, intensity conversion by the intensity converter 210 of the image quality improvement processor 206 or 215 will be
described with reference Figs. 7 through Figs. 12.

[0071] Fig. 7(a) shows a processing flow by the intensity conversion 104, which is one exemplary embodiment the
invention. In this embodiment, an image quality improving resolution coefficient w’ is generated by applying resolution
coefficient amplitude conversion 701 to a resolution coefficient w. In the resolution coefficient amplitude conversion 701,
the absolute value |w’j’0 [m, n]| of the amplitude-converted resolution coefficient is calculated as expressed by the
following equation as a function of the resolution coefficient Wio [m, n] and the corrected noise amount Zi, [m,n]ator
in the same resolution level j, edge direction o and position (m, n).

[0072]

W';,o [m,n]]= A(wj’o[m,n];zi'o[m, n]) ... (Equation b5)

[0073] A(p;z)is an amplitude conversion function representing amplitude conversion. The amplitude conversion func-
tion A(p;z) is a function that monotonically increases with an input p.

[0074] Figs. 8(a), 8(b) show examples of amplitude conversion function. A function 801 shown in Fig. 8(a) is an
amplitude conversion function in the Soft Thresholding method, which is an extensively known amplitude conversion
method.

[0075]

_{lpl =T iflpl=2T _ _ .
A(p,z)—{ o iflp| < T ,T=kz ... (Equation 6)

[0076] Herein, T is a multiple of the corrected noise amount z by a constant multiplier (e.g. T = 3z, k = 3).

[0077] A function 811 shown in Fig. 8(b) represents another example of amplitude conversion function. When the
resolution coefficient amplitude conversion 701 gives |w’j’0 [m, n] 1> |wj’0 [m, n]|, the signals are emphasized or, con-
versely, when it gives [w'; , [m, n] || <|w;,, [m, n]], the signals are restrained. Usually, when the resolution coefficient w
[m, n] is a real number, the sign of the amplitude-converted resolution coefficient w';,, [m, n] is made the same as that
of the resolution coefficient Wio [m, n], and when the resolution coefficient Wio [m, n] is a complex number, the phase
of w’j’O [m, n] is made the same as that of Wi, [m, n], but this is not always true.

[0078] Anotherembodiment of procession flow by the intensity conversion 104 is shown in Fig. 7(b). In this embodiment,
conservation degree calculation 711 and resolution coefficient correction 712 based on the conservation degree is
processed in addition to the resolution coefficient amplitude conversion 701. In the conservation degree calculation 711,
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a conservation degree C representing of the degree of conserving resolution coefficients is calculated on the basis of
the estimated noise amount z and the values of multiple resolution coefficients, followed by correction, based on the
conservation degree C, of each resolution coefficient w by the resolution coefficient correction 712 based on the con-
servation degree. The conservation degree C and the corrected resolution coefficients w’ are vectors having scalar
values Cj’o [m, n] and W*Lo [m, n] for each position (m, n), each resolution level j and each edge direction o. In the
following description, a vector having a scalar value ajo[m, n] for the position (m, n), resolution level j and edge direction
o will be represented by simply a.

[0079] The corrected resolution coefficient w*Lo [m, n] can be represented by the following equation as a function of
the conservation degree ijo [m, n] and the resolution coefficient Wio [m, n] at the same resolution level j, edge direction
0, position (m, n).

[0080]

A =F{C [mnjw _{mn
w ;,o[m)n] ( po[ ] bo[ ]) ... (Eguation 7)

[0081] Herein, F(C;, [m, n]) is @ monotonically increasing function. An example of F(C; , [m, n]) is shown in Fig. 9. If
F(C jolm, n]) > 1, the corrected resolution coefficientw’“j_0 [m, n] will be greater than the uncorrected resolution coefficient
Wio [m, n].

[0082] In the resolution coefficient amplitude conversion 701, the amplitude-converted resolution coefficient w’j’O [m,
n] is calculated by using the following (Equation 8) instead of (Equation 5).

[0083]

wjo[m,n] = A(W) o [m, n}izo [m, n]) ... (Equation 8)

[0084] Regarding this processing flow in the intensity conversion 104, another exemplary embodiment is shown in
Fig. 7(c). In this embodiment, first the resolution coefficient amplitude conversion 701 and the conservation degree
calculation 711 are processed. In the resolution coefficient amplitude conversion 701, an amplitude- converted resolution
coefficient w" is calculated by using (Equation 9).

[0085]

w' _[m,n] = Alw, [m,n];z _[m,n]
ko ( ko 1o ) ... (Equation 9)

[0086] Further in the conservation degree calculation 711, the conservation degree C is calculated on the basis of
the values of multiple resolution coefficients. Then, the resolution coefficient correction 712 is processed on the basis
of the conservation degree C. By this processing, the corrected resolution coefficient w’j’O [m, n]is calculated as expressed
in the following equation.

[0087]

w'. _[m,n] = F(C, ,[m,n])w" [m,n
jol © Jor",q [, n] ... (Equation 10)

[0088] In the conservation degree-based resolution coefficient correction 712 charted in Figs. 7(b) and 7(c), there is
no need to correct all the resolution coefficients, no correction may be applied to, for instance, the resolution coefficient
W of a resolution level J, with F(C io [m, n]) = 1 being supposed. Processing parameters in the intensity conversion in
the exemplary embodiments charted in Figs. 7 include parameters for determining the choice of processing to be applied
out of Figs. 7(a), 7(b) and 7(c) for instance, and parameters for specifying the processing by each of the resolution
coefficient amplitude conversion 701, the conservation degree calculation 711 and the conservation degree-based
resolution coefficient correction 712, and these processing parameters can be varied according to imaging information.

1"



10

15

20

25

30

35

40

45

50

55

EP 2 151 193 A1

[0089] Next, the conservation degree calculation 711 charted in Figs. 7 will be described with reference to Figs. 10
through Figs. 12.

[0090] First, a method of intensity conversion using multiple resolution coefficients will be described with reference to
Figs. 10. Fig. 10(a) shows an example of relationship between the amplitude the position m of the high frequency
resolution coefficient Wo [m, n]. In edge parts, the amplitude of the resolution coefficient in the corresponding edge
direction o generally tends to be greater. A curve 1001 represents the amplitude of the resolution coefficient obtained
when, supposing that signal components and noise components have been correctly separated from each other, only
the signal components have been extracted on an edge 1004. The amplitude of the resolution coefficient w; , [m, n]
actually obtained from a picked-up image is affected by noise and therefore is off the curve 1001 usually. As a result,
the value may prove smaller than that on the curve as is the case with a resolution coefficient 1002. On the other hand
in a flat part 1005, the amplitude of the resolution coefficient is small because signal components contained in the
resolution coefficient W, [m, n] are generally less. However, the amplitude may be irregularly increased by the impact
of noise as is the case with a resolution coefficient 1003.

[0091] In the case shown in Fig. 10(a), in order to sufficiently improve image quality, it is effective to conserve the
amplitude or increase the amplitude for the resolution coefficient 1002 which represents an edge part and, conversely,
to decrease the amplitude for the resolution coefficient 1003 which represents a flat part. Therefore, note being taken
of the generally greater presence of high amplitude resolution coefficients in positions near the resolution coefficient
1002 which represents an edge part and, conversely, the generally lower amplitude of resolution coefficients in positions
near the resolution coefficient 1003 which represents a flat part, one exemplary embodiment of the invention is charac-
terized by processing of intensity conversion utilizing the values of multiple resolution coefficients in nearby positions.
Such processing cannot be realized by using only the amplitudes of individual resolution coefficients for intensity con-
version, and this exemplary embodiment of the invention makes possible image quality improvement of higher precision
than was previously achieved.

[0092] While a method of achieving satisfactory image quality improvement by utilizing the relevance of resolution
coefficients in nearby positions was described with reference to Fig. 10(a), it is also effective to utilize the relevance of
resolution coefficients at different resolution levels or in different edge directions. Fig. 10(b) shows an example of
relationship between the amplitude and the resolution level of resolution coefficients. Points marked with O in the graph
represent resolution coefficients in edge parts, while points marked with x represent resolution coefficients in flat parts.
A curve 1011 represents, where it is supposed that signal components and noise components have been correctly
separated from each other, the amplitude of the resolution coefficient obtained when only signal components are extracted
in edge parts. Although the amplitude is generally greater in edge parts than in flat parts, sometimes the impact of noise
makes the resolution coefficient in flat parts (e.g. a resolution coefficient 1013) greater than the resolution coefficient in
edge parts (e.g. a resolution coefficient 1012). However, by using multiple resolution coefficients including resolution
coefficients at different frequency levels, it is made possible to achieve image quality improvement of higher precision
than was previously achieved.

[0093] Further, an example of relationship between the amplitude and the edge direction of resolution coefficients is
shown in Fig. 10(c). Similarly, by utilizing the values of multiple resolution coefficients including resolution coefficients
in nearby edge directions, processing to increase the amplitude of a resolution coefficient 1022, for instance, in edge
parts and decrease that of a resolution coefficient 1023 in flat parts can be made possible. In this way, the exemplary
embodiment of the invention makes possible enhanced performance image quality improvement by relevance among
multiple resolution coefficients.

[0094] Next, conservation degree calculation referred to concerning Figs. 7(b) and 7(c) will be described with reference
to Figs. 11. The calculation of the conservation degree C uses the values of multiple resolution coefficients. Fig. 11(a)
charts one exemplary embodiment of conservation degree calculation.

[0095] First in this embodiment, values CL, CO and CS are figured out by blocks 1101, 1102 and 1103. The value Ct
here is calculated by the following equation as a function of resolution coefficients w o [m, n], ..., w; ; [m, n] of different
resolution levels in the same edge direction o and position (m, n).

[0096]

Ct [m,n] = C¥G;w, [mmn],.., w, _[mn
yolmom] (5w o [mym] jolmn]) ... (Equation 11)

[0097] Herein, CL(...) is a function, represented by
[0098]
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max(x-’sigO [m,n],wﬁw[m, rz]) ifj<J

L -
Cr [mn] = [

W, o [m,n] ifj=]

(Equation 12)

[0099] for instance.

[0100] Since an input image to be processed x generally has more of signal components among lower frequency
components, signals and noise can be distinguished from each other with high precision by using a resolution coefficient
at a higher resolution level matching a lower frequency f than the pertinent resolution level j as in (Equation 12). Further,
as in the calculation of CL, the value CO is calculated as a function of resolution coefficients Wi A [m,n], ..., Wik [m, n] at
or in the same resolution level j and position (m, n) in different edge directions.

[0101]

C [m,n] = C°(o; w4 [m,n], ..., w; i [m,n])

(Equation 13)

[0102] Kisthe number by which the edge direction is divided at the resolution level j. CL(...) is a function, represented by
[0103]
S, [m,n] = max (w,,,[m, n],w, ,[m, n],w, ;,[m,n]

(Equation 14)

[0104] for instance. Herein, 04 and o, represent edge directions adjoining the edge direction o on two sides.

[0105] Further, the value CS is calculated by the following equation as a function of resolution coefficients Wqo [m™),
n(], ..., w; o [m®), n®)] at or in the same resolution level j and edge direction o and in different positions.

[0106]

cs,[mn] = cS(m,m;w;, [m®, 0], o Wi g [m{2,n])
(Equation 15)

[0107] Herein, wy o [m(), n(1)], ..., w; o [m(), n®)] represent resolution coefficients in all the positions at the resolution
level j and in the edge direction j. C5(...) is a function, by which, a weighted average such as
[0108]

Cl,[m,n] = Z 2, [m,n"lw, [m—m',n—n"']
m'n’

(Equation 16)
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[0109] s calculated by using a specific weight a; , [m’, n’].

[0110] Figs. 12 shows an exemplary embodiment representing the specific weight 30 [m’, n’]. By using 3jo [m’, n’]
having a non-zero value in the edge direction, weight averaging is made possible along the edge direction. Since signal
components, such as a tissue structure, contained in an image, generally have similar brightness values in the edge
direction, the matching resolution coefficients also have substantially the same values in the edge direction. Therefore,
by processing smoothing in the edge direction as shown in Figs. 12, noise components can be restrained without
deteriorating signal components.

[0111] Incidentally, where decimation is to be processed after low-pass filtering or high-pass filtering as charted in
Figs. 3, depending on the position (m, n), the values of some of the resolution coefficients wy , [m, n], ..., w; o [m, n] at
all the resolution levels in the position (m, n) may fail to be obtained. In such a case, conservation degree calculation is
processed after figuring out the values of the required resolution coefficients by such processing as approximation with
the resolution coefficient in the nearest position or processing interpolation with multiple resolution coefficients in nearby
positions.

[0112] Further, where a multi-level resolving system differing with the resolution level in the number by which the edge
direction is divided, depending on the edge direction o, the values of some of the resolution coefficients wy , [m, n, ...,
w, o [m, n] atall the frequency levels in the edge direction o may fail to be obtained. Similarly in such a case, conservation
degree calculation is processed after figuring out the values of the required resolution coefficients by such processing
as approximation with the resolution coefficient in the nearest edge direction or processing interpolation with multiple
resolution coefficients in nearby edge direction. Also, each of CL, CO and CS can be made a function always repeating
a constant value or a function simply repeating Wio [m, n].

[0113] Next, in a block 1104 of Figs. 11, the conservation degree C is calculated as represented by the following
equation by using values CLj,o [m, n], COJ-_0 [m, n] and CSJ-‘o [m, n] at or in the same resolution level j, edge direction o
and position (m, n).

[0114]

C,olmn] = c(c;o [m,n],C, {[m,n],cji [m,n]])
(Equation 17)

[0115] C(...) is a function, represented by
[0116]

C(Ci‘o [m,n], Cfo [m, n],CfD [m, n]) = (ngo [m,n] + Cfo [m,n] + Cf?o [m, n})/ 3

(Equation 18)

[0117] for instance.

[0118] Although the functions CL(...), CO(...) and CS(...) are used in parallel in the exemplary embodiment charted in
Fig. 11(a), the functions CL(...), CY(...) and CS(...) may as well be used in series as in another embodiment representing
conservation degree calculation charted in Fig. 11(b). In the embodiment of Fig. 11(b), first in a block 1111, the value
CS is calculated by the method represented by (Equation 15) as a function of resolution coefficients w; , [m(!), n(V)], ...,
Wi, [m® at or in the same resolution level j and edge direction o in different positions. Next in a block 1112, the following
value COS is calculated by using the function CO...) like the one used in (Equation 13) from values CS; 5 [m, n], ..., ¢S,
[m, n] at or in the same resolution level j and position (m, n) in different edge directions.

[0119]

cgslm, ] = CO(0;C5yalm, ), ..., €5 [m,m])
... (Equation 19)

[0120] Then in a block 1113, the conservation degree C is calculated by using the function CL(...) like the one used
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in (Equation 11) from values COS; ., [m, n], ..., COSj’o [m, n] in the same edge direction and position (m, n) at different
resolution levels.
[0121]

C,o[mn] = ct(j; c%,  [m,n], ...,C%  [m, n])

.. (Equation 20)

[0122] Incidentally, the functions are brought to work on the resolution coefficients w in the sequence of CS(...), CO
(...) and CL(...) in the embodiment charted in Fig. 11(b), this sequence is not the only possible choice.

[0123] Fig. 11(c) charts another exemplary embodiment representing conservation degree calculation. Processing
using the functions CL(...), CO(...) and CS(...) in parallel and processing using the same in series are combined. First,
after calculating the values CS and CO in blocks 1121 and 1122 by using (Equation 15) and (Equation 13), a value CO*+S
is calculated in a block 1123 as represented by the following equation by using values COJ-’O [m, n] and CSLO [m, n] ator
in the same resolution level j, edge direction o and position (m, n).

[0124]

Cor®[m,n] —'C°+S(C [m,n], Cfo[nyn])

... (Equation 21)

[0125] C(...) is a function, represented by
[0126]

cO*5(cS, [m,n], c J[m,n]) = (ij’o [mn] +C,[m, n])/2

(Equation 22)

[0127] for instance.

[0128] Then in a block 1124, the conservation degree C is calculated by using the function CL(...) like the one used
in (Equation 11) from values CO-S; ; [m, n], ..., CO*S; ; [m, n] in the same edge direction and position (m, n) at different
resolution levels.

[0129]

C;o[m,m] = C-(j; C°*3, [m,n], .., €O*5, [m,n])

(Equation 23)

[0130] Incidentally, in the embodiment charted in Fig. 11(c), though the function CL(...) is used in series after the
functions CS(...) and CO(...) are used in parallel, this is not the only possible combination.

Next, conservation degree calculation using resolution coefficients for images in different frames will be described with
reference to Fig. 13 and Figs. 14.

[0131] Fig. 13 shows the relationship between the amplitude and the frame u of a high frequency resolution coefficient
wj’o(u) [m, n]. The resolution coefficient obtained by subjecting multi-level resolution to an image shot in the frame u is
referred to here as Wj,0 () [m, n]. Further, the frame to be subjected to image quality improvement is referred to as the
frame t, and the resolution coefficient wJ u) [m, n] is abbreviated to simply w io [m, n]. In the following description, a
vector having a scalar value a; o m, n] for the position (m, n), resolution IeveIJ edge direction o and frame u will be
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represented by simply a.

Points marked with o in Fig. 13 represent resolution coefficients in edge parts, while points marked with x represent
resolution coefficients in flat parts. A curve 1301 represents, where it is supposed that signal components and noise
components have been correctly separated from each other, the amplitude of the resolution coefficient obtained when
only signal components are extracted in edge parts. As the amplitude of the resolution coefficient WJ-YO(“) [m, n] actually
obtained from a picked-up image is affected by noise, it may become smaller than on the curve 1301 as is that of a
resolution coefficient 1302. On the other hand, flat parts generally not containing much of signal components may
sometimes be affected by noise, and the amplitude may increased as is that of a resolution coefficient 1303.

[0132] In order to improve image quality, it is necessary to conserve the amplitude or increase the amplitude for the
resolution coefficient 1302 which represents an edge part and, conversely, to decrease the amplitude for the resolution
coefficient 1303 which represents a flat part, but a method of intensity conversion using only the amplitudes of individual
resolution coefficients cannot achieve the purpose. In contrast, in one exemplary embodiment of the invention, note is
taken of the fact that in the expansion coefficient of nearby frames at or in the same resolution level, same edge direction
and same position as the resolution coefficient 1302 representing an edge part the amplitude is generally higher while,
conversely in the expansion coefficient of nearby frames at or in the same resolution level, same edge direction and
same position as the resolution coefficient 1303 representing a flat part, the amplitude is generally lower, intensity
conversion is processed by using the values of multiple resolution coefficients including resolution coefficients in nearby
frames. This makes possible enhancement of the precision of distinguishing signal components and noise components
from each other.

[0133] Next, conservation degree calculation in one exemplary embodiment of the invention will be described with
reference to Figs. 14. In the embodiment charted in Figs. 14, similar processing to that of Figs. 11 is performed, but it
is different from the embodiment of Figs. 11 in that the conservation degree is calculated by using the resolution coef-
ficients of multiple frames. Fig. 14(a) charts an exemplary embodiment of conservation degree calculation. In this em-
bodiment, values CT, CL, CO and CS are figured out in blocks 1101, 1102, 1103 and 1401. Herein, the value CT is
calculated by the method represented by the following equation as a function of resolution coefficients ijo(t't'”)[m, nj,
W o *2[m, n], ..., w; ®[m, n] of frames at or in the same resolution level j, edge direction o and positions (m, n).
[0134]

—¢ 22y
[m, n],wi; :

_ (e—t' +1)
Clo[mn] =CT (W

o [m,n], ..., w;;} [m, n])

... (Equation 24)

[0135] Here, CT(...) is a function, represented by
[0136]

T _ . (t=t +1) ’(r—z' £2) {9

Cio [m,n] = Median (WLO [m,n],vuj,o [m,n], ..., W, {m,n]
... (Equation 25)

[0137] for instance. The value t' in (Equation 24) need not be a constant, but may as well be a variable.

[0138] Nextin a block 1402, the conservation degree C is calculated by the following equation using the values CL,

CO,CSandCT.
[0139]

Cjolm, n]=c® (Ci‘o [m,n], C;?o [m,n], Cﬁo [m,n], C}TD [m, n])

... (Equation 26)

[0140] C)(...)is a function, represented by
[0141]

16



10

15

20

25

30

35

40

45

50

55

EP 2 151 193 A1

c® (C}fj, [m,n], CSD [m,n], Cfo [m, n}, C;To [m, DD

= (L, [m,n] + €% [m,n] + €5, [m,n] + €[, [m,n])/4
(Equation 27)

[0142] for instance.

[0143] Fig. 14(b) charts conservation degree calculation in another exemplary embodiment. In the embodiment charted
in Fig. 14(a), while the functions CL(...), C(...), CS(...) and CT(...) are used in parallel, the functions CL{(...), C°(...), CS
(...)and CT(...) are used in series in the embodiment of Fig. 14(b) as in that of Fig. 11(b). First, the value CT is calculated
in a block 1411 by a calculation method represented by (Equation 24) as a function of resolution coefficients wj‘o(t"’”)
[m, n], wj‘o(t't"fz) [m,n]...., wjyo(t)[m, n] of different frames at or in the same resolution level j, edge direction o and positions
(m, n).

[0144] Next, the value CST as represented by the following equation is calculated in a block 1412 by using the function
CS(...) like the one used in (Equation 15) from values CT; ,[m("), (2], ..., CT; ;Im(S), ()] at or in the same resolution
level j and edge direction o in different positions.

[0145]

Cfg [m,n]=cC* (m, n; C;fo [mm,n(l}], s C}TO [m(S}, n(S}D

(Equation 28)

[0146] Similarly hereinafter, in blocks 1413 and 1414, the conservation degree C is calculated by performing the
calculation represented by the following equations using functions CL(...) and CO(...) like those used in (Equation 11)
and (Equation 13).

[0147]

CT[m, n] = CO(O;CS;; [m,n],..,C% [m, n])

Colmn] = ct(j; €T, [m,n],...,C%%, [m,n])

(Equations 29)

[0148] Incidentally, the functions are brought to work on the resolution coefficients w in the sequence of CT, CS(...),
CO(...) and CL(...) in the embodiment charted in Fig. 14(b), this sequence is not the only possible choice. Further, as
another embodiment not shown, a combination of processing in series and processing in parallel may as well be used
as processing in the embodiment charted in Fig. 11 (c) .

[0149] Next, reconstruction processing will be described with reference to Figs. 15.

Figs. 15(a), 15 (b) and 15 (c) illustrate exemplary embodiments of reconstruction processing flow respectively matching
multi-level resolving systems based on Wavelet transform, complex Wavelet transform and steerable pyramid transform.
They respectively correspond to processing flows of Figs. 3(a), 3(b) and 3(c). The resolution coefficients s and w in Figs.
15 represent amplitude-corrected resolution coefficients.

[0150] First, the embodiment diagram representing the reconstruction processing flow in the case of Wavelet transform
in Fig. 15(a) will be described. In this embodiment, reconstruction is processed in the reverse sequence of steps of multi-
level resolution described with reference to Fig. 3(a). First, a filter 1501 that passes the edge parallel to the straight line
m = n and cuts off the edge parallel to the straight line m = -n and a filter 1502 that, conversely, cuts off the edge parallel
to the straight line m = n and passes the edge parallel to the straight line m = -n are applied to high frequency resolution
coefficients w;_4 g and wj_q p, of a resolution level J-1 (J = 3 in this embodiment), and then the sum w4 454 Of Outputs
obtained from the filtering is calculated in a block 1503.

[0151] Next, after applying a vertical one-dimensional low-pass filter 1504 and a vertical one-dimensional high-pass
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filter 1505 to resolution coefficients 5.1, W1 ¢, Wy.1 o @nd W,_1 giag, the sum of the outputs of the filters is calculated in
blocks 1506 and 1507. Then, a horizontal one-dimensional low-pass filter 1508 and high-pass filter 1509 are applied,
and by calculating the sum of the results in a block 1510, a low frequency resolution coefficient s, of a resolution level
J-2 is figured out.

[0152] As in the case of multi-level resolution, the coefficients of these filters are real numbers, and the sequence of
applying the horizontal filters and the vertical filters may be reverse. Further, in the multi-level resolution processing
described with reference to Fig. 3(a), if decimation is applied immediately after the filtering, a pixel of zero in brightness
is inserted (hereinafter referred to as interpolation) after every other pixel immediately after the corresponding filtering
in this exemplary embodiment. By recurrently repeating the same processing after this, a low frequency resolution
coefficient Sj-1 of a resolution level j-1 is figured out from a resolution coefficient of a resolution level j. Finally, a quality-
improved image y is obtained from a resolution coefficient of a resolution level 1 by applying processing similar to the
foregoing.

[0153] Next, one exemplary embodiment of reconstruction processing flow in the case of complex Wavelet transform
shown in Fig. 15(b) will be described.

[0154] In a reverse procedure to the steps of multi-level resolution described with reference to Fig. 3(b), first, high
frequency resolution coefficients w4 o, Wy 4 g, Wy 1.6, Wy p, Wyq g and w4 ¢ of a resolution level J-1 (J = 3 in this
embodiment) are subjected to processing to calculation the sum of and differences between input signals in a A block
1521. Next, after applying vertical one-dimensional low-pass filters 1522, 1523 and vertical one-dimensional high-pass
filters 1524, 1525 to the output signals of the ZA block 1521 and low frequency resolution coefficients s 4  and s 4,5
of the resolution level J-1, the sum is calculated in blocks 1526, 1527, 1528 and 1529. Then, by calculating the sum in
blocks 1534 and 1535 after applying horizontal one-dimensional low-pass filters 1530, 1531 and high-pass filters 1532,
1533, a low frequency resolution coefficients s, , o and s, g of a resolution level J-2 are figured out.

[0155] Although filters of two different types each are used for each round of filtering in this illustration of the exemplary
embodiment, this is not the only applicable combination. The coefficients of these filters are complex numbers. The
sequence of applying the horizontal filters and vertical filters may as well be reversed.

[0156] Further, in the multi-level resolution processing described with reference to Fig. 3(b), if decimation is applied
immediately after the filtering, interpolation is applied immediately before the corresponding filtering in this exemplary
embodiment. By recurrently performing the same processing after this, low frequency resolution coefficients S; 4 and
Sj_z of a resolution level j-1 is figured out from a resolution coefficient of a resolution level j. Finally, a quality-improved
image y is obtained from a resolution coefficient of a resolution level 1 by applying processing similar to the foregoing.
[0157] Next, the embodiment diagram representing the reconstruction processing flow in the case of steerable pyramid
transform of Fig. 15(c) will be described. In a reverse procedure to the steps of multi-level resolution described with
reference to Fig. 3(c), first, filters 1541, 1542, 1543, ... of high frequency in either the vertical or horizontal direction and
passing components in a specific edge direction are applied to resolution coefficients w_4,o, W1 g, Wj.1 ¢, ... of a res-
olution level J-1 (J = 3 in this embodiment). To the resolution coefficient s 4, a two-dimensional low-pass filter 1544
passing only low frequency components in both the vertical and horizontal directions is applied. Next, s, is figured out
by calculating in a block 1545 the sum of the outputs of the filters 1541, 1542, 1543 and 1544.

[0158] Inthe multi-level resolution described with reference to Fig. 3(c), if decimation is applied immediately after the
two-dimensional low-passfiltering, interpolation is applied immediately before the corresponding filtering in this exemplary
embodiment. By recurrently performing the same processing after this, the low frequency resolution coefficient SJ-_1 of
the resolution level j-1 is figured out from the resolution coefficient of the resolution level j. Finally, by calculating in a
block 1547 the sum of the signal obtained by applying a two-dimensional low-pass filter 1546 to s; and the signal obtained
by applying to w4 a two-dimensional high-pass filter 1545 which cuts off only those components that are low in frequency
in both the vertical and horizontal directions, a quality-improved image y is obtained.

[0159] Next, image quality improvement that permits alteration of processing parameters according to imaging infor-
mation will be described with reference to Fig. 16 and Fig. 17.

[0160] Fig. 16 is a diagram of an exemplary embodiment charting the flow of image quality improvement according
to the invention. First, processing parameters are determined by processing parameter determination 1601 on the basis
of the imaging conditions, the type of the image and the imaging object which constitute imaging information. A processing
parameter for each item of imaging information is tabulated in advance. It is further possible to provide a function that
allows the user to regulate values on the basis of processing parameters obtained from the table. Next, by using the
determined processing parameters, the multi-level resolution processing 101, the noise amount estimation 102, the
corrected noise amount calculation 103, the intensity conversion 104 and the reconstruction 105 are carried out. It has
to be noted that a configuration in which multiple algorithms for performing different types of processing are made
available in advance within each step or processing to permit switching over according to the processing parameters
can also be used.

[0161] Fig. 17 shows an exemplary embodiment representing a table containing a processing parameter for each
item of imaging information for use in the processing parameter determination 1601 of Fig. 16. The values in a table
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1701 may be fixed in advance or a function to allow the user to alter the values may be provided as well. Each line in
the table 1701 represents the processing parameter to be used for each item of imaging information.

[0162] The imaging information includes imaging conditions in column 1702, image type in column 1703 and imaging
object in column 1704. More specifically, the information includes the type of ultrasound probe, magnification of display,
frequency band in which ultrasound transmitted or received signals are used, whether spatial compounding is applied
or not, whether frequency compounding is applied or not, and the scanning pitch of ultrasound transmitted signals. The
processing parameters may further include parameters regarding multi-level resolution shown in column 1705, noise
amount estimation in column 1706, corrected noise amount calculation, coefficient intensity conversion and reconstruc-
tion processing.

[0163] The table shall be of a form that uniquely determines the processing parameter for each item of imaging
information. In this exemplary embodiment, the processing parameter stated on the topmost line out of the lines matching
the pertinent item of imaging information in the table is applied.

INDUSTRIAL APPLICABILITY

[0164] Itis made possible to improve the image quality of ultrasound images, enhance the visibility of tissue structure
and morbid regions and utilize such advantages in ultrasonographic devices.

DESCRIPTION,OF REFERENCE NUMERALS

[0165] 101:multi-levelresolution; 102: noise amount estimation; 103: corrected noise amount calculation; 104: intensity
conversion; 105: reconstruction; 201: ultrasonographic device; 202: drive circuit; 203: ultrasound probe; 204:receiver
circuit; 205: image generator; 206: image quality improving unit; 207: multi-level resolution unit; 208: noise amount
estimator; 209: noise amount corrector; 210: intensity converter; 211: reconstruction unit; 212: scan converter; 213:
display; 221: input unit; 222: controller; 223: memory; 224: processor; 701: resolution coefficient amplitude conversion;
711: conservation degree calculation; 712: conservation degree-based resolution coefficient correction

Claims

1. A method for generating animage from ultrasounds received with an ultrasound probe of an ultrasonographic device,
improving the image quality of the generated image and displaying the image improved in image quality,
the step of improving the image quality of the generated image including:

figuring out the resolution coefficient of the generated image in each position, at each resolution level and in
each edge direction by multi-level resolution;

estimating a noise amount on the basis of the resolution coefficients that are figured out;

correcting the estimated noise amount on the basis of reliability of the estimated noise amount;

converting the intensity of each of the resolution coefficients figured out by using information on the corrected
noise amount; and

reconstructing each of the resolution coefficients having undergone the intensity conversion by subjecting the
resolution coefficients to reconstruction processing.

2. Amethod for generating an image from ultrasounds received with an ultrasound probe of an ultrasonographic device,
improving the image quality of the generated image and displaying the image improved in image quality,
the step of improving the image quality of the generated image including:

figuring out the resolution coefficient of the generated image in each position, at each resolution level and in
each edge direction by multi-level resolution;

estimating a noise amount on the basis of the resolution coefficients figured out;

converting the intensity of each of the resolution coefficients figured out by using information on the estimated
noise amount and information on two or more resolution coefficients; and

reconstructing each of the resolution coefficients having undergone the intensity conversion by subjecting the
resolution coefficients to reconfiguration processing.

3. The image quality improving method according to Claim 1, wherein the coefficient intensity converting step is to

carry out intensity conversion of each of resolution coefficients by using values by which multiple resolution coeffi-
cients positioned in the vicinities of the resolution coefficients have been subjected to weighted summing.
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The image quality improving method according to Claim 1, wherein the coefficient intensity converting step is to
carry out intensity conversion of each of resolution coefficients on the basis of the estimated noise amount and two
or more resolution coefficients including resolution coefficients of a higher resolution level than the resolution level
of the resolution coefficients.

The image quality improving method according to Claim 1, wherein the coefficient intensity converting step is to
carry out intensity conversion of each of resolution coefficients by using resolution coefficients in the same position,
at the same resolution level and in the same edge direction as the picked-up images obtained at a different time
from the time of acquisition of the picked-up images to which the coefficient intensity conversion is to be applied.

The image quality improving method according to Claim 2, wherein the coefficient intensity converting step is to
carry out intensity conversion of each of resolution coefficients by using values by which multiple resolution coeffi-
cients positioned in the vicinities of the resolution coefficients have been subjected to weighted summing.

The image quality improving method according to Claim 2, wherein the coefficient intensity converting step is to
carry out intensity conversion of each of resolution coefficients on the basis of the estimated noise amount and two
or more resolution coefficients including resolution coefficients at a higher resolution level than the resolution level
of the resolution coefficients.

The image quality improving method according to Claim 2, wherein the coefficient intensity converting step is to
carry out intensity conversion of each of resolution coefficients by using resolution coefficients in the same position,
at the same resolution level and in the same edge direction as the picked-up images obtained at a different time
from the time of acquisition of the picked-up images to which the coefficient intensity conversion is to be applied.

An ultrasonographic device comprising:

an ultrasound probe that irradiates ultrasounds toward a subject and receives reflected waves from the subject;
an image generator that generates an image from the reflected waves received by the ultrasound probe;

an image quality improver that improves the image quality of the image generated by the image generator; and
a display that displays the image improved in image quality by the image quality improver,

the image quality improver including:

a multi-level resolution unit that figures out, for the image generated from the received reflected waves, the
resolution coefficient in each position, at each resolution level and in each edge direction by multi-level
resolution;

a noise amount estimator that estimates a noise amount on the basis of the resolution coefficients figured
out by the multi-level resolution unit;

a corrected noise amount calculator that corrects the estimated noise amount on the basis of reliability of
the estimated noise amount;

an intensity converter that converts the intensity of each of the resolution coefficients figured out by using
information on the corrected noise amount; and

an image reconstructing unit that reconstructs each of the resolution coefficients having undergone intensity
conversion by the intensity converter by subjecting the resolution coefficients to reconstruction processing.

10. An ultrasonographic device comprising:

an ultrasound probe that irradiates ultrasounds toward a subject and receives reflected waves from the subject;
an image generator that generates an image from the reflected waves received by the ultrasound probe;

an image quality improver that improves the image quality of the image generated by the image generator; and
a display that displays the image improved in image quality by the image quality improver,

the image quality improver including:

a multi-level resolution unit that figures out, for the image generated from the received reflected waves, the
resolution coefficient in each position, at each resolution level and in each edge direction by multi-level
resolution;

a noise amount estimator that estimates a noise amount on the basis of the resolution coefficients figured
out by the multi-level resolution unit;

a correction noise amount calculator that corrects the estimated noise amount on the basis of reliability of
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the estimated noise amount;

an intensity converter that converts the intensity of each of the resolution coefficients figured out by using
information on the estimated noise amount and information on two or more resolution coefficients; and
an image reconstructing unit that reconstructs each of the resolution coefficients having undergone intensity
conversion by the intensity converter by subjecting the resolution coefficients to reconstruction processing.

The ultrasonographic device according to Claim 9, wherein the intensity converter carries out intensity conversion
of each of resolution coefficients by using values by which multiple resolution coefficients positioned in the vicinities
of the resolution coefficients have been subjected to weighted summing.

The ultrasonographic device according to Claim 9, wherein the intensity converter carries out intensity conversion
of each of resolution coefficients on the basis of the estimated noise amount and two or more resolution coefficients
including resolution coefficients of a higher resolution level than the resolution level of the foregoing resolution
coefficients.

The ultrasonographic device according to Claim 9, wherein the intensity converter carries out intensity conversion
of each of resolution coefficients by using resolution coefficients in the same position, at the same resolution level
and in the same edge direction as the photographed images obtained at a different time from the time of acquisition
of the picked-up images to which the coefficient intensity conversion is to be applied.

The ultrasonographic device according to Claim 10, wherein the intensity converter carries out intensity conversion
of each of resolution coefficients by using values by which multiple resolution coefficients positioned in the vicinities
of the resolution coefficients have been subjected to weighted summing.

The ultrasonographic device according to Claim 10, wherein the intensity converter carries out intensity conversion
of each of resolution coefficients on the basis of the estimated noise amount and two or more resolution coefficients
including resolution coefficients of a higher resolution level than the resolution level of the resolution coefficients.

The ultrasonographic device according to Claim 10, wherein the intensity converter carries out intensity conversion
of each of resolution coefficients by using resolution coefficients in the same position, at the same resolution level
and in the same edge direction as the picked-up images obtained at a different time from the time of acquisition of
the picked-up images to which the coefficient intensity converting is to be applied.
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