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(57) ABSTRACT

The present invention provides a method and apparatus for
fast 3D ultrasound imaging. The method comprises data
acquisition, desired data selection, data smoothing, table con-
struction, ray casting, table look-up, ray synthesis and final
result output. The apparatus comprises an acquisition mod-
ule, a table look-up module, a synthesis module and an output
module. The present invention can avoid a huge amount of
unnecessary reconstruction calculations by smoothing pre-
processing and constructing the reconstruction table and the
gradient table as well as transforming coordinates of the
points where necessary. The present invention has greater
practical applicability, because the existing imaging technol-
ogy demands that the radius for rotating the probe be identical
to the radius of the probe.
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1
METHOD AND APPARATUS FOR FAST 3D
ULTRASOUND IMAGING

STATEMENT OF RELATED APPLICATION

The present application claims priority of the Chinese
Patent Application No. 200710103118.7, entitled “A Method
and Apparatus for Fast 3D Ultrasound Imaging”, filed on Apr.
23, 2007, which is incorporated herein by reference in its
entirety.

FIELD OF THE INVENTION

The present invention relates to an imaging method and
apparatus, and more particularly to a method and apparatus
for 3D ultrasound imaging.

BACKGROUND OF THE INVENTION

Currently, the most general application of 3D ultrasound
imaging is to image a fetus in an obstetrical department, so
that it can be observed clearly in clinic whether the fetus in a
pregnant women’s belly suffers from harelip, umbilical cord
around neck etc. Additionally, the 3D ultrasound imaging can
be used to observe gallbladder, bladder etc. The characteris-
tics of such existing 3D imaging are that the imaged tissue
motions rather slowly and the requirements as to time reso-
lution are not high. In this case, the tissue to be imaged can be
scanned using a common 1D probe driven by a free arm or a
mechanical probe driven by a motor. The mechanical probe
works generally at a speed of 2-4 frames per second. An
advanced 3D ultrasound imaging, which targets at the organs
which motion at higher speed such as heart, is mainly a 3D
high-speed imaging using a 2D probe. Since the 2D probe is
capable of obtaining data at a rather high speed, a relatively
high time resolution can be reached, generally at 20 frames
per second.

The 3D imaging process mainly includes data acquisition,
data processing and imaging.

Data acquisition is a process of collecting volume data
desired for 3D imaging. Taking a 1D probe driven by a free
arm as an example, desired volume data are image sequences
scanned by moving the 1D probe uniformly along the eleva-
tion direction of the probe. The volume data includes 3D
information about the portion scanned by the probe, which is
useful for 3D imaging. A mechanical probe is driven around
a fulcrum by a motor, so that the desired volume data can be
obtained in sector scanning way. A series of scanning line data
are to be obtained in the data acquisition stage, which can also
be considered as a series of image sequences before coordi-
nate transformation. Each point in these data corresponds to a
scanned point constituting the 3D object, which is referred to
as a voxel.

Data processing is a process in which the acquired data is
processed prior to imaging. It generally comprises data recon-
struction, in which the collected polar coordinates are trans-
formed into Cartesian coordinate. By said coordinate trans-
formation, it is possible to obtain volume data in compliance
with the real object, and the relative positions of the voxels are
consistent with the real configuration.

Having been so processed, the volume data are then uti-
lized for imaging. One of the most common imaging methods
is the ray tracing method. Specifically, a viewpoint, a view
plane and volume data are introduced into a virtual 3D space,
and the volume data are re-sampled considering the line con-
necting the viewpoint to a pixel on the view plane as a ray
direction. Finally, the re-sampled data are incorporated by a

10

15

20

25

30

35

40

45

50

55

60

65

2

ray mathematical model to obtain a result that is the gray-
scale value of the corresponding pixel on the view plane.
When the gray-scale values for all pixels have been obtained,
the imaging is finished.

The U.S. Pat. No. 5,911,691, assigned to Aloka, entitled
“Ultrasound image processing apparatus and method of
forming and displaying ultrasound images by the apparatus”
describes a ray tracing method for 3D imaging in details.

As shown in FIG. 1, the above-mentioned patent suggests
collecting data according to the position of a viewpoint. For a
1D mechanical probe, the radius for rotating the probe is
identical to the radius of the probe, so that the obtained
scanning line directions can extend to converge at the same
point. Taking this point as the viewpoint, the ray direction
coincides with the scanning line direction. That is to say, each
of the scanning lines corresponds to a line that connects the
viewpoint to a pixel on the view plane. Such a design signifi-
cantly decreases the amount of calculation, because a) data
reconstruction is no longer necessary; b) there is no need to
calculate such parameters as an incident point etc. according
to the ray direction or to perform a re-sampling operation.

With respect to imaging, the above-mentioned patent
employs a conventional ray tracing method. The only differ-
ence is that imaging is realized by merely calculating each
scanning line. As shown in FIG. 2, each cube represents a
voxel in a ray (i.e. the scanning line in the U.S. Pat. No.
5,911.,691); the parallelogram represents the view plane, that
is, the resultant image. All data concerning a certain ray are
synthesized to obtain a pixel P (x, y). An iterative process is
used in data synthesis, which is a simulated process in which
the ray passes through different mediums (attributes of the
medium are described by values of a corresponding data
point) and is absorbed. Each voxel has an opacity to corre-
spond to a different gray-scale value, which is generally pre-
sented as a monotonic curve proportional to the gray-scale
value. The opacity is denoted by a, and the gray-scale of the
voxel is denoted by e,. Data synthesis is specified as follows:

1) For the first voxel, i=1, C,,=0;

1) Cop=(1-a,)*Cpyta ey,

iil) i=i+1, Cp,=C

1)1 INi “OUT-15
) if

i-1
a=1
k=1

oriexceeds the range of the number of voxels, Cy; is output;
otherwise, skipping to ii).

The problem of the above-mentioned technical solution is
that it relies on the probe in that the viewpoint, the rotary
origin of the probe and the origin of the probe must coincide,
which requires using a 2D probe or a particularly designed
mechanical probe. This restricts the application of the tech-
nique. Moreover, once the viewpoint is fixed, such operations
as magnitying and diminishing rotation cannot be carried out,
because the operations will resultin the ray deviating from the
scanning line direction. Therefore, the above-described tech-
nical solution fails to decrease the amount of calculation,
which is one of the important objects achieved by the present
invention.

SUMMARY OF THE INVENTION

The object of the present invention is to overcome the
shortcomings in existing method to provide a fast and accu-
rate 3D ultrasound imaging method and apparatus using a
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conventional mechanical probe. In order to realize this goal,
the following technical solutions are adopted in the present
invention:

According to the first aspect of the embodiments of the
present invention, there is provided a method for fast 3D
ultrasound imaging, comprising the steps of: acquiring vol-
ume data in polar form by scanning with a mechanical ultra-
sound probe, and storing the volume data in a cache; con-
structing a reconstruction table and a gradient table, among
which the reconstruction table contains relations for trans-
forming a Cartesian coordinate system to a polar coordinate
system, and the gradient table contains (p1,p2.p3) corre-
sponding to a polar coordinate point (r, theta, phi), where

i

ax Y BZ]

G=(pl p2, =2, 2 22
(Pl P2 P3) (ar’ dtheta’ Iphi

casting rays to determine an initial sampling point which is
assigned with an initial gray scale and an initial opacity, and
to obtain a Cartesian coordinate of the sampling point; look-
ing up the reconstruction table to obtain a polar coordinate of
the sampling point according to its Cartesian coordinate,
which is then subjected to interpolation to derive the gray
scale value of the sampling point; if the gray scale value meets
a synthetic condition, calculating gradient of the sampling
point through looking up the gradient table, and calculating
inner product of unit vector of the gradient and unit vector of
the ray direction as well as an accumulated gray scale and an
accumulated opacity based on the inner product; and if the
gray scale value does not meet the synthetic condition return-
ing back to the previous ray casting step; and if a predeter-
mined termination condition is satisfied, outputting the cur-
rent accumulated gray scale as a result for the corresponding
pixel on a resultant image, otherwise returning back to the
previous ray casting step; for each pixel on the resultant
image, the gray scale of ray synthesis is calculated by emit-
ting rays to finally form the image.

Optionally, the method for fast 3D ultrasound imaging
according to the first aspect of the embodiments of the present
invention further comprises step of smoothing the acquired
volume data.

According to the second aspect of the embodiments of the
present invention, there is also provided a method for fast
imaging of 3D ultrasound, comprising the steps of: acquiring
volume data in polar form by scanning with a mechanical
ultrasound probe, and storing the volume data in a cache;
constructing a reconstruction table and a gradient table,
among which the reconstruction table contains relations for
transforming a Cartesian coordinate system to a polar coot-
dinate system, and the gradient table contains (pl1,p2,p3)
corresponding to apolar coordinate point (r, theta, phi), where

i

ax ar BZ]

G=(pl,p2, p3)=|— i
(pL. 2. P3) (ar’ thera’ Bphi

casting rays to determine an initial sampling point which is
assigned with an initial gray scale and an initial opacity, and
to obtain a Cartesian coordinate of the sampling point; look-
ing up the reconstruction table to obtain a polar coordinate of
the sampling point according to its Cartesian coordinate,
which is then subjected to interpolation to derive the gray
scale value of the sampling point; if the gray scale value meets
a synthetic condition, calculating gradient of the sampling
point through looking up the gradient table, and calculating
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inner product of unit vector of the gradient and unit vector of
the ray direction as well as an accumulated gray scale and an
accumulated opacity based on the inner product; and if the
gray scale value does not meet the synthetic condition return-
ing back to the previous ray casting step; and if a predeter-
mined termination condition is satisfied, outputting the cur-
rent accumulated gray scale as a result for the corresponding
pixel on a resultant image, otherwise returning back to the
previous ray casting step; for each pixel on the resultant
image, the gray scale of ray synthesis is calculated by emit-
ting rays to finally form the image.

Optionally, the method for fast 3D ultrasound imaging
according to the second aspect of the embodiments of the
present invention further comprises step of smoothing the
volume data at the sampling point and obtaining the smoothed
data of the volume data at the position of the coordinates of
the sampling point.

Optionally, the method for fast 3D ultrasound imaging
according to the first or second aspect of the embodiments of
the present invention also comprises step of designating a
region of interest via an interface, selecting data concerning
the region of interest from the cache and subjecting the
selected data to the smoothing processing and the subsequent
steps.

Preferably, the smoothing processing is a mean filter or a
median filter, and carried out along the most uniform direc-
tion among various directions of the current point.

In the reconstruction table, the relations for transforming
the Cartesian coordinate (x, y, z) to the polar coordinate (t,
theta, phi) are as follows:

R ’:\/y2+r7,
phitan™!(z/);
I [Ty

theta=tan ! (&/(pr—f+R"));

in which the reconstruction table comprises a table for
corresponding (y, z) with (R', phi) and a table for correspond-
ing (x, R") with (r, theta). When rotation angle, inter-frame
angle, scanning depth for B image or scanning angle are
changed, the reconstruction table is reconstructed; otherwise,
the reconstruction table is maintained for use. The looking up
step specifically comprises: looking up the reconstruction
table to obtain R' and phi through y and z coordinates and then
looking up the reconstruction table to obtain r and theta
through R' and x coordinates.

Calculating gradient of the sampling point by looking up
the gradient table is to transform a Cartesian coordinate point
P(x,y. z)into a polar coordinate point (r, theta, phi) and obtain
(p1,p2, p3) by looking up the gradient table through (r; theta,
phi) and then use (p1, p2, p3) as step lengths of three coordi-
nate axes so as to calculate the gradient Grad as follows:

Grad = (Gr, Gtheta, Gphi)
=(Vir+&-pl, theta, phi) - V(r - €- pl, theta, phi),
V(r, theta + € - p2, phi) - V(r, theta - £ - p2, phi),

V(r, theta, phi+ & p3) = Vir, theta, phi— £ p3))

where the factor & is used to control the step length, which can
be selected to be 2.
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The initial values assigned to the gray scale and the opacity
are 0. The accumulated gray scale I ,, and the accumulated
opacity a.,,, are calculated as follows respectively:

out

I

out

=Lt (10, ) 0 G T

Oy =Cl 01 -05);

Where I, and 1, are the accumulated gray scales; a,, and
o, are the accumulated opacities; C, and ¢, are respectively
the gray scale and the opacity of the pixel which the current
ray traverses; and T, is the inner product of unit vector of the
gradient and unit vector of the ray direction.

The synthetic condition is a threshold set for the gray scale
of the current sampling point. If the gray scale is smaller than
the threshold, the sampling point concerned is considered as
noise and will not be involved in the synthesis. The threshold
is 30 based on different noise levels of different machines.

The termination condition is set to meet one of the follow-
ing conditions:

a) a.,,,<K, where K=1,

b) the volume data re-sampled with a ray progressing to the

last point.

According to the third aspect of the embodiments of the
present invention, there is provided an apparatus for fast 3D
ultrasound imaging, comprising: an acquisition module for
acquiring volume data in polar form by scanning, and storing
the volume data in a cache; a construction module for con-
structing a reconstruction table and a gradient table, among
which the reconstruction table contains relations for trans-
forming a Cartesian coordinate system to a polar coordinate
system, and the gradient table contains (p1,p2.p3) corre-
sponding to a polar coordinate point (r, theta, phi), where

i

ax ay BZ]

G=(pl, p2, p3)= (W’ Sihera’ w

a ray casting module for casting rays to determine an initial
sampling point which is assigned with an initial gray scale
and an initial opacity, and to obtain a Cartesian coordinate of
the sampling point; a table look-up module for looking up the
reconstruction table to obtain a polar coordinate of the sam-
pling point according to its Cartesian coordinate, which is
then subjected to interpolation to derive the gray scale of the
sampling point; a synthesis module for calculating gradient of
the sampling point through looking up the gradient table if the
gray scale value meets a synthetic condition, and calculating
inner product of unit vector of the gradient and unit vector of
the ray direction as well as an accumulated gray scale and an
accumulated opacity based on the inner product; and return-
ing back to the ray casting module if the gray scale value does
not meet the synthetic condition; and an output module for
outputting the current accumulated gray scale as a result for
the corresponding pixel on a resultant image if a predeter-
mined termination condition is satisfied; otherwise returning
back to the ray casting module.

Optionally, the apparatus for fast 3D ultrasound imaging
according to the third aspect of the embodiments of the
present invention further comprises a smoothing module for
smoothing the acquired volume data.

According to the fourth aspect of the embodiments of the
present invention, thereis also provided an module for fast 3D
ultrasound imaging, comprising: an acquisition module for
acquiring volume data in polar form by scanning, and storing
the volume data in a cache; a construction module for con-
structing a reconstruction table and a gradient table, among
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6

which the reconstruction table contains relations for trans-
forming a Cartesian coordinate system to a polar coordinate
system, and the gradient table contains (p1,p2.p3) corre-
sponding to a polar coordinate point (r, theta, phi), where

ax Y oz ]

G=(pl, p2, p3)= (W, Wl’ w

a ray casting module for casting rays to determine an initial
sampling point which is assigned with an initial gray scale
and an initial opacity, and to obtain a Cartesian coordinate of
the sampling point; a table look-up module for looking up the
reconstruction table to obtain a polar coordinate of the sam-
pling point according to its Cartesian coordinate, which is
then subjected to interpolation to derive the gray scale of the
sampling point; a synthesis module for calculating gradient of
the sampling point through looking up the gradient table if the
gray scale value meets a synthetic condition, and calculating
inner product of unit vector of the gradient and unit vector of
the ray direction as well as an accumulated gray scale and an
accumulated opacity based on the inner product; and return-
ing back to the ray casting module if the gray scale value does
not meet the synthetic condition; and an output module for
outputting the current accumulated gray scale as a result for
the corresponding pixel on a resultant image if a predeter-
mined termination condition is satisfied; otherwise returning
back to the ray casting module.

Optionally, the apparatus for fast 3D ultrasound imaging
according to the fourth aspect of the embodiments of the
present invention further comprises a smoothing module for
smoothing the volume data at the sampling point to obtain the
smoothed data of the volume data at the position of the coor-
dinates of the sampling point.

Optionally, the apparatus for fast 3D ultrasound imaging
according to the third or fourth aspect of the embodiments of
the present invention further comprises a selection module for
designating a region of interest via an interface, selecting data
concerning the region of interest from the cache and trans-
mitting the selected data to the smoothing module and the
subsequent module for processing.

Preferably, the smoothing module performs amean filter or
a median filter on the volume data, in which smoothing is
carried out along the most uniform direction among various
directions of the current point.

In the reconstruction table, the relations for transforming
the Cartesian coordinate (x, y, 7) to the polar coordinate (t,
theta, phi) are as follows:

R=Vy2422,
phi=tan~Y(z/).
r:/AP/—pr:\/(pr—fHR')Z+xz—pr,

theta=tan~" (+/(pr—fi+R"));

in which the reconstruction table comprises a table for corre-
sponding (y, z) with (R', phi) and a table for corresponding (x,
R") with (r, theta). When rotation angle, inter-frame angle,
scanning depth for B image or scanning angle are changed,
the reconstruction table is reconstructed; otherwise, the
reconstruction table is maintained for use. The table look-up
module looks up the reconstruction table to obtain R' and phi
through y and 7 coordinates, and then looks up the reconstruc-
tion table to obtain r and theta through R' and x coordinate.
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The synthesis module transforms a Cartesian coordinate
point P(x, y, z) into a polar coordinate point (, theta, phi), and
looks up the gradient table to obtain (p1, p2, p3) through (r,
theta, phi), and then calculates the gradient Grad using (pl,
p2, p3) as step lengths of three coordinate axes in accordance 5
with the following formula:

Grad = (Gr, Gtheta, G phi)

10
= (V(r+¢&-pl, theta, phi)—V(r - € pl, theta, phi),
V(r, theta + & p2, phi) = V(r, theta — € p2, phi),
V(r, theta, phi+ &~ p3) - V(r, theia, phi—§&-p3))
15

where the factor & is used to control the step length, which can
be selected to be 2.

The ray casting module assigns an initial value 0 to both the
gray scale and the opacity. The synthesis module calculates
respectively the accumulated gray scale I, and the accumu-
lated opacity a,,,,, in accordance with the following formulas:

20

our

Lo Lt (1=, 0, G T

25
Ol 0y (1-01, )3
Where I, and 1,,, are the accumulated gray scales; a,, and
o, are the accumulated opacities; C, and ¢, are respectively

the gray scale and the opacity of the pixel which the current
ray traverses; and T, is the inner product of unit vector of the
gradient and unit vector of the ray direction.

The synthetic condition is a threshold set for the gray scale
of the current sampling point. If the gray scale is smaller than
the threshold, the sampling point is considered as noise and
will not be involved in the synthesis. The threshold is 30 based
on different noise levels of different machines.

The termination condition is one of the following condi-
tions:

a) o, <K, where K=1,

b) the volume data re-sampled with a ray progressing to the

last point.

The present invention can avoid a large amount of unnec-
essary reconstructing calculation by preprocessing and con-
structing the reconstruction table and the gradient table and
transforming the points where calculation is necessary. The
present invention would accord with a general situation com-
pared with the prior art, because it is difficult to make the
radius for rotating the probe be identical to the radius of the
probe.

30

40

45

50

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1-3 are schematic diagrams illustrating an existing
method for acquiring volume data and an existing ray tracing
method,;

FIG. 4 is a flow chart of data acquisition at the front end of
ultrasound imaging according to the embodiments of the
present invention;

FIG. 5 is a flow chart of data processing according to the
embodiments of the present invention;

FIG. 6 is a schematic diagram illustrating four directions
d1-d4 from the current point;

FIG. 7 shows volume data in a polar coordinate system;

FIG. 8 shows volume data in a Cartesian coordinate sys-
tem;
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FIG. 9 shows an image in two planes, among which FIG.
9(a) shows the image in aY-Z plane and FIG. 9(5) shows the
image in a R-Z plane that is consistent with a conventional B
image;

FIG. 10 illustrates volume data re-sampling using the ray
traversing the resultant image and viewpoint Ov;

FIG. 11 is a flow chart of a ray casting process according to
the embodiments of the present invention;

FIG. 12 illustrates a ray synthesizing method according to
the embodiments of the present invention, in which I, and I,
are accumulation values; o, and o, are accumulated opac-
ity values; C, and a, respectively represent a gray scale and an
opacity value of the pixel through which the current ray
passes; and Ti represents the inner product of unit vector of
the gradient and unit vector of the ray direction;

FIG. 13 is a block diagram of an apparatus for fast 3D
ultrasound imaging according to the embodiments of the
present invention;

FIG. 14 is a flow chart of another ray casting process
according to the embodiments of the present invention;

FIG. 15 is a block diagram of another apparatus for fast 3D
ultrasound imaging according to the embodiments of the
present invention.

DETAILED DESCRIPTION OF THE INVENTION

FIG. 4 is a flow chart of data acquisition at the front end of
ultrasound imaging according to the embodiments of the
present invention. The probe 400 as used is a mechanical
probe that can scan rotatively at a certain velocity driven by a
motor. The controller 402 controls an emission part 404 to
emit a pulse and controls the probe 400 to rotate at a certain
velocity in the mean time. After all array elements emit
pulses, the T/R converter 406 switches to the receiving state.
Data in all receiving channels are then transmitted to a receiv-
ing part 408 where data are subject to beam forming, thus
obtaining the scanning line RF data. The RF data are subse-
quently demodulated by a detection part 410 and re-sampled
to obtain data for one scanning line. Scanning line data is
stored into a cache 412 as polar coordinates. After the
mechanical probe finishes scanning around a specified angle,
all desired volume data in polar coordinate form are obtained
and then are subject to the subsequent processing.

FIG. 5 is a flow chart of data processing. Not all of the
volume data stored in the cache are used for 3D imaging
because imaging the regions of interest for 3D ultrasound
only can prevent useful data from being covered. Therefore, a
user can pick up data concerning regions of interest (ROI)
from the cache (block 500) by designating ROI through an
interface.

Due to the ultrasound characteristics, interactions between
acoustic waves may cause a lot of speckles in the obtained
digital image, which can result in rough edges of an object,
such that it is impossible to obtain a smooth and refined
image. In order to obtain a better image, the embodiment of
the present invention provides a technical solution to prepro-
cess the acquired ROI data (block 502). The object of the
preprocessing is to smooth the edges of the image of the
object in such a way as to remove speckles and noise. The
preprocessing (block 504) may comprise a mean filter, a
median filter etc. The embodiment of the present invention
employs a direction-based smoothing method. Its basic idea
is to select the most uniform direction among various direc-
tions from the current point and subject it to the smoothing
processing. The advantage of this method is that contrast of
the edges is not reduced while smoothing the edges. The most
uniform direction for each point may, for example, the one
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that has the least deviation among the four directions d1-d4
from the current point, as shown in FIG. 6. In principle,
variance in each direction is first computed, and the direction
has the least variance is considered as the most uniform
direction.

A table look-up module (block 508) controlled by a con-
troller (block 506) is constructed, in which the look-up table
includes a reconstruction table and a gradient table. The
reconstruction table contains relations for transforming a
Cartesian coordinate (x, y, z) to a polar coordinate (r, theta,
phi). FIG. 7 shows volume data in a polar coordinate system.
R-theta coordinate system describes polar coordinate data in
anormal B image, in which R denotes a depth direction; theta
denotes angular position of a scanning line; and phi repre-
sents the angle the probe rotates around driven by a motor.
FIG. 8 shows volume data in a Cartesian coordinate system
after reconstruction, in which point O' represents the origin of
radius of the probe; O represents the origin of an XYZ coor-
dinate system; and X axis coincides with the direction of a
probe support about which the probe rotates. The probe
rotates about the OX axis in a plane perpendicular to the YZ
plane. FIG. 9 illustrates the transformation between the two
polar coordinate systems. P(x, y, z) is a point in the Cartesian
coordinate system; fr is the radius of a sector as scanned; and
pr is the radius of the probe. FIG. 9(a) is a section of the
rotating face of the probe and FIG. 9(b) is a section corre-
sponding to a conventional B image. The following formulas
are derivable from FIG. 9(a):

R'=10P|=Vy?+22,

phi=tan!(z/);

point P has projection coordinate (%, R') in the XR plane, thus
r= \AP\—p}‘:\/(pV—fF+R ')2+x2—pr,

theta=tan ' (x/(pr—fi+R")).

It is apparent from the above descriptions how the Carte-
sian coordinate (X, y, z) is transformed to the polar coordinate
(, theta, phi) using the above-mentioned formulas. A conven-
tional reconstruction method needs the entirety of volume
data in the Cartesian coordinate system to be involved in the
reconstruction, whereas a very small amount of data is
demanded in the ray tracing method. Therefore, it is neces-
sary to store a reconstruction table for maintaining the corre-
sponding relations. The reconstruction table includes a table
for corresponding (y, z) with (R, phi) and a table for corre-
sponding (x, R') with (r, theta). In practical application, it is
required to perform a discretization on the coordinate R' so
that corresponding relations can be established in the two
tables. For example, a decimal place of 3 is selected to ensure
anaccuracy 0.125 for R'. According to the ray tracing method,
when it is required to acquire data concerning a certain point
in the Cartesian coordinate system, R' and phi are first
obtained by looking up y and z coordinates of that point, and
then r and theta coordinates by looking up R' and x. Finally,
the desired data concerning that point can be obtained by
interpolating the corresponding polar coordinate (r, theta,
phi) of the volume data.

In addition to the reconstruction table, a gradient table is
also constructed. In the subsequent ray tracing algorithm, the
gradient ata point is considered in the ray synthesis. Since the
gradient at a certain point is computed in the Cartesian coor-
dinate system, a lot of points demand table look-up for mul-
tiple times. Assuming that calculation of the gradient at one
point involves 6 adjacent points, 6 times of table look-up is
required. Moreover, each point should be interpolated using 8
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points in the polar coordinate system. Therefore, when com-
puting the gradient at a point, 48 points in the polar coordinate
system are required to be involved. Against this background,
the embodiment of the present invention calculates an
approximate gradient by a table look-up. Using a method
reverse to that for deriving the reconstruction, the following
can be obtained for a polar coordinate point (r, theta, phi):

x=X(r, theta, phi),

y=Y(x, theta, phi),

7=7(r, theta, phi).

Derivatives of the coordinates are then calculated, and for
each (r, theta, phi), there is

ax Y BZ]

G=(pl. p2. =|—, ———, ——
(pL. P2 p3) (ar’ Gthera’ dphi

which approximates a tensile relation presented when the
point concerned is changed from the current position in polar
coordinate system to the Cartesian coordinate system. They
can be considered to be a direction and a distance in polar
coordinate system corresponding to the position (x, y, z) in
Cartesian coordinate system. So, a gradient table is con-
structed, which corresponds to each point in polar coordinate
system, in order to store the corresponding (p1, p2,p3). When
it is required to calculate the gradient at a point P(x, y, 7) in
Cartesian coordinate system, the coordinates of point P are
transformed into polar coordinates (r, theta, phi). (p1, p2, p3)
are obtained by looking up the gradient table through (r, theta,
phi) and then used as step lengths of the three coordinate axes
to calculate the gradient. Assuming the volume data in polar
coordinate to be V, the gradient Grad can be calculated as
follows:

Grad = (Gr, Gtheta, Gphi)
= (V(r+€&-pl, theta, phi) - V(r — € pl, theta, phi),
V(r, theta + € - p2, phi) - Vir, theta - € - p2, phi),

V(r, theta, phi+ &-p3) = V(r, theta, phi— & p3))

where a factor £ is used to control the step length, which can
be selected to be 2.

It is not necessary to reconstruct the reconstruction table
for each and every newly scanned volume data. The recon-
struction table can remain unchanged so long as the factors
which constitute the reconstruction table remain unchanged,
such as the rotation angle, the inter-frame angle, the scanning
depth for B image or scanning angle etc. When changes
happen to these factors, the controller will control a table
constructing module to reconstruct a table based on new
factors. In fact, parameters for the new reconstructed envi-
ronment do not change significantly, so the existing recon-
structed table may be used to accelerate the construction of a
new table. For example, if changes happen to the rotation
angle only, the existing reconstruction table and the existing
gradient table can be maintained so long as the excessive
reconstructed portion is calculated (in the case where the
rotation angle becomes larger) or the excessive transformed
portion is deleted (in the case where the rotation angle
becomes smaller). That is to say, table reconstruction for a
new angle may be accelerated by the existing reconstructed
table for a certain angle. For example, if the old angle is 50
degree and the new angle is 40 degree, it is possible to directly
interpolate the old reconstruction table to obtain a new one. If
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changes happen to the inter-frame angle, it is necessary to
reconstruct a new table. In this case, the desired new recon-
struction table can be obtained by interpolation based on the
existing table, whereby calculations, such as trigonometric
function transformation are not necessary.

The 3D imaging (block 510) uses a ray tracing method. As
shown in FIG. 10, Ov is the viewpoint, and P is a point in the
resultant image. In order to calculate values concerning point
P, the line connecting the viewpoint to point P is considered as
the ray direction. The ray passes through the volume data
which are sampled to obtain points R1~RN. Data concerning
point P can be obtained by performing a ray synthesis on these
points R1~RN.

For each of the volume data, there may be an opacity o that
is a monotone linear function proportional to the gray scale.

As shown in FIG. 11 and FIG. 12, the ray casting process
comprises the follows:

1) assigning initial values I,,=0, o, =0, i=1;

2) looking up the table to obtain a polar coordinate for a

sampling point Ri through its Cartesian coordinate;

3) calculating a gray-scale value Ci for point Ri by inter-

polation;

4) looking up the gradient table and calculating a gradient

Grad for this point;

5) calculating the inner product Ti of unit vector of the

gradient and unit vector of the ray direction;

6) calculating an accumulated gray scale I, and o._,,:

out

Lo Lt (1=, 0 Gy T,

=0, 10 (1-0,);

aout
7) Iin:IoutS ain:aout;
8) outputting the current I, as a value corresponding to the
pixel of the resultant image, if the termination condition
is satisfied; otherwise, i=1+1 and skipping to 2).

The synthesis condition as referred to in FIG. 11 means a
threshold set for the gray scale of the current sampling point.
If the gray scale is smaller than the threshold, the point is
considered as noise, and the synthesis step will not involve
that point. The threshold is generally set as 30 in accordance
with different noise levels of different machines.

The termination condition is generally one of the follows:
a)a,,<K, K representing an accumulated opacity value. In

fact, when the accumulated opacity value reaches 1, the
subsequent re-sampled points will be covered entirely
by the preceding points. Moreover, selecting the condi-
tion K<1 is to ensure that the obtained gray scale is
synthesized by the values on the surface only, so that the
points inside the tissue will not be displayed, and the
time for terminating ray casting will be reduced,

b) the volume data re-sampled with a ray progressing to the

last point.

For each pixel on the resultant image, the gray scale of ray
synthesis is calculated by emitting rays to finally form the
image.

FIG. 13 is a block diagram of an apparatus for fast 3D
ultrasound imaging according to the embodiment of the
present invention. The apparatus comprises an acquisition
module 1300, a selection module 1302, a smoothing module
1304, a construction module 1306, a ray casting module
1308, a table look-up module 1310, a synthesis module 1312
and an output module 1314. The acquisition module 1300
scans and acquires volume data in polar form, which are then
stored in a cache. The selection module 1302 is optional,
whereby the user may set a region of interest via an interface
and select data concerning the region of interest from the
cache and transmit the selected data to the smoothing module
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1304 and the subsequent modules for processing. The
smoothing module 1304, which is optional also, smoothes the
acquired volume data. The construction module 1306 con-
structs a reconstruction table and a gradient table, among
which the reconstruction table contains relations for trans-
forming a Cartesian coordinate into a polar coordinate, and
the gradient table contains (p1,p2,p3) corresponding to a
polar coordinate point (r, theta, phi), where

X aY BZ]

G=(pL P2, p3):(ﬁ’ dthera’ Bphi

The ray casting module 1308 selects an initial sampling point,
assigus initial values to the gray scale and opacity of the point
and obtains a Cartesian coordinate of the sampling point by
casting. The table look-up module 1310 obtains a polar coor-
dinate by looking up the table through the Cartesian coordi-
nate of the sampling point and calculates gray scale of the
sampling point by interpolation. If the gray scale at a sam-
pling point as calculated meets a synthesis condition, that
sample point will be synthesized in the synthesis module
1312, while those that do not meet the synthesis condition
will be returned back to the ray casting module 1308 to be
re-sampled. If the gray scale value meets the synthesis con-
dition, the gradient of that sampling point will be calculated
by the synthesis module 1312 by looking up the gradient
table. The synthesis module 1312 then calculates inner prod-
uct of unit vector of the gradient and unit vector of the ray
direction, and subsequently calculates an accumulated gray
scale and an accumulated opacity based on the inner product.
The output module 1314 outputs the currently accumulated
gray scale value as a result for corresponding pixel of a
resultant image if a predetermined termination condition is
satisfied. Otherwise the process will return back to the ray
casting module 1308. Where the termination condition is met,
it is only a certain ray that is to be terminated, and only one
pixel of the resultant image is output. Therefore, only upon a
plurality ofray castings can one frame of 3D image be formed
and output. As shown in FIG. 13, many modules communi-
cate to the ray casting module. First, the ray casting module
1308 will be effected after data construction. Second, when
the synthesis condition or the termination condition is not
satisfied, the ray casting module 1308 will start functioning in
order to pick up the next sampling point. Finally, after the
output module 1314 outputs the gray scale value of the pixel
synthesized by the casting ray, if there are no pixels to be cast,
the ray casting module 1308 will still be effected to start ray
casting and sampling of the next pixel.

According to the embodiment of the present invention, the
smoothing step may also be performed after the ray synthesis.
That is, only when the sampling points are desired will the
result for the smoothing step be calculated in real time. In this
way, the amount of calculation is reduced, and an accurate
approximation is reachable. FIG. 14 shows a flow chart of ray
casting, in which the smoothing is implemented after the ray
synthesis, and other steps are the same as those described
hereinbefore. FIG. 15 is a block diagram of an apparatus for
fast 3D ultrasound imaging, in which the smoothing is imple-
mented after the ray synthesis, and other structures are the
same as those described hereinbefore.

The present invention has been described in details by way
of above-mentioned specific embodiments, but the present
invention is not limited to these specific embodiments. A
person skilled in the art may understand that many modifica-
tions, alternations, equivalent substitutions can be made with-
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out departing from the spirit of the present invention, and
should be considered as within the protective scope of the
present invention defined by the attached claims.

The invention claimed is:
1. A method for 3D ultrasound imaging, comprising steps
of:

acquiring volume data associated with polar coordinate
locations (r, theta, phi) from a scanning operation of a
mechanical ultrasound probe;

storing the volume data in a cache;

constructing a reconstruction table and a gradient table,
wherein the reconstruction table contains entries asso-
ciating the polar coordinate locations of the volume data
with equivalent Cartesian coordinate locations (X, Y, 7),
and the gradient table contains entries (pl, p2, p3) for
each polar coordinate location of the reconstruction
table calculated according to:

ax oY 9z

Lp2,pd=|— 57— 7k
(vl p2.P3) (6r Otheta” 0 phi

casting rays to determine an initial sampling point which is
assigned with an initial gray scale and an initial opacity;

obtaining a Cartesian coordinate location of the initial sam-
pling point;

obtaining a polar coordinatelocation of theinitial sampling

point according to the initial sampling point’s Cartesian
coordinate location using the reconstruction table and
interpolating gray scale values of locations surrounding
the initial sample point to derive an actual gray scale
value of the initial sampling point;

in response to determining that the actual gray scale value

meets a synthetic condition, calculating a gradient of the
initial sampling point using the gradient table, and cal-
culating an inner product ofa unit vector of the gradient,
a unit vector of a ray direction of the initial sampling
point, and an accumulated gray scale and an accumu-
lated opacity based in part on the initial gray scale and
the initial opacity; and

in response to determining that a predetermined termina-

tion condition is satisfied, outputting the accumulated
gray scale for the pixel corresponding to the initial sam-
pling point on a 3D resultant image.

2. The method according to claim 1, further comprising
step of:

smoothing the volume data.

3. The method according to claim 2, wherein the smoothing
step is executed after the obtaining a polar coordinate location
of the initial sampling point step, so as to smooth the volume
data at the initial sampling point and obtain the smoothed data
of the volume data at the polar coordinate location of the
initial sampling point.

4. The method according to claim 1, further comprising
step of:

designating a region of interest via an interface; and

selecting data concerning the region of interest from the

cache.

5. The method according to claim 1, further comprising
performing smoothing processing using a mean filter or a
median filter.

6. The method according to claim 1, wherein the method is
carried out along a uniform direction among various direc-
tions of the initial sampling point.

7. The method according to claim 1, wherein when a rota-
tion angle, an inter-frame angle, a scanning depth for a B
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image or a scanning angle of the mechanical ultrasound probe
are changed, the reconstruction table is reconstructed.

8. The method according to claim 1, further comprising
calculating a gradient of the initial sampling point using the
gradient table comprising:

transforming a Cartesian coordinate point location (x,, y,,

7,) into a polar coordinate point location (r,, theta,,
phi, );

obtaining entries (p1, p2, p3) for the polar coordinate point

location (r. theta, phi) using the gradient table; and
calculating a gradient Grad using the entries (p1, p2, p3) as
step lengths of three coordinate axes according to:

Grad = (Gr, Gtheta, Gphi)
=(Vr+&-pl, theta, phi) - V(r - €- pl, theta, phi),
V(r, theta + € - p2, phi) - V(r, theta - £ - p2, phi),

V(r, theta, phi+ & p3) = Vir, theta, phi— £ p3))

where the factor & is used to control the step length.

9. The method according to claim 1, wherein the initial
gray scale and the initial opacity are both 0.

10. The method according to claim 1, wherein the accumu-

lated gray scale 1,,, and the accumulated opacity «,,, are
calculated according to:
Lo Lyt (140 0y Cr I
=Gt Oty (1=
where I, is the accumulated gray scale inputand 1, is the

accumulated scale output; o, is the accumulated gray
scale opacity input and o, is the accumulated gray
scale opacity output; C, and «, are a gray scale and the
opacity of a pixel which the cast ray traverses respec-
tively; and T, is the inner product of an unit vector of the
gradient and an unit vector of the ray direction.

11. The method according to claim 1, wherein the synthetic
condition is a threshold for the actual gray scale, and wherein
if the actual gray scale is smaller than the threshold, the initial
sampling point concerned is considered as noise, the thresh-
old being based on a noise level of an ultrasound imaging
machine.

12. An apparatus for 3D ultrasound imaging, comprising:

an acquisition module for acquiring volume data associ-

ated with polar coordinate locations (t, theta, phi) from a
scanning operation of a mechanical ultrasound probe;

a construction module for constructing a reconstruction

table and a gradient table, wherein the reconstruction
table contains entries associate the polar coordinate
locations of the volume data with equivalent Cartesian
coordinate locations (X, Y, Z), and the gradient table
contains entries for each polar coordinate location of the
reconstruction table calculated according to:

ax 9y 9z
dr’ diheia’ dphi)

(plL, p2, p3) :(

aray casting module for casting rays to determine an initial
sampling point which is assigned with an initial gray
scale value and an initial opacity value, and to obtain a
Cartesian coordinate location of the initial sampling
point;

atable look-up module for using the reconstruction table to
obtain a polar coordinate location of the initial sampling
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point according to the initial sampling point’s Cartesian
coordinate location, wherein the gray scale values of
locations surrounding the initial sample point are sub-
jected to interpolation to derive an actual gray scale
value of the initial sampling point;

a synthesis module for calculating a gradient of the initial
sampling point using the gradient table based on a deter-
mination that the actual gray scale value meets a syn-
thetic condition, for calculating an inner product of a
unit vector of the gradient, a unit vector of a ray direc-
tion, an accumulated gray scale, and an accumulated
opacity based in part on the initial gray scale value and
the initial opacity; and

an output module for outputting the current accumulated
gray scale for the pixel corresponding to the initial sam-
pling point on a 3D resultant image in response to deter-
mining that if a predetermined termination condition is
satisfied.

13. The apparatus according to claim 12, further compris-

ing:

a smoothing module for smoothing the volume data.

14. The apparatus according to claim 12, further compris-
ing:

a selection module for designating a region of interest via
an interface and for selecting data concerning the region
of interest from the cache.

15. The apparatus according to claim 13, wherein the
smoothing module performs a mean filter or a median on the
volume data.

16. The apparatus according to claim 13, wherein the
smoothing module carries out the smoothing along a uniform
direction among various directions of the initial sampling
point.

17. The apparatus according to claim 12, wherein when a
rotation angle, a frame-to-frame angle, a scanning depth fora
B image or a scanning angle of the mechanical ultrasound
probe are changed, the reconstruction table is reconstructed.
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18. The apparatus according to claim 12, wherein the syn-
thesis module transforms a Cartesian coordinate point loca-
tion (X, y,, Z,) into a polar coordinate point location (r,,
theta,, phi, ) obtains entries (p1, p2, p3) for the polar coordi-
nate point location (r, theta, phi) using the gradient table, and
calculates a gradient Grad using (p1, p2, p3) as step lengths of
three coordinate axes in according to:

Grad = (Gr, Gtheta, Gphi)

=(V(r+&-pl, thera, phi)—V(r— €. pl, theta, phi),
V(r, theta + & - p2, phi) — V(r, theta — - p2, phi),
V(r, theta, phi+ & p3) = V(r, theta, phi— € p3))

low = I + (1 = @) -0; - C;- T

Cour = i + 0+ (1 = ap);

where the factor is used to control the step length.

19. The apparatus according to claim 12, wherein the ray
casting module assigns an initial value 0 to both the gray scale
and the opacity.

20. The apparatus according to claim 12, wherein the syn-

thesis module calculates the accumulated gray scale I, and
the accumulated opacity «,,, according to:
Lo Lyt (140 0y Cr T
Qg =Cgrt 0ty (1=, )5
where I, is the accumulated gray scale inputand 1, is the

accumulated scale output; ., is the accumulated gray
scale opacity input and a,, is the accumulated gray
scale opacity output; C, and o, are a gray scale and the
opacity of the pixel which the cast ray traverses respec-
tively; and T, is the inner product of an unit vector of the
gradient unit and an unit vector of the ray direction.
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