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(57) Abstract

An ultrasonic imaging system (10) includes an ultrasonic
transducer (16) having an image data array (18) and a tracking array
(20) at each end of the image data array (18). The tracking arrays
(20, 22) are oriented traversely to the image data array (18). Images
from the image data array (18) are used to reconstruct a three-
dimensional representation of the target. The relative movement
between respective frames of the image data is automatically
estimated by a motion estimator (38) based on frames of data from
the tracking arrays (20, 22). As the transducer (16) is rotated
about the azimuthal axis of the image data array (18), features of
the target remain within the image planes of the tracking arrays
(20, 22). Movements of these features in the image planes of
the tracking arrays are used to estimate motion as required for
the three-dimensional reconstruction. Similar techniques estimate
motion within the plane of an image to create an extended field of
view.
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MULTIPLE ULTRASOUND IMAGE REGISTRATION
SYSTEM, METHOD AND TRANSDUCER

CROSS-REFERENCE TO RELATED APPLICATION

This application is a continuation-in-part of co-pending U.S. patent
application Serial No. 08/621,561, filed March 25, 1996, which isinturn a
continuation-in-part of provisional U.S. patent application Serial No.
60/012.578 filed February 29, 1996, and assigned to the assignee of the

present invention.

BACKGROUND OF THE INVENTION

This invention relates to an improved system, method and transducer
for acquiring two-dimensional image information and relative positional
information regarding the image information to allow subsequent three-
dimensional or extended field of view reconstruction.

There is growing interest in three-dimensional ultrasonic images. One
approach is to use a two-dimensional transducer array to obtain three-
dimensional image information directly. A two-dimensional array can be used
to scan electronically in any desired orientation, and thereby to acquire the
desired information. This approach brings with it considerable problems
related to fabrication difficulties, signal to noise difficulties and processing
difficulties.

Another approach is to collect multiple two-dimensional image data
frames using a one-dimensional transducer array aiong with relative
positional information among the image data frames so that these frames
may be subsequently assembled in a three-dimensional volume to form the

desired three-dimensional reconstruction. One approach is to use a
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motorized array to collect the desired set of image data frames by precisely
controlling the movement of the transducer array. One example is the
transducer shown in U.S. Patent Application Serial No. 08/267,318 (Hossack,
et al., assigned to the assignee of the present invention). See aiso Pini U.S.
Patent No. 5,159,931). A related approach is to use a large rotating
transducer as described in McCann et al., "Multidimensional Ultrasonic
Imaging for Cardiology" (Proceedings of IEEE, 76, 9, pp. 1063-1072, Sept.

1988). Another approach is to use manual motion detection techniques

based on analysis of ultrasonic images. See Sapoznikov et al., "Left
Ventricular Shape, Wall Thickness and Function Based on Three-
Dimensional Reconstruction Echocardiography" ("Computers in Cardiology,"
IEEE Computer Society Press, Cat CH 2476-0, pp. 495-498, 1987); and
Taruma et al., "Three-Dimensional Reconstruction of Echocardiograms Based
on Orthogonal Sections" (Pattern Recognition, 18, 2, pp. 115-124, 1985).
Manual techniques are slow and cumbersome and, therefore have many
drawbacks.

Schwartz U.S. Patent 5,474,073 describes a qualitative three-
dimensional method using a hand-held transducer array and an assumed
scan motion. Qualitative methods have drawbacks, and the present invention
is directed to a quantitative method.

Keller U.S. Patent 5,353,354 discloses a transducer array equipped
with accelerometers or magnetic sensors designed to measure the orientation
of the transducer, and therefore relative motion between respective image
planes. Once the image plane positional information is provided, standard
methods are employed for assembling the image plane information into a
three-dimensional volume and providing an appropriate display such as a
cross section, a surface rendering, a segmentation, or the like. One
drawback of the Keller approach is that it relies on assessing the position of
the transducer array with respect to a fixed surface exterior to the patient, not
with respect to the patient or other target. If the patient moves, the absolute
position of all target regions is moved, and the accuracy of the three-

dimensional reconstruction is degraded or eliminated entirely. Magnetic
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sensor systems have additional disadvantages, such as potential vuinerability
to local magnetic interference from metal objects and electromagnetic fields
generated by electronic devices such as cathode ray tubes. Accelerometer
systems can be bulky and susceptible to cumulative error, since they rely on
two stages of integration to convert acceleration information to displacement
information.

The present invention is directed to a new system and transducer

which to a large extent overcome the problems discussed above.

SUMMARY OF THE INVENTION

According to a first aspect of this invention, a method is provided for
registering image information acquired from a target, comprising the following
steps:

(@ acquiring a plurality of sets of image information with at least
one ultrasonic transducer array, said at least one array moved between at
least some of the sets of image information, said plurality of sets comprising a
plurality of image data sets and a plurality of tracking sets;

(b)  automatically determining a component of motion basedon a
comparison of at least a portion of the tracking sets acquired in step (a); and

(©) automatically using the component of motion determined in step
(b) to register selected ones of the image data sets acquired in step (a).

According to one aspect of this invention, the image data sets are
acquired with different transducer arrays. According to another aspect of this
invention, motion estimates are used to create an extended field of view, and
in this case no separate array may be required for the tracking sets.

This invention is also directed to an improved transducer suitable for
use in the method described below. The transducer of this invention includes
a support element and first, second, and third transducer arrays coupled to
move with the support element. The first transducer array includes first
transducer elements arranged along an azimuthal axis and having first and
second ends spaced along the azimuthal axis and a first central image plane.

The second transducer array comprises second transducer elements
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positioned near the first end of the first transducer array and comprising a
second central image plane. The third transducer array comprises third
transducer elements positioned near the second end of the first transducer
array and comprising a third central image plane. The first and second
central image planes are non-parallel, as are the first and third central image
planes.

This arrangement for an ultrasonic transducer allows both tracking
information and image information to be collected concurrently. The tracking
information is used to determine estimates of the movement of the transducer
and/or the target between respective image data frames. This information
can then be used in registering the respective image data frames
appropriately in three-dimensions to form the desired three-dimensional
representation.

Further aspects and advantages of the invention are discussed below

in conjunction with the preferred embodiments.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a block diagram of an ultrasonic imaging system that
incorporates a presently preferred embodiment of this invention.

Figure 2 is a schematic perspective view of the transducer of Figure 1.

Figure 3 is a schematic side view of the transducer of Figure 2.

Figure 4 is a schematic plan view of the transducer of Figure 2.

Figure 5 is a schematic view of a portion of the system of Figure 1.

Figure 6 is a schematic perspective view showing the movement of
image regions as the transducer of Figure 2 is rotated about the azimuthal
axis.

Figures 7, 8, 9 and 10 are schematic views showing images acquired
with the transducer of Figure 6 at four rotational positions of the transducer.

Figure 11 is a schematic perspective view showing the operation of the
transducer of Figure 2.

Figure 12 is a schematic plan view of a tracking image region

generated with the system of Figure 1.
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Figure 13 is a schematic view showing the averaging of estimates of
motion in the system of Figure 1.

Figure 14 is a schematic view showing how the bulk motion of an
imaged organ can be recognized and disregarded in the system of Figure 1.

Figure 15 is a schematic view showing the movement of the target
among acoustic lines as the transducer of Figure 2 is rotated about the
azimuthal axis.

Figure 16 is another view of the raw acoustic line data of Figure 15.

Figures 17, 18 and 19 are three schematic perspective views showing
the manner in which multiple image data frames can be registered with
respect to one another in three-dimensions to form a three-dimensional
representation.

Figure 20 is a view of a display generated by the system of Figure 1.

Figure 21 is a schematic view of a modified version of the transducer
of Figure 1.

Figure 22 is a schematic view of an alternative ultrasonic imaging
system.

Figures 23 through 26 are plan views of transducers using crossed
arrays suitable for use in selected embodiments of this invention.

Figures 27 and 27a through 27e are plan views of alternative
transducers suitable for use in selected embodiments of this invention.

Figures 28 and 29 are plan views of other transducers suitable for use
in selected embodiments of this invention.

Figure 30 is a block diagram of an ultrasonic imaging system which
incorporates a preferred embodiment of this invention.

Figures 31 and 32 are flowcharts of routines performed by the imaging
system of Figure 30.

Figure 33 is a schematic diagram illustrating operation of an alternative
embodiment.

Figures 34 through 37 are graphs illustrating operation of a fuzzy logic

system included in an alternative form of this invention.
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Figure 38 is a diagram showing the manner in which two frames can
be weighted to form an extended field of view.
Figures 39 and 40 are schematic views that relate to a single block

motion estimation system.

Detailed Description Of The
Presently Preferred Embodiments

Turning now to the drawings, Figure 1 is a block diagram of an
ultrasonic imaging system 10 which incorporates a presently preferred
embodiment of this invention. The following discussion will first present a
system overview, and then a detailed description of selected components of

the system.

System Overview

The system 10 includes a beamformer system/ signal detector 12
which includes both transmit and receive beamformers and is connected via a
multiplexer/ demultiplexer 14 to an ultrasonic transducer 16. Any suitable
devices, including conventional devices, can readily be adapted for use as the
elements 12, 14.

The ultrasonic transducer 16 will be described in greater detail below in
conjunction with Figures 2-4. Here, it is important to note that the transducer
16 preferably includes three separate transducer arrays 18, 20, 22. The
array 18 is used for collecting image data that will be used to construct
displayed representations of the target. The arrays 20, 22 are smaller arrays
oriented in this embodiment at right angles to the image data array 18 to
operate as tracking arrays. The tracking arrays 20, 22 are used in this
embodiment to estimate the motion between respective image data frames
from the image data array to allow the image data frames to be registered
properly for reconstruction.

The beamformer system/signal detector 12 sends excitation signal
puises to the arrays 18, 20 and 22 and supplies summed returning echoes to
a signal detector. The output of the signal detector is supplied to a scan

converter 24. The beamformer system/signal detector 12 operates the arrays
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18, 20, 22 in the conventional manner as phased arrays by properly timing
the excitation signals applied to the arrays 18, 20, 22, and by properly timing
and phasing the received signals prior to summing. The scan converter 24
controls an output display 26 to display preferably the three images generated
by the three arrays 18, 20, 22 along with additional information as described
below.

In addition, scan-converted image information from the scan converter
24 is stored in a data storage system 28. In this embodiment the data
storage system 28 includes three separate storage arrays, each storing data
for image frames from a respective one of the arrays 18, 20, 22. Thus, image
information from the image data transducer array 18 is stored as frames of
image data in the storage array 30, and image information from the tracking
transducer arrays 20, 22 is stored as respective frames of image data in the
storage arrays 32, 34, respectively. The frames of data in the storage arrays
30, 32, 34 are all time marked, so that they can be associated with one
another appropriately. This time marking can take the form of real-time clock
information or frame number information, for example.

The frames of image data in the storage array 30 are applied to a
computer 36. It is these frames that are used to form the displayed
representation of the target. The tracking image frames stored in storage
arrays 32 and 34 are not registered to create a displayed reconstruction of the
target, but are instead used to determine the relative positions of individual
frames of image data from the image data storage array 30.

In order to estimate movement of the target between successive
frames of the image data, the image information from the tracking array data
storage arrays 32, 34 is supplied to a motion estimator 38. The motion
estimator 38 compares sequences of images from the tracking transducer
array 20 and the tracking transducer array 22 to estimate a component of
motion of the transducer 16 between the respective frames. This estimate of
the component of motion is smoothed in logic 40, and then applied to a
calculator 42 that calculates a vector value defining the best estimate of the

movement between selected frames of the image data stored in the image
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data storage array 30. This vector is then applied as another input to the
computer 36.

in the system 10, the elements 28 through 42 can be designed to
operate in real time, and the motion vectors can be displayed on the output
display 26 as discussed in conjunction with Figure 20. Once a full set of data
has been acquired, the image data frames and the frame-to-frame translation
vectors can then be transmitted to the specialized computer 36 which can
either be combined with or external to the ultrasonic imaging system.

The computer 36 registers selected frames of image data from the
image data storage array 30 with respect to one another by appropriate use
of the vectors supplied by the calculator 42. Also any necessary interpolation
is done, and the respective frames of image data are stored in proper
registration with respect to one another in a three-dimensional data storage
device 44. The computer 36, when operating in a display mode, can select
appropriate information from the three-dimensional data storage device 44 to
provide a desired image on the display 46. For example, cross sections can
be taken in various planes, including a wide variety of planes that do not
correspond to the planes of the image data. Also, surface renderings and
segmentation displays can be created if desired.

In one mode of operation, the transducer 16 is rotated through a
sweep under the direct manual control of an operator, smoothly from side-to-
side about a single axis of rotation lying along the azimuthal axis on the face
of the image data array 18. The method described below can account for
imperfections in the sweep. During three-dimensional reconstruction, the
quality of the reconstruction degrades gracefully as a result of positional error.

Distortion rather than blurriness is the result of imperfect motion detection.

The Ultrasonic Transducer 16

Figures 2-4 provide three views of the ultrasonic transducer 16. As
shown in Figure 4, the three arrays 18, 20, 22 each comprise a respective set
of transducer elements 48, 50, 52, all mounted on a common support element

53. The transducer elements 48 are arranged along an azimuthal axis A, and

PCT/US97/03241
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the image data transducer array 18 defines first and second ends 54, 56.
The tracking arrays 20, 22 are each positioned near a respective one of the
ends 54, 56, centered on the azimuthal axis A. The transducer elements 50,
52 are arranged along respective tracking axes T1, T2, and the tracking axes
T1, T2 are in this preferred embodiment substantially perpendicular to the
azimuthal axis A. The tracking arrays 20, 22 are each shorter than the image
data array 18, and each has fewer transducer elements 50, 52. Each of the
transducer elements 48 can be spaced at 1/N times the pitch of the
transducer elements 50, 52. As shown in Figure 3, the tracking arrays 20, 22
can be oriented to point inwardly, toward the image data array 18.
Alternately, the tracking arrays 20, 22 can be coplanar with the array 18, to
provide a preferred profile for the transducer 16.

The image data array 18 can be of conventional form, such as a flat
linear array with a cylindrical elevation focusing lens. Alternately, the array
can be generally flat, but the transducer elements can be curved in elevation
to focus. In this case a non-refractive filler such as a polyurethane can be
used since a focusing lens is no longer required. Whether or not a lens is
used, the image data array may be curved in azimuth to yield a larger field of
view. The tracking arrays 20, 22 will typically include a lens to achieve the
desired focus in elevation. Since the curvatures of the various lenses or
arrays will be in differing planes, a non-refractive filler section may be formed
on the transducer 16 to yield the preferred smooth shape. Alternately, the
tracking arrays 20, 22 may also be curved with non-refractive windows formed
on top of the desired shape. Both the image data array 18 and the tracking
arrays 20, 22 may be phased sector, Vector®, linear or curvilinear. All
imaging modes including B mode, color Doppter, color Doppler energy and
the like are supported. A conventional TEE transducer such as the biplane
VV510B transducer of Acuson can be used in a two-transducer embodiment.

The transducer geometry shown in Figures 3 and 4 can be used to
obtain image planes as shown in Figure 2. The image plane 58 of the image
data array 18 in this embodiment passes through the azimuthal axis A.

Image data collected with the image data array 18 is positioned along scan
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lines 64 in the image plane 58. The image planes 60, 62 of the transducer

arrays 20, 22, respectively, are oriented transversely to the image plane 58.
The image planes 58, 60, 62 are the central image planes of the respective
arrays, that is the only image plane for a 1D array and the central plane (i.e.
the plane not steered in elevation) for a 1.5D array.

For the sake of simplicity, the tracking arrays 20, 22 may have identical
transducer element pitches to that used by the image data array 18. This
approach allows the same beamformer delays to be used for all three arrays
18, 20, 22. However, in many applications the tracking arrays 20, 22 are
adapted to form relatively fewer acoustic lines. This is particularly the case if
motion detection is concentrated in the vicinity of the center line of the image
planes 60, 62. If only a narrow field of view is required for the tracking arrays
20, 22 then the tracking array pitch may be coarser, for example twice the
pitch of the image data array 18.

By making the tracking array pitch an integer multiple of the image
data array pitch, the same beamforming delays can be used, but with the
appropriate channels disconnected, as shown in Figure 5. In Figure 5 the
element-to-element pitch of the tracking array 20 is twice that of the image
data array 18, and consecutive transducer elements 50 of the tracking array
20 are connected to only the even or odd signal lines for the transducer
elements 48 of the image data array 18. In the limit, each tracking array 20,
22 may be composed of as few as two transducer elements, aithough this will
limit the maximum resolution that is achievable.

Common signal conductors can be used between the
beamformer/signal detector 12 and the housing for the transducer 16. In the
housing, individual signals are routed between the signal conductors and the
transducer elements 48, 50, 52 by high voltage analog switches or
multiplexers, such as those available from Supertex inc., Sunnyvale,
California and having the family designation HV2xx.

Figures 6-11 are schematic views that illustrate the manner in which
images generated by the tracking arrays 20, 22 can be used to estimate the

movement between images generated with the image data array 18. Figure 6
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shows a perspective view for three separate positions of the transducer 16.
These three separate positions of the transducer 16 are obtained by rotating
the transducer 16 about the azimuthal axis. As the image data array 18
rotates about the azimuthal axis A, the image planes 58A, 58B, 58C rotate in
a fan-like manner. Thus, each of the image planes 58A, 58B, 58C of Figure 6
is disposed in a separate, respective plane of three-dimensional space.

In contrast, the image planes 60A, 60B, 60C; 62A, 62B, 62C for each
tracking array 20, 22 remain coplanar as the transducer 16 is rotated about
the azimuthal axis A. The actually imaged regions within the image planes
B0A, 60B, 60C; 62A, 62B, 62C rotate about the azimuthal axis A as the
transducer 16 rotates. In many applications, the imaged regions within the
image planes 58A, 58B, 58C will not overlap or intersect the imaged regions
within the image planes 60A, 60B, 60C or the imaged regions within the
image planes 62A, 62B, 62C. This arrangement can reduce cross talk and
other interference problems, as discussed below.

Figures 7-10 show four sets of images. Each set includes an image
66A, B, C, D from the image data array 18 and a corresponding image 68A,
B, C, D from one of the tracking arrays 20, 22. In this case the target is a
sphere, and the images 66, 68 intersect such that the sphere appears in both
images 66, 68. As shown in images 66A, B, C, and D, various cross sections
of the sphere are displayed as the transducer 16 rotates about the azimuthal
axis. The cross sections shown in images 66A and 66D show smaller
diameter disks taken near an edge of the sphere, and the images 66B and
66C show larger diameter disks taken near the center of the sphere. Thus,
the disks shown on the images 66A, B, C and D differ in diameter, in
accordance with the moving plane of the image (see Figure 6). In contrast,
the images 68A, B, C, and D all show disks of the same size. Because the
plane of the images 66A, B, C, and D remains the same, as discussed above
in conjunction with Figure 6, the disk that is displayed in these images
remains constant in size but moves across the image plane. The location of

the disk as it moves from one image to the next provides a measure of a
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component of motion of the transducer 16 in the image plane of the images
68A, B, C, D.

If the image plane of the transducer arrays 20, 22 are not
perpendicular to the surface of the image data array 18 (for example because
the tracking arrays 20, 22 are pointed inwardly as shown in Figure 3), it may
be preferred to use a cosine O correction factor to take account of the
difference between image range and physical depth perpendicular to the
image data array 18.

An important advantage of the transducer 16 is that it includes two
tracking arrays 20, 22, each positioned near an adjacent end 54, 56 of the
image data array 18. This arrangement allows compound rotations to be
assessed. In Figure 11 the transducer 16 is rotated about a rotational axis
RA oriented as shown. In Figure 11 the solid-line circles denote the image of
the target at a first point in time, and the dotted-line circles denote the image
of the target at a subsequent point in time, after rotation about the rotational
axis RA. Note that the images move in opposite directions in the image
planes 60, 62 in this situation. By comparing the component of motion
determined separately from the two tracking arrays 20, 22 the actual rotation
of the target with respect to the transducer 16 can be determined.

If desired, the transducer 18 can include an absolute sensor for
position, orientation, or both, such as a magnetic sensor 19 as shown in
Figure 21 or an accelerometer. The sensor 19 may be used to supplement or
back up the motion detection approach described in detail below, and may be
of the types described in Keller U.S. Patent 5,353,354.

The Beamformer System/Signal Detector 12

As the transducer 16 is rotated substantially about the azimuthal
axis A, the image data array 18 and the tracking arrays 20, 22 are
sequentially operated. When the arrays 18, 20, 22 are individually
addressable, the transmit beamformer in element 12 sends appropriately
timed and phased excitation signals to the respective transducer elements 48,

50, 52. In one embodiment a frame of data from the image data array 18 is
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coliected, and then frames of data from the tracking arrays 20. 22 are
collected. Alternately, the transmit beamformer may alternate between the
image data array 18 and the tracking arrays 20, 22 between individual scan
lines or between groups of scan lines. If the image planes of the arrays 18,
20, 22 are non-intersecting, and particularly if the image data array 18 is
excited at a different frequency than the tracking arrays, then the risk of
cross-array interference is small. For this reason the pulse repetition rate
(which is normally limited by the time required for ultrasonic signals to
attenuate in the body between successive scan lines) may be increased.

In some applications the arrays 18, 20, 22 may be connected in
common to the transmit beamformer. Typically, the imaging requirements for
the image data array 18 will differ substantially from those for the tracking
arrays 20, 22. Image data quality should be maintained at a high level, but
tracking data need only be of sufficient quality to permit reliable tracking.
Costs may be reduced by sharing some cable conductors between the array
18 and the arrays 20, 22. Typically, elements near the ends of the image
data array 18 are most suitable for sharing, since they are iess important than
center elements.

In order to reduce interference between the arrays 18, 20, 22 cable
routing from the elements 48 of the image data array 18 to the elements 50,
52 of the tracking arrays 20, 22 is preferably jumbled in a known
pseudo-random manner. The element 12 uses the jumbling scheme to sort
the beamformer delays such that one set of arrays (either the image data
array 18 or the tracking arrays 20, 22) is operated coherently at any given
scan line. The other set is operated incoherently because of the cable
jumbling. The optimum jumbling scheme may be determined by routine
experimentation.

Cross talk may be further reduced with frequency coding and voltage
level techniques. The tracking arrays 20, 22 may operate with a reduced
image depth, such as a few centimeters, and therefore a high frequency such
as 10 MHz. The image data array 18 may operate at a longer range, lower

frequency such as 5§ MHz, thereby reducing cross talk. The transducer
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elements 48, 50, 52 may be formed with thicknesses that select the
appropriate frequencies. Also, bandpass filters may be used in the element
12 to select the desired frequency bands for detection.

Voltage levels may vary between the two sets of arrays 18, 20, 22. For
example a higher voltage may be used when the tracking arrays 20, 22 are
selected, particularly if the tracking arrays 20, 22 require a higher voltage to
operate effectively. In this case the tracking arrays 20, 22 emit a relatively
small signal when the image data array 18 is selected and the voltage level is
reduced.

Figure 22 shows an alternative system 10' which uses many of the
same components as the system 10. The system 10' differs in that the arrays
18, 20, 22 are operated simultaneously at different frequencies by
beamformer/signal detectors 12', 12". In each case a respective bandpass
filter 13', 13" is provided to isolate the bandpass of interest. As described
above, the tracking arrays 20, 22 may operate at 10 MHz and the image data
array 18 may operate at 5 MHz. The jumbled cable routing discussed above
may be used to reduce interference. The bandpass filters 13', 13" can
operate on beamformed signals, but the arrangement of Figure 22 is
preferred in practice.

When the transducer 16 is swept by rotating it about the azimuthal axis
A, the preferred format for the image data array 18 is the sector format.
Acoustic line data acquired by in the sector format can be conveniently used
in the correlation process without scan conversion, since, for example, a pure
rotation in rectangular coordinates can be represented as a change in an
angular coordinate in a suitably chosen cylindrical coordinate system, given
knowledge of the line to line angular increment, the angles of the lines with
respect to the normal line (see Figure 15), and the sample to sample range

increment.

The Motion Estimator 38

Motion detection may be performed manually, for example by placing a

line on the display data at a particular recognizable feature in the image
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planes 60, 62 and then repeating this activity on subsequent frames. The
system can keep track of the line position for successive frames to generate a
vector indicative of frame-to-frame motion.

A better method is to use computer analysis of frame-to-frame motion
using a cross correlation or similar method on the image data acquired with
the tracking arrays 20, 22. Such techniques (which will be referred to herein
generally as correlation techniques) have been used in the past for tracking
blood flow. These methods do not require that a recognizable feature be
present in the display area, and they can function adequately using only
ultrasound speckle data. Speckle is a naturally occurring phenomenon in
ultrasound images and is a result of the coherent nature of the reflected
waves from small scattering objects in the tissue.

Any suitable correlation technique can be used, including cross
correlation and the sum of absolute differences method as discussed in Bohs
and Trahey "A Novel Method For Angie independent Ultrasonic Imaging Of
Blood Flow And Tissue Motion" (IEEE Trans. on Biomed. Eng., 38, 3, pp.
280-286, March, 1991). Cross correlation is the well-known mathematical
operation which uses sequentially obtained sums of multiplication operations
for various translations of data in a search for the translation for which the two
sets of data are best matched. The sum of absolute differences method is a
computationally simpler correlation technique, but it achieves a similar net
effect. The sets of data are translated by varying amounts. For each
translation respective data vaiues in each of the sets are subtracted and the
sum of the absolute differences is calculated. If a particular translation gives
a sum of absolute differences that is close to zero, then it is probable that the
sets of data have been aligned by the associated translation. This translation
required to achieve an alignment is an indication of the motion between the
two respective frames at the sides of the image closest to the respective
tracking array. As expiained below, the motion at other parts of the image
can be evaluated using the detected motion at both tracking arrays and linear

interpoiation techniques along the azimuth of the image data array 18.
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The size of the data block used in either type of correlation is a matter
for optimization. Bigger blocks will have a reduced likelihood of a false match
but will require longer calculation times. The maximum frame-to-frame
displacement that can be detected is limited by the block size. Typically,
searches are made to plus or minus one-half of a block size. By way of
example, a 16 x 16 pixel block may be used to detect a maximum translation
of plus or minus 8 pixels.

The motion estimator 38 can use any effective technique to determine
motion based on the frames of data stored in the arrays 30, 32, 34. Motion
estimation may be based on the entire frame or on portions of the frame.
When portions are used, they may be selected to correspond to a well-
defined feature in the image. Motion estimation may be used on a spaced
subset of available data to save time if that is more efficient. For example, if
samples are available on a 0.5 mm spacing, but optimized motion detection
can be performed based on a 1 mm spacing, time can be saved by deleting
alternate samples and performing motion detection based on only a subset of
the available data.

The tracking image data used for the motion estimation may take any
one of a number of forms, including at least the following:

1. Adjacent pixels in the output display (which is interpolated from
the actual acoustic line data),

2. Selected pixels from a larger grid, such as every Nth pixel;

3. Averages of groups of pixels, such as the average of a group of
four adjacent pixels;

4. Samples from pre-scan conversion beamformer acoustic line
data.

The beamformer outputs lines of acoustic data may be in polar or
cartesian format. Since the relation between these lines of data and the
physical lines of propagation are known, samples derived from these acoustic
lines may be used in the motion detection.

Figure 15 is a schematic view showing the position of a target at

frames N and N+1 with respect to acoustic scan line data. In Figure 15
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reference symbol 70 is used for individual points at which the measurements
were taken. These points are arranged at discrete intervals along the scan
lines. Figure 16 shows the raw acoustic line data (prior to scan conversion),
in which each row represents a respective scan line, and the points of
measurement at respective ranges are as illustrated. In Figures 15 and 16
the + symbol is used for the position of the target for both frames N and N+1.
The motion estimator 38, when operating on frames N and N+1, detects that
the target has moved from scan line 1 to scan line 3 and the range has
remained constant at four sample intervals from the origin. Since the scan
lines ére spaced at an angular separation of X degrees and the distance
between adjacent points 70 at the center of the motion block is equal to P
millimeters, basic geometrical relationships can be used to prove that the
lateral offset equals +8PsinXsin® and the depth offset equals -8PsinXcos©,
where @ is the angle in degrees between the center of the motion detection
block and the normal line emanating from the scan line origin, and where the
tracking array is operating in sector format. These calculations are
approximate, but they demonstrate the manner in which raw acoustic line
data can be used in the motion estimator 38.

When acoustic line data is used in the motion estimator, it can
correspond to digitized RF, digitized IF, digitized baseband, or rectified low-
pass-filtered, envelope-detected signals. As an example of envelope-
detected signals, B-mode data can be used. The acoustic line data signals
may be real digital samples or complex (I, Q) data samples.

in the presently preferred embodiment the approach used in the
motion estimator 38 relies on the sum of absolute differences in a pixel block
equal to 16 x 16 pixels. For reasons of efficiency it is convenient to use a
specialized integrated circuit. The LSI Logic 64720 integrated circuit is
designed to perform 16 x 16 motion detection at rates of up to 396 blocks in
1/30th of a second. These circuits may be combined to yield higher
throughput or larger block sizes. If the block size is reduced to 8 x 8 pixels,
still higher rates are possible (4500 blocks in 1/30th of a second). This

integrated circuit has the cost benefits of volume manufacture. Similar
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alternative integrated circuits may also be used. Alternatively, the entire
operation can be performed using a suitably programmed general purpose
processor such as the Texas Instruments TMS 320C80.

Preferably, the arrays 18, 20 are aligned with the array 16 such that
the image plane 58 is aligned with the vertical axis of the image planes 60,
62. For this reason, motion with respect to the centerline of the image planes
60, 62 can be used to determine the relative motion of the image plane 58.
Data blocks are defined lying along the center line.

Strictly only two motion detection operations per tracking array are
required. However, by performing multiple tracking operations over various
parts of the image (not necessarily on the center line), greater confidence in
the accuracy of the method can be obtained. For example, as shown in
Figure 13 a smooth, straight line fit can be used to obtain an average of
multiple estimates of the component of motion being detected. In Figure 13
the dashed arrows represent the fited component of motion and the
continuous arrows represent the actual measures of the component of
motion. By taking an average of multiple measurements a more reliabie
estimate is obtained. This average can be used both with respect to the
amplitude and to the angle of the motion component vectors.

Also, motion estimates which are radically different from neighboring
estimates may be discarded as inaccurate. As shown in Figure 14 an image
of one of the tracking arrays can include an organ 72 having a bulk motion
indicated by the arrows 74 which is different from the motion indicated by the
speckle of the larger part of the area of the image. In this case the bulk
motion of the organ can be disregarded, and the average of the remaining
estimates of motion indicated by the shorter arrows 76 can be used as an
estimate of the motion of the frame. One suitable approach is to quantize the
motion vectors (length and direction), and then to find the most commonly
occurring quantized length and direction. Next the actual (unquantized)
vectors within a tolerance band (e.g. + 30%) of the most commonly occurring

values are selected and averaged to generate the desired estimate.
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Additionally, in a sum of absolute differences calculation, the ratio of
the minimum sum to the average sum (after removing the minimum sum
value) can be used as an indicator of the quality of the image motion
detection. If the minimum sum is close to the average, then the calculation is
susceptible to error, i.e. falsely detected motion. When the LSI 64720
integrated circuit is used, the sum of the error values output is an indicator of
a low quality result (a high error value sum corresponds to a low quality
result).

Low quality tracking may also be detected by comparing estimates of
motion. Adjacent or successive estimates of motion which are not similar to
one another may be an indication of low quality motion estimation. Of course,
two or more of the approaches described above may be used in combination.

Speckle patterns change rapidly as motion occurs. In particular, a
speckle pattern will change if the elevation slice position moves. This is
because speckle scatterers move in and out of the image plane rather than
remaining within the plane and moving parallel to it. For this reason it is
preferable in many cases to make frequent motion estimates as the
transducer 16 is moved. The exact frequency of the estimates will depend
upon the scale of the motion detection problem, which is related to the speed
of motion imposed by the operator, the operator's ability to maintain slice
position, and the nature of the specklie target (which is a function of tissue
type and ultrasound frequency).

By way of example, it may be determined that thirty image data frames
from the image data array 18 provide sufficient imaging data for a desired 3-D
reconstruction. However, it may be preferable to perform five motion
estimates between each selected image data frame and to sum these
estimates to calculate the net motion between the image data frames. Since
cumulative errors are to be minimized, one way to achieve this result is to
over-sample the motion detection operation and to average the resuits to
reduce quantitation effects due to pixel size. With this approach there might
be for example five frames from each of the tracking arrays 20, 22 for each

frame of the image data array 18.
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While motion detection often works best when performed from a sum
of small motion detections, there are situations when it is of value to use
motion detection between frame N and frame N-M, where M is a integer
greater than 1, such as 10. In principle, this approach can be used to correct
cumulative errors. However, the probability of such a iarge motion being
correctly estimated is less. Therefore, the value of M is a matter for
optimization.

Since elevation slice affects speckle quality and stability, it may be
preferable to track motion at the elevation focus of the lens. Alternately, if the
speckle dependence is too sensitive at the elevation focus, it may be
preferable to avoid that area. It may be preferable to apply varying
weightings to the detected motions during the smoothing operation to
maximize the net accuracy by taking more account of more accurate data. |t
may be preferable to use an elevation focused array (1.5D array) or perhaps
an unfocused array if that appears during experimentation to provide the best
results.

The data used for motion detection can taken many forms. Envelope-
detected, scan converted data is a simple design choice, and is presently
preferred. Alternatives include envelope-detected data prior to scan
conversion and RF or baseband beamformer output signals prior to envelope
detection.

It is also possible for the user to select regions of interest if for some
reason the user has specific preferences about which regions in the tracking
data image would provide the best motion detection. For example, a user
may choose not to use volumes of moving blood as regions for motion
detection.

During the collection of image data the preferred display is as shown in
Figure 20. In Figure 20 an image from the image data array 18 is shown
centrally on the screen and tracking images from the tracking arrays 20, 22
are shown on respective sides of the screen. Preferably, motion detection is
performed in real time, and the detected motion is presented on the display

by indicating the calculated motion as it occurs in real time. This display can
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take the form of motion vectors as shown in Figure 20. Alternatively numeric
measures of detected motion can be displayed. These dispiays indicate the
relative position of the transducer in the sweep, and therefore provide the
operator with an indication as to when the desired angular motion has been
completed and also provide an indication of whether the motion detection
system is working properly. Alternately, the image data may be displayed
without the tracking images or without display of the detected motion. In the
event that the system-calculated motion vectors indicate low-quality tracking
(such as erratic changes in the calculated motion vector within a single frame
or between successive frames) the system can prompt the operator to begin
again, as for example with an audio prompt such as an alarm or a visual
prompt such as a flashing, reverse video message.

If desired, the system 10 can be programmed to assist the user in
achieving an optimum sweep rate. In many cases, optimum use of the
motion estimators calls for an optimized sweep rate, i.e., a sweep rate that is
large enough to avoid unacceptable error accumulation and small enough to
remain within the range of movement of the motion estimator. Either an audio
or a video prompt may be used.

For example, when the motion estimator is adapted to detect = 8 pixel
motions, the system may emit an intermittent tone when the sweep rate is
approximately correct (e.g., 4 pixels of movement per estimate). If the
estimated movements are too small (e.g., less than 2 pixels), the intermittent
tone is replaced with a low continuous tone, which becomes even lower if the
sweep rate slows further. Conversely, if the estimated movements are too
large (e.g., greater than 6 pixels), the intermittent tone is replaced with a high
continuous tone, which becomes even higher if the sweep rate speeds up.

A suitable visual prompt includes a variable-length arrow, which can
have a longer length to prompt a faster sweep rate and a shorter length to
prompt a slower sweep rate, and which can flash to indicate an optimum
sweep rate.

Another approach is to program the motion estimator to select the

spacing in time of the frames that are correlated to estimate the component of
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motion. By properly selecting this spacing in an adaptive manner, the
measured component of motion can be kept within the optimum range for a
wide range of sweep velocities. For example, if there are many non-used
tracking frames between each pair of correlated tracking frames, and if 8
pixels is the maximum detectable motion, the number of non-used tracking
frames between each pair of correlated tracking frames can be increased or
decreased as necessary in real time to maintain the detected motion in the
range of 4 to 6 pixels.

Low quality motion estimates can be weighted at a low level or entirely
removed. One approach for selecting low quality motion estimates is first to
fit a curve to all of the motion estimates (both in length and angle). Then the
individual motion estimates are compared to the fitted curve, and motion
estimates that deviate from the curve by more than a threshold amount such
as 30% are considered low quality motion estimates and are deleted from the
coliection of motion estimates. Then the curve fitting operation is repeated
using only the remaining motion estimates. If more than a certain fraction
such as 20% of the motion estimates are classified as low quality estimates,
the operation can be abandoned and the user prompted to repeat the sweep.

In general, it is often necessary only to determine the component of
motion relating the relative positions of successive images. If required, it is
also possible to determine the axis of rotation by drawing lines perpendicular
to the determined motion vectors, as shown in Figure 12. When this is done
the length of the motion vector is an indication of the distance of the motion
vector from the axis of rotation.

Strictly speaking, it is not necessary to have two tracking arrays 20, 22.
However, when two tracking arrays are used, the ability to deal with impure
rotation (where one end of the image data array 18 is rotated more than the
other) is substantially increased. Furthermore, when multiple tracking arrays
are used and motions for various ranges on each tracking array have been
determined, interpolation may be applied to find the center of rotation that
applies for all intermediate points in the range direction on each tracking

array.
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Since the tracking arrays are on either side of the image data piane,
and the exact geometry of the image data plane with respect to the tracking
arrays is known, it is possible to interpolate linearly along the image data
array azimuth axis to calculate the exact pixel translations for all points on the
image data plane.

Typically, motion estimates are collected along a straight line or across
a rectangular grid. Due to the constraints of the array geometry and the
propagation of the straight acoustic lines from the array, the theoretical
behavior of the motion vectors as a function of depth must satisfy certain
constraints. In particular, the lengths of the motion vectors should vary
linearly with depth. These constraints can be used to reduce the error in the
estimated motion. For example, a sequence of motion estimates can be
acquired as a function of depth and then converted to motion estimate
vectors (length and angle). A straight line is then fitted using well known
methods to determine the best fitting line to the actual data for the length
component. A second straight line is then fitted to the actual data for the
angle or direction component. These fitted lines (comprising length and
direction) can be linearly interpolated along the azimuthal direction during
three-dimensional reconstruction at intermediate iocations other than those
used to derive the motion vectors.

Note that if the patient and the transducer 16 move slowly together,
loss of performance is not necessarily the result, as long as the relative
position of the transducer 16 with respect to the patient is largely maintained.

In order further to improve motion estimation it may be desirable to
utilize only images corresponding to selected portions of the ECG cycle or the
breathing cycle. Both ECG gating and breathing gating are well known in
three-dimensional reconstruction of images. See, for example, McCann et al.
"Multidimensional Ultrasonic imaging for Cardiology" at p. 1065. With ECG
gating a window is selected a fixed time duration after the ECG pulse
maximum. With breathing gating it is often simplest to ask the patient to hold

his or her breath for the short duration of the uitrasonic scan. Alternatively,
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chest motion can be recorded using a dispiacement sensor, and data can be
selected for a portion of the breathing cycle.

Various other techniques can be used to optimize motion estimation.
For example, accuracy can be improved by interpolating to finer and finer
pixels. Noise in the data can be removed using a low pass filter or a median
filter, and the mapping of voltage level to brightness can be optimized for
motion estimation purposes. Typically, logarithmic compression is used on
the tracking arrays 20, 22, and this logarithmic compression can be optimized
independently of the logarithmic compression used for the image data from
the image data array 18. The particular mapping that is used can vary widely
according to the operator's wishes. It is likely that in many cases motion
detection will function most efficiently using a different mapping than that
used by the operator for the image data. If desired, the system 10 can vary
the mapping used internally for the data from the tracking arrays 20,22 until a

mapping is found that provides high quality motion detection.

Three-Dimensional Volume Filling Computer 36

Many approaches can be taken in aligning the image data frames to
provide the desired three-dimensional reconstruction. One example is shown
schematically in Figures 17-19. In this example, the image data frames prior
to reconstruction are shown schematically in Figure 17. The image data
frame for the central plane is inserted at a plane aligned with the center of the
volume, as shown in Figure 18. Working outwardly from this center piane,
successive image data frames are inserted into their appropriate XYZ
locations, as shown in Figure 19. Once all frames have been inserted,
intermediate points are calculated using three-dimensional lineaf interpolation
techniques relying on the eight closest known data points, arranged as a
cuboid around the point to be interpolated. Such three-dimensional
manipulation techniques are known, and are therefore not described in detail
here.

One approach is to use the scan conversion interpolation method
described by Leavitt in Hewlett Packard Journal, October, 1983, pp. 30-34,
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adapted for use in three dimensions. The approach described by Leavitt
operates with data in a two-dimensional plane. Data in three dimensions can
be treated in two successive two-dimensional operations. Image piane data
can be scan converted and interpolated as described by Leavitt, using pixel
spacings that match the requirements of the three-dimension scan
conversion. Then an orthogonal two-dimensional scan conversion can be
performed at each azimuthal position to fill out the volume in the
perpendicular direction. The Leavitt technique assumes that the axis of
rotation for successive two-dimensional images is correctly aligned. If this is
not the case, other volumetric reconstruction methods can be used. Suitable
reconstruction methods are well-known and are used with conventionai
magnetic sensor-based systems.

If successive frames are detected to be too close together, some of the
frame data may be discarded. If there are a large number of frames, it is
possible to keep only those which happen to be spaced close to some
desired uniform spacing. For example, if the desired spacing for
reconstruction is 2° and data is acquired at 0, 1.2, 2.1, 2.8, 3.9 degrees, then
frames 1, 3 and 5 can be approximately assumed to be the correct frames
lying at approximately 0, 2, and 4 degrees. The error from the approximation

is insignificant and may result in simplicity in the reconstruction.

Translation Detection Techniques

It should be noted that a component of motion within the image data
frame can also be detected using the techniques discussed above. This
component of motion will be parallel to the azimuthal axis, and can be added
to the motion detected with the tracking arrays, which is perpendicular to the
azimuthal axis. Since the image data from the image data array 18 will move
significantly due to motion of the elevation plane, it is preferred that motion
detection be over-sampled in this plane. Preferably, only a measured net
motion is applied during the reconstruction, as discussed above in

conjunction with Figure 14.
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Also, motion can be detected in the plane of the image data frame
when the transducer 18 is moved in translation aiong the azimuthai axis, as
opposed to the rotational sweeps discussed above. With this approach, an
extended field of view can be provided by axially shifting the transducer 16
along the azimuthal axis, without rotating the transducer 16. If the only
interest is in tracking such linear translation, the tracking arrays 20, 22 are not
required.

As used herein, extended field of view denotes a system which stores
image data from a transducer array as the transducer array is shifted axiaily
along its azimuthal axis. Data from the array at various positions along the
azimuthal axis are then registered for reconstruction to form an extended field
of view image.

The extended field of view discussed above can be reconstructed with
data from either one of the tracking arrays 20, 22 or the image data array 18.
More logically, the image data array 18 is used, because the image data array
18 is optimized for image quality. The image data array is then transiated
with respect to the target tissue, with its azimuthal axis oriented parallel to the
line of motion. Image motion detection using the techniques described above
is performed on image data from the image data array 18. Successive
frames of image data from the array 18 are stored, along with displacement
information defining the motion between frames of image data.

Once the sweep of image frames has been completed, the
displacement information is used, starting with the most recently acquired
image data frame, to register successive ones of the image data frames with
respect to one another in proper alignment, in the tissue sense. The older
image data is then superimposed on the newer image data. Typically, most
of the older data will almost exactly match the newer data, but a small non-
overlapping region will be present which represents data acquired at the older
image position which could not be acquired at the newer image position.
Preferably, during the writing of the older data over the newer data, only the
non-overlapping region is written. This approach eliminates redundant image

writing operations. This procedure is then continued for progressively earlier
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frames of image data until all of the frames in the sweep have been
reassembled for display.

There is a potential that attempts may be made to write beyond the
limits of memory. If this situation is detected the image data can be scaled to
make it smaller to fit into the available screen memory. Scaling may be
achieved by remapping the pixels to a new memory using geometric
transformation and interpolation, as is well known in the computer graphics
field. .

The following methods can be used either alone or in various
subcombinations to enhance motion detection.

1. Frequency selection. In one example, every Nth frame is used
for motion detection. On every Nth frame a different frequency is used to
excite the transducer elements of the image data array 18 in order to modify
the speckle pattern in such a way as to enhance the capability to detect
motion. Since only relative motion is required, it may be preferable to use a
higher frequency to obtain higher resolution speckie data at every Nth frame.
Higher frequencies are associated with reduced penetration depths, but as
discussed above this may not be a drawback since only shallow target data
may be required for motion detection. Alternately, higher frequencies may
make speckle highly position sensitive. This may be undesirable if it causes
the motion detection operation to fail due to an inability to track features that
move in and out of the elevation plane of the image. In this case, it may be
preferable to use a lower frequency for the motion detection frames.

2. Bandwidth adjustment. As above, selected ones of the image
data frames may be optimized for motion detection, in this case by optimizing
the bandwidth as well as or instead of the center frequency for motion
detection.

3. Elevation focusing. When a 1.5 dimension array is used,
elevation focusing can be adjusted during the sweep to optimize some frames
for image data collection and other frames for motion detection. For example,
to reduce the impact of elevational motion, it may be preferable to defocus the

beam slightly in those image data frames used for motion detection.
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4. Azimuthal focusing. Similarly, it may be preferable to defocus
the acoustic beam slightly in azimuth for selected frames to stabilize motion
detection without degrading motion detection excessively.

When any of the four approaches discussed above are used, the
image data frames that are optimized for motion detection need not be
displayed on the screen. Instead, only the image data frames that are
optimized for imaging can be used.

Since during a slow sweep there is redundant data (muitiple data
points for individual positions within the tissue), it may be preferable to mix
the use of different frequencies, bandwidths and focusing methods to collect
redundant motion detection data. After multiple redundant data is collected, it
can be averaged to arrive at a motion estimate which is more reliable and
less vuinerabie to error.

By way of example, if the array is moved at two millimeters per second,
the required minimum motion which can be usefully resolved is 0.5
millimeters, and the frame rate is forty frames per second, there will be ten
frames between times when useful motion detection can be obtained. Also,
we need only one image data frame for each of these ten motion detection
frames. If we consider the first twenty frames, frames 1 and 11 can be image
data collected using user- determined center frequency and bandwidths.
Frames 3 and 13 can be motion detection frames with first alternative center
frequency and bandwidth. Frames 5 and 15 can be motion detection frames
with second alternative center frequency and bandwidth, and frames 7 and 17
can be motion detection frames with the first alternative center frequency and
the second alternative bandwidth. Frames 9 and 19 can be motion detection
frames using a changed focusing scheme. Frames 2, 4, 6, 8, 10, 12, 14, 16,
18 and 20 are captured as if they were image frames and are displayed, but
are not stored or used for tracking. The detected motion from frames 1, 3, 5,
7 and 9 with respect to frames 11, 13, 15, 17 and 19, respectively, may then
be averaged or sorted so as to eliminate motion estimates which are

significantly different from other estimates.
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All of the techniques described above in connection with extended
fields of view can be adapted for use with motion detection in angular sweeps
as described above.

In the case of a compiex motion involving motion in both the planes of
the tracking arrays and motion in the plane of the image data array, the actual
motion may be calculated approximately from the sum of the tracking array
motions and the image data array motions, separately measured. If after the
sum of such motions is obtained it is found that the second motion to be
applied has caused the first motion to have been modified, a recursive
operation can be employed until a three-dimensional motion is found which
correctly satisfies the detected motions in all arrays. A Monte-Cario method
for finding the components satisfying a complex motion may be used.
Additionally, new motions may be estimated from the last frame-to-frame
motion which was calculated. As a last resort, the system can find that it is
unable to determine a set of motion component vectors which satisfy the
detected motions and can signal the operator to repeat the last sweep. The
simpler, smoother, and purer that image movement is in any given image

plane, the easier it is to implement motion detection.

Alternative Embodiments

A simpler device for implementing the bi-plane imaging techniques
discussed above can be constructed as follows. This device also uses a
linear array for the image data acquisition and two small linear arrays of equal
pitch that are mounted to move with the larger linear array. The two small
linear tracking arrays are coupled to a connector similar to that used by the
image data array, but the transducer elements are divided so that the
transducer elements for each tracking array are coupled to the transducer
connector near the opposite ends of the connector. For example, for a 128
conductor connector and a 10 element tracking array, the conductors 10-19
and 100-109 can be used for the two tracking arrays. Both the image data
array and the combined tracking array are provided with a connector of the

same type and are designed to operate with the same beamformer. The two
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connectors are inserted into the left and right ports of a suitable ultrasonic
imaging machine, such as the Acuson Model XP, and an image storage
device such as a VCR is provided. As the array is rotated slowly the operator
presses the array select switch (left versus right) repeatedly at a high rate and
the resulting images are stored for off-line analysis. At the end of the sweep,
the VCR tape is played back on a frame-by-frame basis. Successive sets of
frames, each set consisting of a frame from the image data plane and each
tracking image plane, are transferred via standard video transfer techniques
to a computer memory. The computer is programmed to analyze the tracking
image plane data for motion detection using the methods discussed above.
The tracking image will in fact appear as two images, one on each side
corresponding to the two spatially separated tracking arrays. The two images
are analyzed separately.

As a preferred modification to the simplified system described
immediately above, the ultrasonic imaging machine is preferably programmed
to perform the array switching operation and to transfer one set of frames
from each sequential sweep to computer memory or to a suitable storage

device.

Alternative Transducers

Many variations are possible on the preferred transducers described
above. For example, crossed arrays of the type described in Hashimoto U.S.
Patent 5,327,895 and Schaulov, et al., Ultrasonics Symposium, pp. 635-638
(IEEE, 1988) can be adapted for use with this invention. Such crossed arrays
typically include a PZT plate which is diced in perpendicular directions. The
kerfs are filled with a low-durometer polymer such as a low-durometer epoxy.
Linear electrodes (defining the array elements) are applied to the top and
bottom surfaces, and the electrodes on the top surface are oriented
perpendicularly to the electrodes on the bottom surface. When using the
array in one direction, all electrodes on the top surface are grounded and the
electrodes on the bottom surface are excited with the phased excitation

pulses. The electrodes on the bottom surface are then monitored for



10

15

20

25

30

WO 97/32277 31 PCT/US97/03241

detected echoes. When using the array for the other direction, the bottom
surface electrodes are grounded and the top surface electrodes are operated
in a phased manner.

Figures 23-26 show schematic views of four crossed arrays that can be
used to collect both image data and tracking information. In the transducer
100 of Figure 23 the elements 102 form a conventional one-dimensional array
that can be used to collect image data. Crossed elements 104 at both ends
of the transducer 100 can be operated as tracking arrays as described above.
The transducer 100' is similar to the transducer 100 except that the crossed
elements 104' are provided only at one end.

The crossed array 100" of Figure 25 is also similar to the array 100 of
Figure 23, except that the crossed elements 104" are provided only at the
center of the transducer. Figure 26 shows a transducer 100" which is similar
to the transducer 100" of Figure 25, except that the crossed elements 104"
extend over the entire length of the array.

As shown in Figures 23-26, one or more tracking arrays can be
integrated with an image data array using the crossed array technique. The
crossed array is operated in the normal manner along the long, azimuthal axis
to obtain 2-D image data. The crossed arrays are operated to obtain data
along the elevation direction to obtain the perpendicular tracking data. In this
way the footprint of the transducer is minimized. If desired, the tracking data
may be acquired from the same volume of tissue as that being interrogated to
obtain the image data.

Figure 27 provides a schematic view of another transducer 110 which
includes an image data array 112 and a single tracking array 114. In this
case the tracking array 114 is oriented perpendicularly to the image data
array 112. As shown in Figure 27 the tracking array 114 is laterally offset
from and centered with respect to the image data array 112.

Figures 27a through 27e show five alternative transducers, each
including a single image data array 112 and at least one tracking array 114. in
the transducer of Figure 27a there are two tracking arrays 114, both laterally

offset from and centered with respect to the image data array 112. In the
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transducer of Figure 27b there is a single tracking array 114 that is co-linear
with and axially spaced from the image data array 112.

The transducer of Figure 27c¢ includes two tracking arrays 114, both
positioned to the same side of the image data array 112 near opposite ends
of the image data array 112. The transducer of Figure 27d is similar to that of
Figure 27c, except that the two tracking arrays 114 are positioned on opposite
sides of the image data array 112. The transducer of Figure 27e includes
four tracking arrays 114, two on each side of the image data array 112, near
respective ends of the image data array 112.

Transducer geometries that place the tracking arrays alongside the
image data array may reduce the overall length of the transducer, which may
provide advantages in some applications.

As shown in Figures 28 and 29, a transducer 120, 120' suitable for use
in forming an extended field of view as described above can utilize an image
data array 122 and a tracking array 124, wherein the transducer elements of
the two arrays 122, 124 are parallel to one another. In the transducer 120 the
tracking array 124 is laterally offset from and centered with respect to the
image data array 122. As shown in Figure 29, in the transducer 120' the
image data array 122' and the tracking array 124' are collinear and separated
from one another. With either of the transducers 120, 120' frame-to-frame
motion can be determined using the tracking arrays 124, 124' and the
compound image can be assembled from image data from the image data
array 122, 122'.

In any of the foregoing embodiments, some or all of the tracking arrays
and the image data arrays may be formed as non-planar linear arrays such
as curved linear arrays for example. Separate, oriented linear arrays may be

used for each acoustic line if desired.

Alternative Optimization Techniques For Tracking Data
Figure 30 is a block diagram of an alternative ultrasonic imaging
system 10’ that is in many ways similar to the system 10 of Figure 1. The

same reference numerals have been used for comparable elements in the
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two drawings, and the following discussion will focus on the differences. The
system 10’ stores image data from the image data array 18 or one of the
tracking arrays 20, 22 in a raw image data buffer 15. The data stored in the
buffer 15 can be |, Q data or IF data, for example. Of course, the term “image
information” is intended to refer broadly to information that varies with spatial
variations in the target, and in many cases image information is never
displayed as an image. Preferably, the raw image data stored in the buffer 15
includes tracking data stored with wide band ultrasound pulse operation.
Image data from the buffer 15 is passed to a detector 21 through one of four
alternative blocks. Block 17 is an all-pass block which performs no filtering,
and which is typically used for image data from the image data array 18.
Tracking data from one of the tracking arrays 20, 22 can be passed through
one of three filters 19, 19", 19", which can have varying filter characteristics.
For example, filter 19 may be a low-pass filter and filter 19' may be a high-
pass filter. Filter 19" may be a band-pass filter centered in any desired
portion of the frequency spectrum.

The detector 21 can be any conventional detector, and it supplies a
detected output signal to the scan converter 24. If desired, tracking data from
the tracking arrays 20, 22 can be processed multiple times, using different
ones of the filters 19, 19', 19". Of course, more or fewer filters can be used in
alternative embodiments.

The scan converter 24 preferably uses the well-known histogram
equalization method to maximize contrast in the tracking image data.
Histogram equalization is discussed for example in Gonzales and Woods,
Digital Image Processing, Addison-Wesley, 1993, pp. 173-178, as well as in
Kim U.S. Patent 5,492,125. The scan converter 24 may use a 2D low-pass
filter and/or a 2D high-pass filter to smooth or otherwise process the tracking
image data.

Image frames from the scan converter 24 are stored in the frame
buffers 30, 32, 34, and tracking sets of image data from the buffers 32, 34 are

selectively applied to the motion estimator 38. The motion estimator 38
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estimates the relative motion between selected tracking image sets and
applies these estimates of motion to a motion smoothing/summing block 40",
The motion smoothing/summing block 40' processes motion estimates
from multiple motion detection operations. Preferably, each motion detection
estimate is associated with a quality factor indicative of the confidence level
associated with the motion estimate. For example, a suitable quality factor
may be value of the minimum sum of absolute differences associated with a
particular motion estimate. The block 40' compounds multiple motion
estimates using a weighted sum. For example, consider the situation where
three motion estimates are available with the following values and associated

quality factors Q:

Estimate 1 - 5 Pixels to the right Q=0.9
Estimate 2 - 3 Pixels to the right Q=0.8
Estimate 3 - 2 Pixels to the left Q=0.2

In this example, a high value of Q is associated with a high confidence
level. The block 40' can form a weighted sum of these three motion estimates
as follows:

(6x0.9)+(3x0.8) +(-2x20)

(09+08+20)
= 3.4 Pixels to the right.

Motion Estimate =

The previous motion store 41 Figure 3 is used to store previous motion
estimates until they are needed in forming the weighted sum described
above. Other methods for using multiple motion estimates are described
below.

Other techniques that can be used to improve the quality of the motion
estimate include the use of multiple transmit zones to acquire the best quality
tracking image data and the use of a frequency-dependent focus as
described in Hossack U.S. Patent 5,608,690, assigned to the assignee of the
present invention, to acquire the best quality tracking image data.

As pointed out above, the acquisition of image data via the array 18
can be time multiplexed with the acquisition of tracking data via the tracking

arrays 20, 22. In one alternative embodiment the time separation between



10

15

20

25

30

WO 97/32277 35 PCT/US97/03241

consecutive tracking data frames is controlied adaptively to provide motion
estimates that fall within a desired range. As explained above, if the motion
estimate (i.e. displacement) between consecutive tracking frames is
excessive, there is a danger that the displacement may exceed the
measuring capabilities of the motion estimator 38. Conversely, if the motion
estimate between consecutive tracking frames is too low, excessive
computational time may be used in creating motion estimates. Additionally, if
the motion estimates are small, the relative errors will be large, and
compound errors may reach undesirable proportions. In order the avoid
these problems, a controller can be provided as described above to
determine the number of image data frames that are collected between
consecutive tracking frames, and this can be accomplished in an adaptive
manner as shown in Figure 31.

In Figure 31 the variable N is used to specify the number of image data
frames that are collected between consecutive tracking frames. As shown
Figure 31, N is initially set to a constant K1, and the controller then waits for a
new motion estimate from the motion estimator 38 of Figure 3. If this motion
estimate is above a desired range, than N is reduced by the amount A.
Conversely, if the motion estimate is below the desired range than N is
increased by A. Once N has been revised if necessary, the controller then
waits for a new motion estimate from the motion estimator 38. In this way the
motion estimate is maintained within a desired range automatically, and
problems associated with excessively large motion estimates or excessively

small motion estimates are avoided.

Image Transfer Optimization Techniques

The system 10’ of Figure 30 is well-suited for use in situations where a
remote computer is used to perform motion estimation, either in real time or
after a delay. In this context remote may mean that the motion estimating
computer is connected via a cable or other data link. As shown in Figure 30
image data frames from the buffer 30 can be compressed using any suitable

compression technique such as JPEG prior to transfer to the potentially
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remote site. After the image data has been received at the potentially remote
site, it is decompressed as shown in block 35. Similar compression and

decompression blocks can be interposed between the buffers 32. 34 and the
motion estimator 38. For example, remote motion estimation and 3D volume
reconstruction can be performed on a remote workstation such as the AEGIS

workstation of Acuson Corporation, the assignee of the present invention.

Alternative Motion Estimation Techniques

In the event that motion between consecutive tracking frames is small
(less than one pixel) there is a danger that motion may be mis-estimated if
each tracking frame is compared with the immediately preceding tracking
frame. For example, if the separation between adjacent tracking frames were
1/3 of a pixel, the comparison of each tracking frame with the immediately
preceding tracking frame would detect no motion. In order to overcome this
problem, the motion estimator 32 of Figure 30 preferably is controlied using
the algorithm of Figure 32. In this algorithm, N defines the frame number of
the image region used as a reference in estimating motion, and the symbol
N+i is used to designate the frame number of the image region that is to be
compared with the reference image region. As shown in Figure 32 the first
step is to set i=1 and then to determine whether motion was detected
between imagé region N and image region N+i. If not, i is incremented and
control is returned to block 130. Once motion is detected in block 130, the
reference image frame is updated to equal N+i, i is reset to 1, and control is
returned to block 130.

For example, consider a sequence of tracking frames 1, 2, 3 and 4.
Assuming no motion is detected between frames 1 and 2, then frame 3 will be
compared with frame 1. Assuming no motion is detected between frame 3
and frame 1, then frame 4 will also be compared with frame 1. This process
is repeated until motion is detected, and it is only then that the reference
frame is updated to the new frame at which motion was detected. In this way,
multiple subpixel motions do not go undetected, because subpixel motions

eventually sum to the point where they become detectable.
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The selection of the reference image region does not necessarily
correspond to an entire frame. If frame motion is zero at the top and non-zero
at the bottom of the frame (as might be the case with a fan-like sweep), then
the older frame portion is preferably kept as the reference for motion
detection at the top of the frame, while the bottom of the frame is updated
once motion is detected in that region.

Since the tracking arrays 20, 22 are principally swept along the
surface, the majority of motion will be in the elevation direction rather than the
depth direction. During the search for the minimum sum of absolute
differences (MSAD), it is preferable to make the search region rectangular
rather than square. For example, instead of searching an area 64 x 64 pixels,
a 128 x 32 pixel area can be searched in the same time (128 lateral search
pixels and 32 depth search pixels). Similarly, if the maximum motion is 64
pixels, then by limiting the area of the search to 32 x 64 pixels, the search
time is greatly reduced.

Additionally, frame motion can be interpolated to further reduce
processing time. For example, if tracking frames 1, 3 and 5 are used for
motion detection (rather than 1, 2, 3, 4 and 5), then detected motion between
frames 1 and 3 can be interpolated to determine the motion for frame 2. In
this case the interpolated motion for frame 2 would be one-half of the
detected motion between frames 1 and 3. This method allows reduced
processing time to be spent for motion detection, but allows all acquired
image data to be employed in the highest quality 3D image. Interpolation of
this type may be performed in the 3D volume translation/interpolation block
36 of Figure 30.

Various alternative approaches can be used in the motion estimator 38
to further reduce processing time. For example, if a small set of acoustic
lines are transmitted, received and stored as one-dimensional RF or
baseband signals, then vector components of motion along each of these
lines can be estimated by correlating successive sample sequences along the
lines. In this way the vector component of motion in each of the line

directions can be determined, and these vector components of motion can be
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summed to create the final two-dimensional motion estimate. If desired more
than two acoustic lines may be used in the set, but the following example
uses two perpendicular acoustic lines.

For example, as shown in Figure 33, the tracking array 20 can be used
to store two acoustic receive lines 140, 142 which are perpendicular to each
other. These lines can be considered to make up a single frame of tracking
data. The line 140 can be cross-correlated between two separate frames of
tracking data to find the vector component of motion along the direction of the
arrow 144, and similarly the lines 142 in these two frames of tracking data can
be used to determine the vector component of motion in the direction of the
arrow 146. These two components of motion can then be summed as vectors
to estimate the two dimensional motion between the two frames of tracking
data. Cross-correlation techniques suitable for adaptation to the current task
are described in Engeler U.S. Patent 4,937,775, O’'Donnell U.S. Patent
4,989,143 and Wright, et al. U.S. Patent 5,570,691. The Wright, et al. patent
is assigned to the assignee of the present invention.

Preferably, a register is used to store the complex sampled beam data
from one firing in one of the two directions. When, an instant of time later, the
same beam is formed again, the resulting sampled beam data is cross-
correlated with the data in the register. From the position of the cross-
correlation peak, the relative time delay between the two signals is
determined. The cross-correlation process may operate on one or more
portions of the available line data. By detecting motion via cross-correlation
at a number of points along each line, separate motions can be determined at
the top and bottom of the image, and hence rotations as well as translations
can be estimated. From the time delay determined by the cross-correlation
peak, the component of transducer motion (parallel to the beam axis) required
to cause the measured time delay is inferred from the known speed of sound
in tissue and taking account of the fact that the delay is related to two-way
path length. This process is repeated for the other line (preferably oriented
perpendicularly to the first line) to find the other vector component of motion.

These two vector components are then summed to find the estimated actual
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transducer motion at that point along the array. Similarly, the process is
typically repeated at the second side of the array for the second tracking
array.

In one embodiment, the two lines (and therefore the two beams) are
oriented at +45 degrees, and there is therefore a strict requirement on
element spacing if grating lobes are to be avoided. In another embodiment,
the two lines are oriented at +60 degrees to enhance the accuracy of motion
detection along the skin of a patient. Preferably, the transducer elements
should be spaced at one-half wavelength or less. This requirement may
encourage the use of a lower frequency for the tracking arrays than for the
image data array. However, it is possible that the cross-correlation technique
will be able to track delay to a small fraction of a wavelength. As before, the
comparison between one set of tracking data and the next may not be made
on every acquired set of tracking data, but rather on a time-spaced subset.
For example, if motion is fast, motion estimates can be made between every
consecutive pair of sets of tracking data, but if motion is slow a longer time

between motion estimates is allowed.

Fast Motion Detection Search Techniques

A variety of methods are available for speeding up the search for the
estimated motions. These methods can be used with any of the
embodiments described above.

1. Either the system controller or a user input may vary the block
size to be searched. Large block sizes require more computation, but for
certain image types (e.g. noisy data) large blocks will give a higher quality
result (i.e. lower minimum SAD versus mean SAD)

2. The system adaptively changes the search area based on the
previous motion estimate. If the last motion was 10 pixels to the right then the
search may be over an area from 0 pixels to the right to 20 pixels to the right.
i.e. the search area is centered on the expected motion as indicated by the

previous motion measurement).
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3. If the detected motions exhibit little variation (e.g. 7, 8, 10, 9
pixels to the right in successive motion measurements, as opposed to 5, 15,
8, 12 pixels) then the system may use a smaller search area since there is a
relatively high degree of confidence that the motion will be between 7 and 10.
Conversely, if successive motion estimates are widely varying, then the
system preferably uses a larger search area in order to maximize assurance
of a successful search (i.e. the motion is not beyond the limits of the search
area). In the above example, if pixel motions are 7, 8, 10, 9 then we use a 15
x 15 search area but if pixel motions are 5, 15, 8, 12 then we use a 30 x 30
search area.

4, Since most motion is expected in the lateral direction rather than
in the range direction (because the transducer is drawn across the skin
surface) the search area may be asymmetric. e.g. +/- 5 pixels in range
direction and +/- 20 pixels in the lateral direction.

5. The search may be performed at multiple levels of spatial
resolution. Initially, the search is made coarsely along the lateral direction
only, e.g. test every second pixel location. Once the approximate lateral offset
has been thus detected, a fine search (every pixel location) is made in both
the lateral and range direction.

6. Hierarchical motion detection can be used based on multiple
levels of signal level resolution. Initially, only the most significant 2 or 4 bits
associated with each pixel intensity level are used to find the position with the
minimum SAD. Once the location has been approximately found, a second
level of search is performed in that region using all the bits, typically 8. More

than two levels of hierarchy can be used.

Higher Resolution Tracking Techniques
The finest level of motion detection may be enhanced by interpolating
additional pixels between the available pixels. An alternative method

described by Li and Gonzales, |EEE Trans on Circuits and Systems for Video

Techn., §, 1, pg. 118 (Feb., 1996), calculates the motion estimate to sub-pixel
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resolution based on the values of the neighboring SAD values to the one with

the minimum SAD.

Techniques for Combining Motion Estimates

The final estimate of transducer motion is preferably based on a
composite of multiple inputs. Preferably these inputs are weighted so that
those that appear to possess the greatest quality (or certainty) are given the
most weight. Inputs which are contradictory with the majority of inputs are
either eliminated from the composite calculation or are given very small
weightings.

Firstly the ratio of minimum surﬁ of absolute differences (“min_SAD") to
mean sum of absolute differences (“mean_SAD?") is used as a quality factor.
A low ratio indicates a high quality result and a result close to 1.0 indicates an
unreliable estimate. In practice a good ratio is rarely less than 0.3. Assuming
that ratios lie in the range 0.3 to 1.0, we can convert this into a weighting
function in the range 0.0 to 1.0, where 1.0 means an ideal (high certainty)

result and 0.0 means an unusable result:
Weighting_ MSAD = (1 - (min_SAD/mean_SAD))/0.7.

If the minimum observable SAD is < 0.3, then this equation can be
modified:

Weighting_MSAD = (1 - (min_SAD/mean_SAD)) / (1- min_observable_SAD).

A second quality factor is based on the similarity of the present motion
estimate to the previous estimate. This approach is based on the observation
that during a smooth scan typical of that which would be used in practice, the
actual relative motion between one set of tracking data and a subsequent set
of tracking data is similar. If a motion estimate predicts a reversal in motion,
then it is probable that it is a bad estimate. Causes for bad estimates may
include a noisy image, poor pixel contrast, or the presence of large amounts
of flowing blood. Notice that the previous motion estimate that is used as a
reference may be either the raw estimate of motion from the MSAD operation

or the previous smoothed and weighted estimate. Preferably, the smoothed
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previous motion estimate is used as the reference to which the most recent
raw motion estimate is compared.

In the current example the degree of similarity between two estimates
of motion is calculated as follows. This example is for Y (elevation) direction
motion, but it can be applied to Z (depth) direction motion. Weighting_seq is
the weighting factor that is generated based on a comparison of sequential
estimates.

Weighting_seq=1 - [abs (Ycurr-Ylast)/(abs (Ycur) + abs (Ylast))),
where Ycurr = the current estimate of Y motion, and
Ylast = the last estimate of Y motion, smoothed.

For the initial motion calculation, no measure of similarity to a previous
estimate is possible, so the initial motion-related weighting must be given an
arbitrary value such as 0.5.

A composite weighting factor (“Weighting_comp”) is then formed.
Depending on experience with real tissue scanning, one may select to bias
the weighting more to either the MSAD quality or to the sequential quality.
Currently 0.75 of the total weighting is related to the MSAD quality and 0.25 to
the sequential quality.

Weighting_comp = 0.75 x Weighing_MSAD + 0.25 x Weighting_seq.

These weightings are calculated for all the points for which motion
estimates were made. In an example 6 motion estimates were made in the
range direction. Each used a 48 x 48 pixel biock.

Since for a real motion the equation describing the motion as a
function of depth must follow a straight line, we can fit the obtained motion
estimates to a straight line. Preferably, the motions are fitted using a
weighted least squares method wherein the weightings are those described
above for each of the range points for which a motion estimate is available.
This process is repeated for both Y direction motion and Z direction motion.

Finally, having determined the fitted motions, we have the line defined
in terms of an intercept (c) and slope (m): Y_motion = mZ + c.

Similarly, the Z motions as a function of the Z observation points are

calculated:
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Z_motion = mZ + ¢ (different m and c).

Although one would typically expect Z_motion to be a constant as a
function of Z, it is not in the case of transducer rotation about the azimuthal
axis.

This fitted value may be further smoothed based on the average of the
parameter Weighting_comp. Hence, in the presence of a very poor quality
estimate, the current estimate is based principally on the previous (rather than

the current) estimate:
m_mod = fact * (mean (Weighting_comp)) * m + (1-fact * (mean (Weighting_comp)) * m_last
c_mod = fact * (mean (Weighting_comp)) * c + (1-fact * (mean (Weighting_comp)) * c_last

c the current estimate of intercept

c_last the intercept from the previous pair-of-frames motion estimate
c_mod the modified intercept

m the current estimate of slope

m_last the slope from the previous pair-of-frames motion estimate
m_mod the modified slope

fact a factor to determine how much significance to attach to the

weighting (fact = 1.0 presentiy)
Alternatively, the final Weighting_comp may be determined using fuzzy

logic. A fuzzy logic control block takes as inputs Weighting_ MSAD and
Weighting_seq and combines them to form an output which is
Weighting_comp. Inputs Weighting_MSAD and Weighting_seq are first
assigned to classes (separate classes for Weighting MSAD and
Weighting_seq). These classes are ‘'low', 'medium' and 'high'. Membership is
based on whether the input comes within each of three triangular-like regions
as shown in Figure 34. The derivation of positions of the lines defining in
which classes particular measured vaiues will reside is based on
experimentation. Although the illustrated regions of the drawings are shown
as triangular in shape, it should be noted that the regions may be shaped to
follow any continuous function that is determined experimentally to give good
results. The horizontal axis of the class function corresponds to the input
value (Weighting_MSAD or Weighting_seq) and the vertical axis defines the
degree of membership of the class. In this case, the same class membership
diagram is used for both Weighting_ MSAD and Weighting_seq. A similar

class of membership diagram is derived for the fuzzy output Weighting_comp,
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as shown in Figure 35. In this case the diagram has five regions - very low,
low, medium, high and very high.

The following fuzzy rules can be applied to determine
Weighting_comp; in these rules a logical AND is assumed between
Weighting_MSAD and Weighting_seq:

Rule No. Weighting_MSAD Weighting_seq Weighting_comp
1 low low very low

2 low medium low

3 low high medium

4 medium low very low

5 medium medium medium

6 medium high high

7 high low low

8 high medium high

9 high high very high

Fuzzy rules are applied to determine the truth of the rules. For
example, assume that Weighting_ MSAD and Weighting_seq are 0.35 and 0.9
respectively.

The 0.35 input results in 0.5 degree of class membership in 'Low' and
0.5 degree of class membership in 'Medium'. The 0.9 input results in 1.0
degree of class membership in 'High'.

Therefore Rules 3 and 6 are true but provide different values for the
output Weighting_comp (‘medium’ and ‘high' respectively). The outputs that
are possible for these rules are shown in Figure 36.

Referring firstly to Rule 3, the low value of Weighting_ MSAD is
combined with a logical AND with the high value of Weighting_seq and the
minimum value of the two expressions is taken as the truth level of Rule 3.
The 0.5 degree of membership of ‘low' for Weighting_ MSAD is less than the
1.0 degree of membership of class 'high' for Weighting_seq. Hence the truth
level of the Rule 3 is 0.5.

Referring to Rule 6, the medium value of Weighting_ MSAD is
combined with a logical AND with the high value of Weighting_seq and the
minimum value of the two expressions is taken as the truth level of Rule 6.

The 0.5 degree of membership of 'medium' for Weighting_ MSAD is less than
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the 1.0 degree of membership of class 'high' for Weighting_seq. Hence the
truth level of the Rule 6 is 0.5.

The 'medium' and 'high’ labels for the Weighting_comp function
membership in Figure 36 are truncated at the truth levels defined by the
fuzzy rules above. This is shown in Figure 37.

A numerical output for Weighting_comp is derived using a centroid
defuzzification technique. An estimate of the center of gravity of the entire
shaded region in Figure 37 is made. In this case, the center of gravity is at
0.625, and hence the output Weighting_comp is assigned this value.

Having determined Weighting_comp, one can use the method shown
above to determine the weighted least squares fit and to determine to what
extent the current motion should be based on the current motion estimate or
on the previous motion estimate.

Of course, it will be apparent from the foregoing discussion that the
detected motions in the X, Y and/or Z directions are local motions, i.e.
motions with respect to the current position and orientation of the transducer
and its arrays. |Initially, at the start of the scan, it is typically assumed at the
local X, Y and Z directions correspond to an assumed global axis system
which remains constant throughout the motion of the transducer. If the
transducer is rotated about the azimuthal axis of the image plane, as it might
during a fan-like sweep, then the local Z motion (depth direction of the
transducer) will rotate until it contains a significant component in the global Y
or elevation direction. With every detected motion of the transducer, the new
position and orientation of the transducer in the global axis system are
calculated. The orientations of the local X, Y and Z directions (i.e. azimuth,
elevation, and range or depth of the transducer) with respect to the global
axis system are updated. Therefore, subsequent analysis of motion in the
local Z direction of the transducer is decomposed into components in the
global Z and Y directions, for example.

By way of example, consider the situation where the depth or Z
direction of the transducer has been rotated from initially pointing down in

alignment with the global Z direction to being angled at 45° with respect to the
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global Z direction. A motion in the local Z direction of the transducer of ten
pixels is now decomposed into 10cos (45°) in the global Z direction plus
10cos (43°) in the global Y direction. In this example, the local Z direction is
still orientated perpendicularly with respect to the global X direction, and
hence a local Z motion has no component in the global X direction.

In general, the relation of the local axis directions with respect to the
global axis directions can be calculated using cosines, which are continuously
updated as the transducer is swept through the volume. Preferably, these
direction cosines are maintained continuously for all three axes.

As used herein, the term “component of motion” is intended broadly to
encompass translational components, rotational components, and

combinations thereof.

Data Overlapping Techniques

When two regions of image data are combined to obtain an extended
field of view as described above, a smooth interpolation scheme is preferably
used at the boundaries of the data from different image data frames. As
shown in Figure 38, variable weighting factors can be used to provide such
smooth interpolation schemes. In Figure 38, the right-hand edge of the
previous frame ends with pixel number 3 and the new portion of the frame
begins with pixel number 4. The weighting factor used for the previous frame
1 varies from one within the old frame at pixels 0 and 1, smoothly down to 0
within the new portion of the frame at pixels 5, 6 and 7. Conversely, the
weighting factor for the subsequent frame 2 varies from 0 within the old frame
at pixels 0 and 1 gradually up to 1 for pixels 5, 6 and 7 of the new portion of
the frame. In general, compounding can be used for accumulated image data
in any of the embodiments described above to reduce noise in the image.

Similarly, compounded data may be used with tracking data to reduce noise.

Techniques for the Detection of Incorrect
Estimates of the Component of Motion

There are a variety of ways of using the motion estimates along the

beam lines emanating from the tracking arrays to create a definition of the
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plane of the image array and the 3-D pixel locations for pixels on the image
array plane.

One approach is to fit straight lines using a least squares or weighted
least squares technique in which motion quality is used as a weighting factor.
Based on these lines a number of points can be identified along with their
associated 3-D motions. For example, four points can be selected at the top
left, bottom left, bottom right and top right portions of the region, and bi-linear
interpolation can be used to find pixel locations. From the motion estimates
along the lines the equation for a plane (Y = a + bX + ¢Z) can be fitted. The
quality of the fit may be measured by a least squares or weighted least
squares technique. Then using the four key points identified previously, find
the equation for a plane, i.e. fit three equations Y= a + bX +cZ for three points
to find a, b, ¢ using for example matrix inversion techniques. This step is
repeated for a different set of three of the four key points. If the ratios a1/a2
(where a1 and a2 are the ‘a’ values derived from different sets of three
points), b1/b2, or c1/c2 exceed a threshold (either too large or too smalil), the
system can be programmed to warn the user via a video output that the plane
is skewed, and that a rescan is appropriate.

The sum of squared errors, in either or both the line and plane case,
may be used as a measure of low quality motion estimates and used either
internally to adapt the motion estimate (i.e. use larger block sizes or make
more motion estimates) or supplied to the user as a video or audible warning,
as for example prompting a re-scan. Similarly, it is possible to accumulate the
detected motion errors between successive motion estimates and to compare
the cumulative motion error against a preset threshold. When the cumulative
motion error crosses this threshold, the system is preferably programmed to
warn the user that cumulative position error is unsatisfactory, and that a
rescan is preferred. Optionally, the cumulative motion error (which may be
derived from the sum of squared errors but is not necessarily exactly equal to

the sum of squared errors) may be displayed for the user.
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Alternative 3D Viewing Techniques

As described above, multiple 2D slices can be reconstructed into a
solid 3D volume set. This is, of course, not the only approach that can be
used to form the output display 46. For example, a simpler display may
comprise a displayed reference bounding box which is 3D in form although
displayed as a 2D projection. Using the motion detection information
described above, the position and angular orientation of all of the planes of
image data are calculated as before. However, in this alternative a selected
2D slice is displayed oriented within the 3D bounding box displayed on the
screen. This can be done using the process described in Keller, U.S. Patent
No. 5,353,354. Techniques for projecting image data defined in 3 dimensions
onto a 2-day screen are well known, as described for example in chapters 5
and 6 of Computer Graphics (Foley, et al., Addison-Wesley, 1995.) Of
course, display of a singie 2D slice within a 3D frame is a subset of the

general 3D reconstruction and visualization system described above.

Alternative Beamforming Techniques

The embodiments described above use image data frames to collect
data for display and tracking frames to collect data to determine relative
motion of the transducers. Since the apertures for the image data frames and
the tracking frames are physically separated, the collection of these frames of
image data really form two independent beamformer tasks. If desired,
muitiple simultaneous transmit and/or receive beams can be used to reduce
the time required to accumulate tracking data. One example of a multiple
transmit-beam system, which could readily be adapted for simultaneously
transmitting ultrasonic beams for the image data frames and the tracking
frames is disclosed in U.S. patent application Serial No. 08/673,410, assigned
to the assignee of the present invention. Similarly, a multiple receive-beam
beamformer can be used to provide a separate receive beam for each
transmit beam, thereby speeding data acquisition. The multiple receive-beam
beamformer disclosed in U.S. patent application Serial No. 08/432,615,

assigned to the assignee of the present invention, can be adapted for this
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purpose. See also the multiple receive-beam beamformer disclosed in
O’Donnell U.S. Patent 4,886,069.

The coherent image formation techniques disclosed in U.S. Patent
Application Nos. 08/419,595 and 08/418,640, Wright et al., “Method and
Apparatus for Coherent Image Formation” (assigned to the assignee of the
present invention) can be used advantageously with selected embodiments of
this invention. The system of the Wright patent applications provides phase
alignment between adjacent scan lines in the near field, and, therefore,
provides a shift-invariant speckle pattern. Such a shift-invariant speckle
pattern should provide superior image motion detection based on the speckle
tracking than that attainable with a conventional system in which the speckie

pattern is shift variant due to a lack of phase alignment between scan lines.

Alternative Operator Warning Messages

If one of the tracking arrays detects motion but the other does not, this
condition may be taken as an indication that the tracking array showing no
motion is not in tissue contact. Preferably, the system controller includes
programmed logic that responds to this condition by alerting the system
operator with a warning message, such as an audible tone or a visual

message on a display screen.

Conclusion

The systems and methods described above provide a number of
important advantages. They are insensitive to the electromagnetic
environment and to patient motion, in contrast to magnetic orientation
methods. The present invention is potentially implemented at lower cost than
magnetic methods, and lower specification transducer arrays can be used.
Potentially, the techniques described above can provide excellent accuracy of
registration, since accuracy is determined by imaging resolution which scales
with frequency.

Depending upon the application, the improved transducers described

above may require more or larger cables, and the footprint of the transducer
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may be slightly extended. However, these potential problems may be
minimized by using the techniques described above.

Of course, it is intended that the foregoing detailed description be
regarded as an illustration of presently preferred forms of the invention, rather
than as a limitation. It is the following claims, inciuding all equivalents, which

are intended to define the invention.
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Claims
1. An ultrasonic transducer comprising:

a support element;

a first transducer array coupled to move with the support
element and comprising a plurality of first transducer elements arranged
along an azimuthal axis, said first transducer array comprising first and
second ends spaced along the azimuthal axis and a first central image plane:

a second transducer array coupled to move with the support
element and comprising a plurality of second transducer elements, said
transducer array positioned near the first end of the first transducer array and
comprising a second central image plane; and

a third transducer array coupled to move with the support
element and comprising a plurality of third transducer elements, said third
transducer array positioned near the second end of the first transducer array
and comprising a third central image plane;

said first and second central image planes being non-parallel,

and said first and third central image planes being non-parallel.

2. The invention of Claim 1 wherein the first and second central
image planes are substantially orthogonal, and wherein the first and third

central image planes are substantially orthogonal.

3. The invention of Claim 1 wherein the second and third
transducer arrays are substantiaily shorter in length along the respective axes

than is the first transducer array.

4. The invention of Claim 1 wherein the second and third
transducer arrays each include substantially fewer of the respective

transducer elements than does the first transducer array.

5. The invention of Claim 1 wherein the first, second and third

transducer elements are each spaced with a respective pitch, and wherein
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the pitch of the second transducer elements is a first integer multiple of the

pitch of the first transducer elements.

6. The invention of Claim 5 wherein the pitch of the third
transducer elements is a second integer multiple of the pitch of the first

5 transducer elements.

7. The invention of Claim 6 wherein the first integer muitiple is

equal to the second integer multiple.

8. The invention of Claim 1 further comprising
a transmit beamformer and a receive beamformer coupled to

10 the first, second and third transducer arrays.

9. The invention of Claim 8 wherein the transmit beamformer forms

multiple simultaneous transmit beams.

10. The invention of Claim 8 wherein the receive beamformer forms

multiple simultaneous receive beams.

15 11. The invention of Claim 8 wherein the transmit beamformer
operates the first and second transducer arrays at different ultrasonic

frequencies.

12.  The invention of Claim 8 wherein the transmit beamformer
operates the first, second, and third transducer arrays at a common ultrasonic

20 frequency.

13.  The invention of Claim 8 wherein the transmit beamformer
operates the second and third transducer arrays with fewer scan lines than

the first transducer array.
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14.  The invention of Claim 8 wherein the transmit and receive
beamformers acquire concurrent images from the first, second and third

transducer arrays for display.

15.  The invention of Claim 8 wherein the transmit beamformer
operates the second and third transducer arrays to acquire a plurality of
frames from at least one of the second and third transducer arrays between

adjacent frames from the first transducer array.

16.  The invention of Claim 8 wherein the transmit beamformer
operates the first transducer array to acquire a plurality of frames from the
first transducer array between adjacent frames from the second transducer

array.

17.  The invention of Claim 14 further comprising a display system
coupled to the beamformers to display the concurrent images from the first,

second and third transducer arrays.

18. The invention of Claim 1 further comprising an absolute sensor
for at least one of displacement and orientation, said absolute sensor coupled

to move with the support element.

19. The invention of Claim 18 wherein the absolute sensor

comprises a magnetic sensor.

20.  The invention of Claim 1 wherein at least a portion of the
second transducer elements are connected in parallel with at least a portion
of the first transducer elements, and wherein the portion of the second
transducer elements are in a jumbled order with respect to the portion of the

first transducer elements.

21.  The invention of Claim 1 wherein at least two of the first, second

and third transducer arrays form crossed arrays.
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22.  The invention of Claim 1 wherein the second and third
transducer arrays are positioned alongside of and laterally spaced from the

first transducer array.

23.  The invention of Claim 1 further comprising third and fourth
transducer arrays coupled to move with the support element and positioned
near respective ends of the first transducer array, said third and fourth
transducer arrays comprising respective fourth and fifth image planes

oriented non-parallel to the first image plane.

24. A method for registering ultrasonic image information
acquired from a target, said method comprising the following steps:

(a) acquiring a plurality of sets of image information
with at least one ultrasonic transducer array, said at least one array
moved between at least some of the sets of image information, said
plurality of sets comprising a plurality of image data sets and a plurality
of tracking sets;

(b)  automatically determining a component of motion
based on a comparison of at least a portion of the tracking sets
acquired in step (a); and

(c) automatically using the component of motion
determined in step (b) to register selected ones of the image data sets

acquired in step (a).

25. The invention of Claim 24 wherein the at least one ultrasonic
transducer array comprises an imaging array and at least one tracking array,
wherein the imaging array defines an image plane, wherein the tracking array
defines a tracking plane, and wherein the image plane is oriented at a non-

zero angle with respect to the tracking plane.

26.  The invention of Claim 24 wherein the sets of image information
are oriented substantially paralle! to one another, and wherein step (c) forms

an extended field of view.
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27.  The invention of Claim 24 wherein at least some of the tracking

sets do not intersect at least some of the image data sets.

28.  The invention of Claim 24 wherein step (b) comprises the step

of cross-correlating said at least a portion of the tracking sets.

29.  The method of Claim 25 wherein the at least one tracking array
comprises first and second tracking arrays, each positioned adjacent a
respective end of the imaging array to acquire tracking sets in respective first
and second tracking planes, and wherein step (b) determines the component

of motion in both said first and second tracking planes.

30.  The method of Claim 24 wherein the image data sets comprise
information selected from the group consisting of B-mode information, color
Doppler velocity information, color Doppler energy information, and

combinations thereof.

31.  The method of Claim 24 comprising the further step of
determining a second component of motion based on a comparison of at least
some of the selected image data sets, and wherein step (c) comprises the
step of using the second component of motion to register said image data

sets.

32.  The method of Claim 24 wherein the image data sets are
acquired using a different frequency than that used in acquiring the tracking

sets.

33.  The method of Claim 24 wherein step (a) comprises the step of
using dual beamformers to simultaneously acquire the image data sets and

the tracking sets.
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34.  The method of Claim 33 wherein step (a) comprises the step of
using respective bandpass filtering in association with the respective

beamformers.

35.  The method of Claim 24 wherein step (a) provides the tracking

sets as scan-converted data.

36. The method of Claim 24 wherein step (a) provides the tracking

sets as acoustic line data, prior to scan conversion.

37.  The method of Claim 24 wherein step (b) performs the
comparison using every Nth pixel of the tracking sets, where N is an integer

greater than zero.

38.  The method of Claim 24 wherein step (b) comprises the step of

combining a plurality of measures of the component of motion.

39.  The method of Claim 38 wherein the step of combining
comprises the step of assigning weights to individual measures of the
component of motion, each weight indicative of quality of the respective

measure.

40.  The method of Claim 39 wherein the step of assigning weights
comprises the step of comparing spatially adjacent measures of the

component of motion.

41.  The method of Claim 39 wherein the step of assigning weights
comprises the step of comparing successive measures of the component of

motion.

42.  The method of Claim 39 wherein the step of assigning weights

uses fuzzy logic.
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43. The method of Claim 38 wherein the combining step comprises

the step of discarding low-quality measures of the component of motion.

44.  The method of Claim 24 further comprising the step of:
(d) indicating to an operator when the component of motion

5 determined in step (b) is outside a preferred range of values.

45.  The method of Claim 24 further comprising the step of:
(d)  alerting an operator when the determining step (b) is not

operating effectively.

46.  The method of Claim 25 wherein step (a) comprises the step of

10 operating the imaging and tracking arrays in parallel.

47.  The method of Claim 46 wherein step (a) comprises the step of

operating the imaging and tracking arrays at differing voltage levels.

48.  The method of Claim 24 further comprising the step of:
(d) interpolating between a plurality of measures of the

15 component of motion determined in step (b).

49.  The method of Claim 24 wherein the sets of image information

are acquired in step (a) using a plurality of separate frequencies.

50.  The method of Claim 24 wherein the sets of image information

are acquired in step (a) using a plurality of different bandwidths.

20 31. The method of Claim 24 wherein the tracking sets comprise sets

acquired using a plurality of different ultrasonic frequencies.

52.  The method of Claim 24 wherein the tracking sets comprise sets

acquired using a plurality of different ultrasonic bandwidths.
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53.  The method of Claim 24 wherein step (b) comprises the step of
generating curve-fitted values derived from a plurality of measures of the

component of motion.

54.  The method of Claim 24 wherein step (b) comprises the step of
adaptively varying a time interval between time of acquisition of the tracking
sets used in determining the component of motion to cause the component of

motion to approach a selected range.

55.  The invention of Claim 24 wherein step (b) comprises the step
of averaging a plurality of pixels of at least one of the tracking sets prior to

determining the component of motion.

56.  The method of Claim 24 further comprising the step of
automatically varying intensity mapping of the tracking sets acquired in step

(a) to enhance motion detection.

57.  The invention of Claim 24 further comprising the step of:
(d) filtering at least said portion of the tracking sets of image

information prior to the comparison of step (b).

58.  The method of Claim 24 wherein step (b) comprises the step of
repeatedly using a first one of the tracking sets of image information as a
reference in a plurality of successive ones of the comparison of step (b) until
the component of motion is determined with respect to said first tracking set

of image information.

59.  The method of Claim 24 wherein step (b) comprises the step of
performing the comparison over a search region of the tracking sets of image
information, wherein the search region is elongated in shape in a direction

substantially aligned with the component of motion.
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60. The method of Claim 24 wherein step (b) comprises the step of

performing the comparison over a variable search region of the tracking set.

61.  The method of Claim 60 wherein step (b) comprises the step of
positioning the variable search region based on a previously-determined

5 component of motion.

62.  The method of Claim 60 wherein step (b) comprises the step of
sizing the variable search region based on variability of a plurality of

previously-determined components of motion.

63.  The method of Claim 24 wherein step (b) comprises the step of
10 performing a series of comparisons of the tracking sets, wherein the
comparisons differ in resolution in at least one of spatial and signal leve!

resolution.

64.  The method of Claim 24 wherein step (b) comprises the step of
correlating two non-parailel lines of image information included in two of the
15 tracking sets of image information acquired in step (a) to determine vector
components of the component of motion, said vector components aligned

with said lines.

65.  The method of Claim 24 further comprising the step of
(d) forming data-compressed versions of at least some of the
20 image data sets and tracking sets acquired in step (a) prior to at least one of

steps (b) and (c).

66. The method of Claim 65 further comprising the step of
(e) applying data decompression to the data-compressed

versions of step (d) prior to at least one of steps (b) and (c).
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67. The method of Claim 25 further comprising the step of (d) using
the registered image data sets to form a 2D image in a piane obliquely

oriented with respect to the image plane.

68. The method of Claim 24 wherein step (b) comprises the step of
utilizing in the comparison only the tracking sets that correspond to selected
portions of a cycle selected from the group consisting of an ECG cycle and a

breathing cycle.

69. The method of Claim 24 wherein the information of the tracking
sets used in the comparison of step (b) is selected from the group consisting
of envelope-detected data prior to scan conversion, RF beamformer signals
prior to envelope detection, and baseband beamformer signals prior to

envelope detection.

70. The method of Claim 24 wherein the image data sets are
acquired using a different frequency than that used in acquiring the tracking

sets.

71. The method of Claim 24 wherein the image data sets are
acquired using a different bandwidth than that used in acquiring the tracking

sets.

72.  The method of Claim 24 wherein the image data sets are
acquired using a different azimuthal focus than that used in acquiring the

tracking sets.

73.  The method of Claim 24 wherein step (a) further comprises the
step of using a different logarithmic compression of signal level for the image

data sets than for the tracking sets.

74. The method of Claim 26 wherein the at least one transducer

array comprises a first transducer array and at least one additional transducer
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array, wherein the image data sets are acquired using the first transducer
array, and wherein the tracking sets are acquired using the at least one

additional transducer array.

75. The method of Claim 74 wherein the first and at least one
additional transducer arrays are co-linear and axially spaced from one

another.

76. The method of Claim 74 wherein the first and at least one
additional transducer arrays are positioned alongside of and laterally spaced

from one another.

77. The method of Claim 24 wherein step (a) further comprises the
step of automatically varying intensity mapping of the tracking sets to

enhance motion detection.

78. The method of Claim 24 wherein the image data sets and the

tracking sets are acquired using different transducer arrays.

79.  The method of Claim 78 wherein the acquiring step comprises
the step of multiplexing signals to the different transducer arrays via a

common set of signal conductors.

80. The method of Claim 24 wherein the image data and tracking
sets each comprise a plurality of scan lines, and wherein sets of one or more
scan lines of the image data sets are interleaved in time with sets of one or

more scan lines of the tracking sets.

81.  The method of Claim 24 wherein step (a) comprises the step of
forming multiple simultaneous transmit beams with the at least one

transducer array.
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82. The method of Claim 24 wherein step (a) comprises the step of
forming muitiple simultaneous receive beams with the at least one transducer

array.

83.  The method of Claim 24 wherein step (a) comprises the step of

5 coherently forming at least the tracking sets.

84. The method of Claim 24 further comprising the step of (d)
indicating to an operator when tissue contact is lost for a transducer array

included in the at least one transducer array.

85. The method of Ciaim 24 wherein the selected ones of the image

10 data sets comprise consecutively acquired image frames.

86. The method of Claim 24 wherein the selected ones of the image
data sets comprise non-consecutively acquired image frames separated in

time by at least one intervening image frame.

87. The method of Claim 24 wherein step (c) comprises the step of
15 smoothly interpolating between the image data sets at a boundary between

the selected image data sets.
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