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Abstract

A robot-assisted system for medical diagnostic ul-
trasound has been developed by the authors. An ultra-
sound image servo controller has already been proposed
and implemented in [1, 2] to automatically compen-
sate, through robot motions, unwanted motions in the
plane of the ultrasound beam. This paper presents an
adaptive image servo controller to enhance the perfor-
mance of the ultrasound image servo controller. To in-
crease safety, the control is shared between the operator
and the image controller. The stability and accuracy of
the system is illustrated through different experiments.

1 Introduction

Medical ultrasound exams often require that ultra-
sound technicians hold the transducers in awkward po-
sitions for prolonged periods of time, sometimes exert-
ing large forces. A number of studies indicate that
they suffer from an unusually high incidence of mus-
culoskeletal disorders (e.g. [18]). Motivated initially
by the need to alleviate these problems and to present
a more ergonomic interface to the ultrasound techni-
cians, a teleoperation approach to diagnostic ultra-
sound has been proposed. The system consists of a
master hand controller, a slave manipulator that car-
ries the ultrasound probe, and a computer control sys-
tem that allows the operator to remotely position the
ultrasound transducer relative to the patient’s body.
An inherently safe, light, backdrivable, counterbal-
anced robot has been designed and tested for use in
carotid artery examinations, the purpose of which is
to diagnose occlusive disease in the left and right com-
mon carotid arteries — a major cause of strokes [17].

The motion of the robot arm is controlled based
on measured positions and forces, acquired ultrasound
images, and/or taught position and force trajectories.
The system uses a shared control approach that is ca-

pable of achieving motion, force and image control si-
multaneously.

The ability to interactively position the ultrasound
probe via a teleoperated system, while being assisted
with force and image controllers, has major advantages
over other similar interfaces for ultrasound examina-
tion. In [13], a Mitsubishi PA-10 industrial robot was
used with a force controller to assist ultrasound tech-
nicians to move the ultrasound probe against the pa-
tient’s body. The ultrasound probe can only be moved
by the robot, through a prespecified trajectory, which
limits the flexibility of the examination. No shared
control, teleoperation or ultrasound image servoing
was reported. Other approaches, such as [4, 9], focus
primarily on providing an interface for 3D ultrasound
image reconstruction.

Automatically guiding the ultrasound probe as a
function of its acquired images, an approach termed
“ultrasound image servoing”, could be a useful feature
for diagnostic examinations when used in conjunction
with human supervisory control, in order to reduce op-
erator fatigue [1]. During the ultrasound examination,
the operator interacts with a graphical user interface
and a hand controller. The resulting operator com-
mands are coordinated with the visual servo controller
in order to control the robot, and thus the ultrasound-
probe motion.

Adaptive visual servoing has already been proposed
in the literature [3, 11, 12, 7, 10]. Papanikolopoulos
[10] presents an adaptive control scheme for the prob-
lem of robotic visual servoing (eye-in-hand configura-
tion) around a static rigid target. Hosoda [7] presents
an adaptive visual servoing/force controller to realize
visual servoing while the manipulator exerts contact
force on a surface. The system only needs a priori
knowledge of the manipulator. An estimator of the
image Jacobian is presented to deal with the unknown
environment. Asada [3] describes an adaptive binocu-
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Figure 1: Block diagram of the ultrasound robot system.

lar visual servoing system to accomplish a given task
in a dynamic environment. Piepmeier [11, 12] presents
a dynamic quasi-Newton method to track a target by
an uncalibrated model independent visual servo con-
troller. The control problem is formulated as a non-
linear least square optimization. A dynamic Jacobian
estimation scheme is used to estimate the combined
robot and image Jacobians. Experimental results are
presented for a two-degree-of-freedom system.

This paper presents a new adaptive ultrasound im-
age servo controller. Section 2 describes the system
setup. Section 3 presents the theory behind ultrasound
image servoing, along with the experimental results.
The derivation of ultrasound image Jacobian estimator
is presented in Section 4. Experiments are performed
to compare the performance of the adaptive ultrasound
image servo controller with the conventional controller.
Finally, Section 5 provides a summary and concluding
remarks.

2 System Setup

Figure 1 shows the block-diagram of the experimen-
tal setup. The system consists of a user interface, a
slave manipulator carrying the ultrasound probe, and
a computer control system.

2.1 The User Interface

The operator interacts with the system through the
user interface, which consists of a master hand con-
troller (a Space Mouse/Logitech Magellan [6]) and a
graphical user interface (GUI). The velocity of all axes
of the robot can be controlled by the Magellan mouse.
The GUI allows the operator to activate/deactivate
the robot, to enable/disable the force control and the

visual servoing and to enable/disable different degrees
of freedom of the robot.

Ultrasound images are captured in real-time and
are displayed in the GUI. For the ease of the operator,
a 3D rendered model of the ultrasound probe, which
displays the orientation of the transducer in real-time,
is incorporated within the GUI. One or two features
can be selected from the ultrasound image by using the
mouse pointer. These features are passed to the image
controller to compensate for motions in the plane of
the ultrasound beam, the goal of which is to maintain
features at the desired position in the image.

2.2 TUltrasound Robot

A lightweight robot with limited force capability has
been designed for teleoperated ultrasound examina-
tions [15]. The robot moves fast enough to allow ultra-
sound examination to take place at a pace close to that
achieved by the unassisted sonographer. In addition,
the robot joints are backdrivable so that the arm can
be pushed out of the way if necessary and controlled
effectively in force mode. During the ultrasound ex-
amination, the ultrasound transducer is carried by the
end-effector of the robot. Small motor driving torques
are required to generate a maximum force of 10 N at
the end-effector, due to the fully counterbalanced me-
chanical design. This results in a system that is safe
in the case of a power failure.

2.3 Robot Controller

The control approach is explained in [19]. Its ob-
jective is to let a linear combination of the velocity
and scaled force of the ultrasound probe track the
hand controller command (displacement). There is
no explicit switching between the contact and free



motion states. The safety is insured by including a
control “command reset” or “disturbance accommo-
dation” function that never allows position errors to
be large. The controller uses the measured probe
positions and forces, the acquired ultrasound images,
and/or the commanded position and force trajectories
simultaneously in a shared control approach to control
the robot arm.

3 Ultrasound Image Servoing

One of the main features of the current system is
its ability to visually track features in ultrasound im-
ages in real-time. This could help ultrasound techni-
cians in guiding the motion of the ultrasound probe
during the examination. The image processing sys-
tem captures the ultrasound images at a rate of 30
frames/s by using a Matrix Vision?™ Mv-delta frame
grabber. Ultrasound image servoing has been demon-
strated by using the Star-Kalman motion tracking al-
gorithm for a single degree of freedom [1, 2]. The fea-
ture tracking algorithm provides the image controller
with the required feature coordinates (e.g. the center
of the carotid artery) to control the robot. The feasi-
bility of the ultrasound image servoing to control three
axes of the robot can be determined by examining the
ultrasound image Jacobian, which relates differential
changes in the image features to differential changes
in the configuration of the robot. Figure 2 illustrates
the concept. Let P; = [u;,v;]T be a feature point in
the plane of the ultrasound image with coordinates
[z,¢y,¢2]T in the probe-attached frame. Assuming an
orthographic projection model [8] with scale a for the
ultrasound image and that P; remains in the image
plane, the coordinates of P; in the two-dimensional ul-
trasound image become [u; —ug, 0, v;]% = [a%, 0, a%]7,
where [ug, vo]? is the center of the ultrasound image.
It can be shown that
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where ¢X are the translational and angular end-
effector velocities in end-effector coordinates and J,, €
R21x6 is the ultrasound image Jacobian matrix. If sev-
eral points are considered in the image, similar pairs
of rows will be added to (1). The rank of the result-
ing Jacobian is at most three. Two or more feature
points with motions not along the lines connecting
them to each other will generate a Jacobian of rank
three. Thus, as expected, with non-trivial ultrasound
images, it is possible to control the motion of the ul-
trasound transducer in its image plane in three degrees
of freedom.
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Figure 2: Definition of the frames for the ultrasound
robot.

The visual controller, depicted in Figure 3, is de-
scribed by:

eX:*JJi [Kd (fi*fr)ffr]a (2)

where f; = [u;,v;]T is the actual image feature location
in the ultrasound image, f, is its desired location, K4
is the controller gain and JJ is the pseudo-inverse of
Jv; - J;[ is the minimum norm solution of (1) to track
one feature and the least square solution to track two
or more features. Replacing J,, from (1) in (2) and
assuming that the dynamics of the robot control loop
are negligible relative to the image control loop, the
following equation is derived:

fi+Ka fi=Ka fr+ fr, (3)

which guarantees that image feature servoing

(fi) — (fr) (4)

can be achieved.

An ultrasound phantom has been designed to test
the performance of the ultrasound image controller.
Figure 4 illustrates a CAD model of the phantom.
Three plastic tubes are positioned in a solution [14]
along three different axes in the phantom.

Ultrasound image servoing at rates as high as 30 Hz
has been achieved to control three axes of the robot,
while tracking one or two features in the ultrasound
image in real-time. With the coordinate system illus-
trated in Figure 2, the control axes are the transla-
tions along the z-axis and z-axis, while the rotation is
about the y-axis. Figure 5 shows the ultrasound im-
age servoing performance for one of the axes. For this
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Figure 3: Ultrasound image controller.

Figure 4: A CAD model of the ultrasound phantom.

experiment, a feature (center of one of the pipes in the
phantom ultrasound image) is selected before enabling
the visual servoing. While the operator is moving the
probe along the y axis, the feature position is main-
tained in the center of the image automatically. The
Star-Kalman algorithm [2] is used to extract the fea-
ture from the ultrasound image.

4 Adaptive Ultrasound Image Servo-
ing

The performance of the ultrasound image servoing
directly relates to the accuracy of the ultrasound im-
age Jacobian. In the previous section, it was assumed
that a model of the ultrasound image projection is
known. This assumption may not be valid anymore
when the operator changes the image parameters such
as the magnification of the ultrasound image. In or-
der to compensate for these changes in the image, a
quasi-Newton adaptive method is proposed to update
the ultrasound image Jacobian. By adopting an ap-
proach similar to [11], the following residual error can
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Figure 5: Experimental result for image servoing in
single axis.

be defined:
(°X,t) = fi(°X) — fr(t) (5)

where ¢X is a vector of end effector coordinates in the
end effector frame, f;(¢X) is the position of the feature
in the ultrasound image and f,.(¢) is the target position
which is a function of time. The objective function, ®,
can be written as follows:

X0 =36 (XX D) (6)

Minimizing ®(°X,t) with respect to X for a fixed
sampling rate At, the following visual controller can
be proposed:

X = — JI [ Ka (fi(°Xk) = fo(tn) — £o(t) ), (7)

where X}, is ¢ X|;—,, j,i is the pseudo-inverse of jk
and
o

jk = 8e_X|(“Xk,tk) (8)



represents the kth approximation to the ultrasound
image Jacobian. The convergence of the visual con-
troller is discussed in [11, 12].

It can be shown that the following dynamic Broyden
update provides a secant approximation to changes in
the image Jacobian based on changes in the error func-
tion corresponding to changes in the state variables
[11]:

(A — Je 10X, + df'},l—(ttk)Atk)AeXkT

Ady =
F AeXkTAeXk

9)

where Ajk = jk — jkfl, Agr = ¢(6Xk,tk) —
d(°Xk—1,tk—1) and Aty =ty — tx—1. Approximating
df?“(tk) fr(tk) — fr(tk—l)

= 1
dt te —tr_1 (10)

and dividing the numerator and denumerator of (9) by
Aty,?, we get to the following simplified formula:
(fi(Xp) = Jo1 Xi) X5

AJy, = :
eXkTeXk

(11)

The result shows that for the first order approxima-
tion, the change in Jy is not related to the target mo-
tion in time.
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Figure 6: Experimental results for adaptive and con-
ventional ultrasound image servo controllers. K4z =5
for the adaptive controller and K; = 5 and Ky = 20 for
the conventional controller. In each figure, the track-
ing results for z-axis (top) and z-axis (bottom) are
displayed.

Experiments show a satisfactory performance of the
adaptive ultrasound image servoing method. In all of

the experiments, a feature is tracking a simulated tar-
get which moves in the image along a line with equa-
tion v = —(u — wu0) + vio, Where [0, vi0]T is the ini-
tial coordinates of the feature. A sequential similar-
ity detection algorithm [5] is used to track the feature
in the ultrasound image. Figure 6 compares the per-
formance of the adaptive and conventional ultrasound
image servo controllers. The initial condition for the
adaptive ultrasound image Jacobian estimator, jo, is
chosen equal to J,,,. Ji converges after 5 s. The stan-
dard deviation of errors are o, = 3.88 and oy, = 4.35
for the adaptive method and o, = 7.52 and o, = 6.28
for the conventional method. However, the perfor-
mance of the conventional method can be improved
by increasing the controller gain. Figure 6 demon-
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Figure 7: Experimental results for adaptive and
conventional ultrasound image servo controllers with
K; =5 and K4 = 20 , respectively. Ultrasound im-
ages are scaled down to 65% of their original size. In
each figure, the tracking results for z-axis (top) and
z-axis (bottom) are displayed.

strates the performance of the conventional method
with K43 = 20. The standard deviation of errors are
oz = 3.93 and o, = 3.74 which show similar perfor-
mance to that of the adaptive controller. In order to
see the effect of the accuracy of the image projection
model on the performance of the ultrasound image
servo controllers, ultrasound images were scaled down
to 656% of their original size. Figure 7 compares the
performance of the two controllers. The standard de-
viation of errors are o, = 4.65 and o, = 4.42 for the
adaptive method and o, = 9.04 and o, = 6.17 for the
conventional method which show better performance
by the adaptive ultrasound image servo controller.



5 Summary and Conclusions

A new medical ultrasound examination system that
uses a robot to remotely position the ultrasound probe
was presented. The system uses a shared control ap-
proach that is capable of achieving motion, force and
image control simultaneously. An ultrasound image
servoing capability is embedded in the system. An
adaptive ultrasound image servo controller is proposed
and the performance is compared with the conven-
tional controller. The results show similar perfor-
mance of both approaches when the image projec-
tion model is accurate, but better performance of the
adaptive controller when the image parameters are
changed.

In the future, the passive mouse will be replaced by
a PowerMouse haptic interface [16], in order to realize
bilateral teleoperation with force feedback. Also, the
system will be used and tested for ultrasound diagnos-
tic at the Vancouver General Hospital, UBC. A human
factors study to compare the presented approach with
that of the conventional ultrasound examination is also
under way.
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