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Short Papers

The Effect of Monocular Target Blur on Simulated
Telerobotic Manipulation

Andrew Liu and Lawrence Stark

Abstract—Proper presentation of visual information enables efficient
teleoperation. We simulated three types of telerobotic tasks that require
information about the spatial position of objects. Our results indicate
that, for trained subjects, monocular target blur can reduce the advan-
tage of using stereo displays. This is similar to the results of psychophys-
ical experiments examining the effect of blur on stereoacuity, likely to be
required for the execution of our tasks. This suggests that other psy-
chophysical experimental results could be used to predict operator
performance for other telerobotic tasks.

1. INTRODUCTION

Telerobotic manipulation requires an interface between the human
operator and the telemanipulator that quickly and accurately pro-
vides information about the remote environment [1]. Visual inter-
faces are most commonly used because of their simplicity and cost
effectiveness. Two-dimensional or monoscopic displays rely on
depth cues such as perspective, occlusion, and shading to convey the
percept of depth to the operator. Stereoscopic displays are based on
another powerful depth cue called binocular disparity. Recent stud-
ies of telemanipulation have shown that human performance for
““typical’’ telerobotic tasks is better with stereo displays than with
monoscopic displays, although on-the-screen enhancements can
compensate for the difference [2]-[4]). The use of stereoscopic
displays might also reduce mental fatigue and enhance awareness
because of better correspondence with other depth cues that would
be perceived in the remote environment [5].

The images seen by the human operator might be degraded by
factors such as transmission noise, bandwidth limitations, or changes
in the scene illumination. Pepper et al. have demonstrated the
advantage of using stereoscopic displays when image contrast is
reduced [4]. This result suggests that binocular disparity plays an
important and robust role in the operator’s ability to interpret the
remote environment. However, other visual degradations may affect
binocular displays more adversely than monocular displays, espe-
cially if the degradations are present in only one eye. We have
found no other papers that investigate the effects of other image
degradations such as target blur or image noise on the performance
of telerobotic tasks.

Ogle was the first to describe the reduction in stereoacuity when
one or both images were blurred with spectacle lenses [6]. It was
also found that the blurring of one image reduced stereoacuity more
than blurring both images (see Fig. 3(a) given below). The solid
plot symbols represent data from binocular blur and the open
symbols represent monocular blur data. Subsequent experiments
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Fig. 1. Overview of the simulation of telerobotic tasks.

have shown that convex and concave lenses reduce stereoacuity to
similar levels [7]-[9]. On the other hand, experiments using ground
glass to blur ‘‘stereo-vernier” targets did not reveal any reduction
in stereoacuity [11]. Stereoacuity was measured using either a
Howard-Dolman test [7]-[9] or line stereograms [10], [11]. Blur
has also been described in the spatial frequency domain as a loss of
the high-frequency components in an image. The effects of spatial
frequency filtering on human stereoacuity also have been investi-
gated [10]. As expected, it was found that filtering any components
in the range of spatial frequencies of an image resulted in a loss of
stereoacuity. Interestingly, high-pass filtering was found to be much
more detrimental to stereoacuity than low-pass filtering. This is
similar to the results of experiments using random-dot stereograms
[12]. To determine if the reduction in contrast due to blur caused the
loss in stereoacuity, contrast was enhanced after blurring.
Stereoacuity improved only slightly, which suggests that the spatial
frequency content of the image is important to the detection of
disparity.

This short paper presents the results of our investigation into the
effect of target blur on operator performance of simulated tele-
robotic tasks. Target blurring could occur as a result of a bandwidth
limitation on the video signal from the remote site. By using
spectacle lens blur to degrade the stereo images, we can correlate
task performance with the degree of visual degradation. If
stereoacuity is an important cue for effective telemanipulation, then
the changes in operator performance should follow the results of
psychophysical experiments testing the effect of target blur on
stereoacuity, or the ability to discriminate between two points in
depth. Thus, these and other psychophysical results might be useful
for predicting changes in telerobotic task performance.

II. METHODS

Two telerobotic simulators consisting of a helmet-mounted stereo-
scopic display, a graphic display system, joysticks, and a microcom-
puter was arranged in the experimental setup described below and
elsewhere [4], [5], [13] (Fig. 1).

A. Experimental Apparatus and Setup

In one simulator, a Hewlett-Packard 1345A vector display, was
used for the real-time dynamic display. It has 2048 x 2048 resolu-
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tion and a drawing speed of 8194 cm of vectors at a 60-Hz refresh
rate. In the second simulator, a Silicon Graphics IRIS 4D/120GTX
with a 1024 x 1280 resolution monitor, was used to render the
scene. Two video cameras (Panasonic WV-1410 CCTV or Sanyo
VM-10) were focused on the screen of the display, each camera
aimed at one of the images of the stereo pair. The output of each
camera went to a small helment-mounted viewfinder (Sony VF-208).
The two viewfinders could be adjusted independently such that the
subject could easily fuse the images and achieve the stereoscopic
effect.

For the pick-and-place and three-axis tracking tasks, the operator
used the two displacement joysticks to control the position of the
end-effector of a three-degrees-of-freedom manipulator. The posi-
tion in robot base Cartesian coordinates was determined by three
axes of the two joysticks. For the axle manipulation task, the
joysticks controlled the translation and rotation of the axle. A switch
on the joysticks enabled the operator to change between the two
modes of control. The joystick outputs were connected to a 12-bit
analog-to-digital converter in a PC/AT. The PC/AT performed the
necessary computations for the stereoscopic display, manipulator,
and /or target motions and measured the task completion time or
stored the tracking response data. Because the scene in the axle
manipulation task was much more complicated, the PC/AT trans-
mitted the joystick data via a serial connection to the IRIS, which
performed the rendering and data collection.

B. Description of Simulated Tasks

Three types of simulated telerobotic tasks were performed: a
pick-and-place task, a three-axis tracking task, and an axle manipu-
lation task. The subjects were four graduate students with normal
stereo vision who were very familiar with the tasks and apparatus.
Familiarity with the tasks and equipment was essential to simulate
the fact that trained operators would probably be performing most
telerobotic tasks. To eliminate any learning effects, all subjects were
trained until their performance reached an asymptotic steady state.

The pick-and-place task required the operator to pick up four
randomly placed targets in a certain order and place them in their
respective boxes. The targets were marked by four dots and put into
boxes located on the right side of the work space floor. The
disparity between the two images was the only cue to the position of
the targets. When the operator had moved the end effector to the
same position as the target, the computer would beep to indicate that
the target had been successfully grasped. Then the operator would
move the end-effector to the box on the floor plane and the computer
would beep again when the target was placed in the box and
released. Performance was measured by the time required to pick up
each target. One complete trial consisted of five screens of four
targets for a total of 20 targets. Five target files were used. The first
target file consisted of randomly placed targets in the work space.
The remaining four files had all targets constrained to one of four
subregions: top, left, right, and middle. These regions were created
by subdividing the work space into 64 equally sized cubes and
selecting certain cubes for each subregion.

In the three-axis tracking task, the operator was asked to track the
path of a randomly moving target as closely as possible. In this
case, tracking performance was measured by the rms error, normal-
ized to the rms value of the target trajectory. Hence, if the operator
were to track the input exactly, the rms error would be zero, and if
the operator response was constant and equal to the mean of the
signal (i.e., the operator did not move the cursor), then the rms
error would be one. The target was marked by a small diamond at
full brightness, and the cursor was marked by a small cross at half
brightness. Because of the small size of the target and cursor,
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Fig. 2. Example of the objects in the axle manipulation task.

neither was displayed in perspective. The target trajectory was
precomputed and comprised of three independent single-axis trajec-
tories. Each single axis trajectory was the summation of eight
sinusoids of various magnitudes and frequencies. The amplitude
spectrum was made to be similar to a low-pass filter with a cutoff
frequency of 0.1 Hz. By altering the relative phase of the frequency
components, we created two additional input trajectories. Each trial
lasted for 1 min, but the first 10 s constituted a ‘“ warm-up’’ period.
The position of the joystick was sampled at a frequency of 40.96
Hz.

The axle manipulation task was designed to be a more realistic
task for testing operator performance. As a result, the objects in the
scene were more complicated and presented more evident perspec-
tive depth cues, i.e., foreshortening. The subject was required to
use the joysticks to maneuver a long axle to a randomly determined
position in space, designated by two end pieces (Fig. 2). The
smaller end of the axle was supposed to rest in the notch of the
platform while the larger end was to be centered over the large pin.
Performance was measured with three parameters: the task comple-
tion time, the distance error at the platform, and the distance error
at the pin. Two subjects performed a total of 20 trials for each
viewing or blur condition in two sessions of 10 trials. There was no
feedback to indicate to the subject how well he or she had per-
formed during the task.

C. Experimental Procedures

In our experiments, we investigated the effect of monocular target
blur on the performance of the three tasks. We presented the
simulated scenes in three ways: bioptic (binocular without disparity),
ideal stereoscopic, and blurred stereoscopic. The bioptic and ideal
stereoscopic conditions were the control cases in our study. The
bioptic case only presented the monocular depth cues, so the
subject’s performance should have been relatively poor, i.e., slow
completion time for the pick-and-place task or large error for the
tracking task. The ideal stereoscopic case had the disparity depth
cue present so that performance should have been better, i.e., faster
or more accurate. Monocular blur was used to ensure a large range
of reduction in stereoacuity. The blur was induced by placing a lens
(from +2D to +9D) approximately 25 mm in front of the camera
focused on the right image of the stereo pair.

II. ResurLts

The results of the pick-and-place experiments using random target
locations (circle) and constrained locations (hatched square) are
plotted as the mean completion time (ordinate) versus blur in
diopters (abscissa) [Fig. 3(b)]. The mean completion time is the
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Fig. 3. Results of experiments with monocular target blur. (a) Stereoacuity
versus blur for standard psychophysical tasks from Lit [7] (square) and
Westheimer and McKee [10] (triangle) experiments. Solid squares indicate
data for binocular blur; open squares and triangles indicate monocular blur.
(b) Mean completion time versus blur for pick-and-place tasks with random
target (circle) and constrained target (hatched square) distributions. (c)
Normalized rms error versus blur for tracking tasks (x—horizontal,
y—vertical, z—depth, O—rms error in three dimensions). Bioptic display
(B).

average of the 20 pick-and-place completion times in one trial. The
data from the constrained location experiments consist of the aver-
age of seven trials of 20 targets whereas the random location data
are from one trial of 20 targets.

Results of the three-axis tracking experiment are expressed as
normalized rms error (ordinate) versus blur in diopters (abscissa)
[Fig. 3(c)]. We have plotted the rms error along each axis as well as
the overall rms error. The values of the rms error along the three
primary axes are shown by the plot symbols x, y, and z. The
overall rms error is shown by the solid triangles.

The performance of the axle manipulation was measured by both
the mean completion time [Fig. 4(a)] and the mean end position
error, errQ [Fig. 4(b)] or errl [Fig. 4(c)]. The means are calculated
from 20 trials at each viewing condition. Subject 1 is shown by the
solid triangles, and Subject 2 is shown by the solid squares.

We used analysis-of-variance methods to check if the trends in the
data were significantly different from each other [19]. For the
pick-and-place task, the mean completion times for each level of
blur were found to be statistically different (p < 0.001) from the
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Fig. 4. Results of the axle manipulation task. The solid triangles are data
from Subject 1 and the solid squares are the performance of Subject 2. (a)
Performance measured by the mean completion time versus blur. (b) Dis-
tance error at the pin versus blur. (c) Distance error at the platform versus
blur. Bioptic display (B).

ideal stereoscopic case, whereas they did not differ from the bioptic
case. Similar results were found for the rms errors. In the axle
manipulation task, the mean completion times for 2D and 8D blur
were significantly different from the ideal stereoscopic case (p <
0.05). However, the mean distance errors at the pin were not
different while the errors at the platform were significantly different
at 5D and 8D blur (p < 0.05).

IV. Discussion

The results of pick-and-place experiments with randomly placed
targets show the expected behavior: performance worsens as blur
increases. However, they do not provide conclusive evidence be-
cause of the large deviation in completion times. Both of the
subjects noted that certain target positions required more time to
pick up. This was due to the boxes on the right side of the grid that
infringed upon targets along the same line of sight, hindering the
subject’s depth judgement and task performance. The disparity of
objects located in the periphery might have been affected by small
misalignments of the viewfinders of the stereo display, which could
lead to erroneous depth judgements.
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The results of our second pick-and-place experiment with con-
strained targets also follow the pattern for stereoacuity. Task perfor-
mance decreased to the performance level of bioptic viewing after
2D of blur, roughly a twofold increase in the completion time. The
psychophysical results indicate that stereoacuity becomes 3-15 times
worse with the addition of monocular blur [7]-[10].

The axle manipulation experiment was designed to present a more
realistic task and scene to the subject. For example, since the
objects are not just dots, their sizes change as they move in depth
and the foreshortening of lines becomes more evident. Therefore,
the contribution of the monocular cues can be more readily evalu-
ated. The results of this experiment suggest that the presence of the
monocular cues may improve performance under slightly blurred
conditions. In general, the performance under moderate levels of
blur (2D) is not as poor as the bioptic performance or performance
under high levels of blur (> 5D). The cues do not entirely compen-
sate for the effect of blur since performance with 8D blur is
approximately the same as for the bioptic case. There is still another
possible explanation for the improved performance at low levels of
blur. The increased complexity of the scene resulted in more object
edges where disparity could be computed. This could help the
subject to see the objects in depth despite the blurring of one eye.

Our result suggests that care should be taken when setting up a
stereo display for telerobotics. Even moderate reductions in
stereoacuity can be enough to reduce or even eliminate the advan-
tage of using stereo displays. This would explain how early experi-
ment with stereoscopic displays did not show any advantage of
stereo displays over monocular displays. These early studies were
probably not careful in setting up the stereo displays, so that factors
such as vertical misalignment or improper camera configuration
degraded stereoacuity enough to reduce task performance as sug-
gested by Pepper ef al. [4].

The results of the three-axis tracking experiments exhibited simi-
lar behavior in overall rms error (rms xyz) and in depth (rms z).
As expected, the error in the horizontal direction (rms x) did not
change because horizontal motion in the picture plane can still be
seen by the unblurred eye. However, the error in the vertical
direction (rms y) became larger when the blur was added. By
examining data from previous tracking experiments using monocu-
lar displays [14], we found that the azimuth and elevation angles of
display affect the magnitude of error in the horizontal or vertical
directions. In both sets of tracking experiments, the target and
cursor did not change size as they moved in depth. Therefore, under
the blurred viewing conditions when stereo was lost, the operator
interpreted the movement in depth as movements in the display
plane. This looming cue has been suggested to be a better cue to
motion-in-depth than changing disparity [15]. Also, it has been
demonstrated that movements in the display plane are more readily
seen than movements in depth [16]. Thus, while disparity is a
powerful cue for telemanipulation, monocular cues may still be
important, especially under degraded viewing conditions.

The small number of subjects does cast some uncertainty over the
generalizability of the results. However, the fact that the trends of
worsening performance for increased blur holds for three very
different tasks gives evidence to the conclusions we have drawn.
Again, the subjects were practiced, as opposed to naive subjects, but
this was done to simulate pur assumption that the use of well-trained
operators would be most common. We are hoping to perform other
types of tasks that will further strengthen the generalizability of our
results.

The major difference between our simulated telerobotic tasks and
the stereoacuity tests is that our simulations contain moving stimuli.
Recently, Zinn and Solomon suggested that dynamic stereoacuity

375

could not be predicted from static stereoacuity [17]. They devised a
system in which a cart, carrying four stereograms of circles, moved
toward a subject. The subjects were asked to determine which circle
was closest to them as quickly as possible. They found little
correlation between the subjects’ tested static stereoacuity and their
dynamic stereoacuity performance. Our results seem to disagree
with this hypothesis since the degradation of performance was
consistent with the results of the static stereoacuity testing. It has
also been shown that stereoscopic depth resolution is independent of
precise placement of targets on the retina of either eye [18]. To
investigate this question further, we hope to perform future tracking
experiments comparing performance given the disparity cue versus
the looming cue.

V. CONCLUSION

It has been demonstrated that refractive errors in the helmet-
mounted stereo display system can affect performance in three types
of telerobotic tasks. The results of both sets of experiments indi-
cated that monocular target blur of two diopters or more degraded
stereo display performance to the level of monocular displays. This
indicates that moderate levels of visual degradation that affect the
operator’s stereoacuity may eliminate the performance advantage of
stereo displays. Our experiments also suggest that the many psy-
chophysical studies of human vision might be a very useful starting
point for predicting performance and visual requirements for teleop-
eration. However, each aspect of vision should also be tested in
terms of operator performance carrying out actual tasks.
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Mobile Robot Localization by Tracking Geometric
Beacons

John J. Leonard and Hugh F. Durrant-Whyte

Abstract—This short paper presents the application of the extended
Kalman filter (EKF) to the problem of bile robot navig: in a
known environment. We have developed an algorithm for model-based
localization that relies on the pt of 2 ¢ ic b —a natu-
rally eccurring environment feature that can be reliably observed in

ive sensor and can be accurately described in terms
of a g tric par The algorithm is based on an
EKF that utilizes matches between observed geometric beacons and an «
priori map of beacon locations. We describe two implementations of
this navigation algorithm, both of which use sonar. The first implemen-
tation uses a simple vehicle with point kinematics equipped with a single
rotating sonar. The second implementation uses a ‘‘Robuter”” mobile
robot and employs six static sonar transducers to provide localization
information while the vehicle moves at typical speeds of 30 cm /s.

I. THE NAVIGATION PROBLEM

Stated most simply, the problem of navigation can be summarized
into answering the following three questions: ‘‘where am I?”’,
‘“‘where am I going?”’ and ‘‘how should I get there?’’. The first
question is one of localization; how can I work out where I am in a
given environment, based on what I can see and what I have
previously been told? The second and third questions are essentially
those of specifying a goal and being able to plan a path that results
in achieving this goal. We are principally concerned with the first,
localization, question, and maintain that finding a robust and reliable
solution to this problem is an essential precursor to answering the
remaining two questions.

The problem of position determination has been of considerable
interest over the last 4000 years. The basic process of distance
measurement, correlation, and triangulation was known to the
Phoenicians,! who successfully managed to build and maintain quite
accurate maps of the Mediterranean area. Today, navigation is a
well-understood quantitative science, used routinely in maritime and
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aviation applications [22]. Given this, the question must be asked as
to why robust and reliable autonomous mobile robot navigation
remains such a difficult problem. In our view, the reason for this is
clear; it is not the navigation process per se that is a problem, it is
the reliable acquisition or extraction of information about navigation
beacons, from sensor information, and the automatic correlation or
correspondence of these with some navigation map that makes the
autonomous navigation problem so difficult.

Implementing a navigation system that uses artificial beacons
together with sensors that provide accurate and reliable measure-
ments of beacon location is a straight forward procedure used by
many commercial mobile robots today. For example, the GEC-
Caterpillar AGV [3] uses a rotating laser to locate itself with respect
to a set of bar codes that are fixed at known locations through the
AGV’s environment. More recently, the TRC Corporation has
developed a system for localization that uses retro-reflective strips
and ceiling lights as beacons that are observed by vision and active
infrared sensors. Our goal for a competence of localization is to
use the naturally occurring structure of typical indoor environments
to achieve comparable performance to artificial beacon systems
without modifying the environment. .

We have developed a system in which the basic localization
algorithm is formalized as a vehicle-tracking problem, employing an
extended Kalman filter (EKF) to match beacon observations to a
navigation map to maintain an estimate of mobile robot location.
Kalman filtering techniques have been used extensively in location
estimation problems such as missile tracking and ship navigation
[21]. There have been many notable applications of the EKF in
mobile robot systems. For example, Dickmanns uses an EKF in a
real-time vision system that achieves autonomous road-following at
speeds over 80 km/h [7). Ayache and Faugeras [1], Matthies and
Shafer [19], and Kriegman et al. [14] have used the EKF for visual
map building and motion estimation. These systems address a much
more complex task than that considered here, as they start without
an a priori model. However, the motion estimation formulation
does not by itself meet our requirements for long-term autonomous
position estimation, for despite the high accuracy with which the
relative motion between frames can be estimated, uncertainty in the
globally referenced vehicle position estimate must accumulate with
time. Hallam has developed an undersea navigation system that
maintains an absolutely referenced estimate of vehicle position in an
environment comprised of moving targets and clutter [13]. Our
formulation to the problem deals with the much simpler case of a
static environment, but has been demonstrated to be successful with
real sonar data on several different robots.

II. THE LOCALIZATION ALGORITEM

In man-made indoor environments, we model the world in terms
of geometry and consider each feature of the environment to be a
geometric target. A geometric beacon is a special type of target
that can be reliably observed in successive sensor measurements and
that can be accurately described in terms of a concise geometric
parameterization. Hence, geometric beacons are stable, naturally
occurring environment features that are useful for navigation. The
idea of a generalized geometric beacon arises as the result of our
earlier work in describing sensors and processing algorithms as
‘‘geometry extractors’’ [9], [11], allowing many different types of
information to be integrated easily in a common geometric frame-
work.

With reference to Fig. 1, we denote the position and orientation
of the vehicle at time step k by the state vector x(k) =
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