To be presented at the IFAC World Congress
San Francisco, June 30-July 5, 1996

A COMPARISON OF DELAY AND BANDWIDTH
LIMITATIONS IN TELEOPERATION

Dimitrios Hristu, Dimitrios A, Kontarinis, and Robert D. Howe

Division of Engineering and Applied Sciences
Harvard University, Cambridge, MA (02138 USA
howe @das.harvard.edu

Abstract: This paper compares the role of force reflection bandwidth and delay in
performance of a close-tolerance peg-in-hole insertion task. The experiments used a two
fingered teleoperated hand system with finger-level force feedback. Low-pass filters varied
the frequency content of the force feedback signal, while circular buffers provided pure
delays without altering frequency content. Task completion times and error rates decreased
as force reflection bandwidth increased or delays decreased. Performance increased little
above 6 Hz bandwidth or below 48 ms delay. The results suggest that high frequency

information is helpful, even if delayed.
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1. INTRODUCTION

Multifingered hands promise to greatly expand the range of
tasks that can be accomplished through teleoperation. These
dextrous devices raise a number of issues that have not been
considered in previous teleoperation research, which has
focused on teleoperated arms. One of the most important
issves is the force reflection bandwidth necessary to achieve
adequate performance. Increasing the force reflection
bandwidth of a teleoperated hand master poses difficult
design challenges. An understanding of the tradeoff
between force reflection bandwidth and task performance
would assist in establishing design criteria for these
interfaces.

There are two factors associated with force reflection
bandwidth that limit the performance of a teleoperated
system. One is obviously the absence of high-frequency
information in the reflected force signal from the slave
manipulator. This information is particularly important in
contact tasks where transients due to impacts, vibrations,
etc. may indicate the state of the object-hand system
(Kontarinis and Howe, 1995). A concomitant factor is the
increased response latency caused by the bandwidth
limitation. This delayed response is evidenced, for example,
in the slow rise time of the force at the master due to an
abrupt force change at the slave. Pure delay of force
information (with no attenuation of high frequencies) has

been known to decrease performance and cause instabilities
in telemanipulation for many years (Ferrel 1966). When
force feedback is significantly delayed, the operator must
use a "move and wait strategy” in order to avoid instability,
Sheridan (1992) provides a more comprehensive discussion
of the effects and implications of feedback delays. In
general, completion times for teleoperation tasks have been
found to increase greatly as delay increases.

Previous work on bandwidth requirements for teleoperation
systems suggests that the useful bandwidth for a master-
slave manipulator system should be anywhere from 1 Hz to
over 500 Hz. Brooks (1990) proposes different bandwidths
for the master and slave manipulators, based on the
asymmetrical control and perception capabilities of human
hands. In his survey of experts, Brooks reports that a 5-
10 Hz maximum bandwidth is sufficient for the forward
loop (from master to slave) while feedback from the slave
should have a bandwidth as high as 30 Hz for
proprioceptive and kinesthetic feedback, and possibly
extend upwards of 300 Hz to include low-amplitude
vibrations. Brooks also states that experimental data, though
sparse, supports a 5-10 Hz bandwidth for maximum
performance. Based on a peg-in-hole experiment, Uebel et
al. (1994) report that 1 Hz was sufficient bandwidth for a
slave arm manipulator. They also reported that the delay
caused by the low bandwidth was problematic. Sharpe
(1988) on the other hand, examining a 1 DOF wire-cutting






