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Abstract

There is ample research on the effect of haptic teleoperation under delayed communication channels in terms
of stability and system performance. Little attention, however, has been paid to the effect of delayed force
feedback on users’ task performance and whether force feedback is beneficial under significant communi-
cation delays. This paper investigates whether force feedback improves user’s task performance in delayed
teleoperation. We study peg-in-the-hole insertion/retraction, dexterous manipulation tasks involving high
degrees of freedom and high forces at certain points during task execution. A user study involving unilat-
eral (without force feedback), bilateral (with force feedback) and graphical feedback teleoperation under
various delays is presented. We observed that for all feedback modalities, task completion times increase as
delay increases. Haptic feedback helps reduce contact forces and the occurrence of large robot/environment
forces. Furthermore, graphical feedback helps users maintain the lowest range of forces at the cost of higher
task completion times. With users mindful of minimizing contact forces, haptic/graphical feedback causes
the task to take more time than unilateral control. Therefore, when short completion times are crucial given
a tolerance for larger forces, force feedback only serves to increase the time required to perform the task;
thus, unilateral control may be sufficient.
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1. Introduction

As a human operator controls the position of a teleoperated robot through a user
interface and performs a task such as grasping an object in a remote environment,
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capturing the robot—object contact forces and bringing them to the operator in the
form of haptic (force) feedback will engage the operator’s sense of touch and may
enable better control over the contact forces. The main goals of such a haptic tele-
operation system are stability and transparency, which is defined as the ability to
present undistorted dynamics of the remote environment to the human operator [1,
2]. An interesting control problem arises from the presence of a non-negligible time
delay in the communication media between the user interface (master) and the tele-
operated robot (slave), which severely affects the stability and transparency of the
haptic teleoperation system. Several approaches have been proposed in the litera-
ture to deal with this problem. For a comprehensive overview and comparison of
various delay compensation methods, see Refs [3-6].

The passivity-based approach to delay compensation, which has been expressed
in the scattering framework [7] and in the wave transformation framework [8], is an
efficient method for stabilizing a teleoperation system independent of transmission
delays. The key to this approach is making the non-passive delayed communication
medium passive (at the expense of transparency degradation). This approach does
not eliminate or reduce the delay; thus, the potentially harmful effects of delay on
performance persist.

While there is ample research on delayed teleoperation system stabilization, little
attention has been paid to the effect of delayed haptic feedback on task performance,
i.e., whether, and for what class of tasks, haptic interaction actually helps to improve
task performance in delayed teleoperation. While the usefulness of haptic feedback
in no-delay teleoperation has been established, e.g., in Refs [9-11], the loss of tem-
poral coincidence between the human operator’s motions and the ensuing reflected
forces in delayed teleoperation may confuse the operator so much so that the force
feedback becomes useless or even misleading. Thus, this paper aims to study how
delayed haptic feedback affects the user task performance in a typical manipulation
task.

To assess the value of providing haptic feedback to the user during delayed tele-
operation, prior work studied the effect of delay on the human’s perception of the
relative stiffness of virtual spring-like surfaces simulated by reflecting forces pro-
portional to the user’s virtual surface indentations. Subjected to a forced-choice
paradigm (i.e., distinguish the stiffer of the two surfaces or identify them as hav-
ing the same stiffness), users perceived the surfaces to be stiffer than actual under
delayed force feedback and the stiffness overestimation increased for larger delays
[12, 13]. Recently, the effect of crossing the boundary of a force field, where local
stiffness is ill-defined, on the perception of delayed stiffness has been studied [14].
It was found that subjects interacting with delayed force fields underestimate (over-
estimate) stiffness if they do not move (do move) across the boundary of the elastic
field.

While the literature has so far been limited to studying the stiffness discrimina-
tion task, we consider the effect of delayed haptic feedback on the performance of
a peg-in-the-hole insertion task. The differences are in that stiffness discrimination
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is a single-degree-of-freedom, low-force, sensing task while peg-in-the-hole inser-
tion is a multi-degree-of-freedom, both low- and high-force, manipulation task. The
complexities of this dexterous manipulation task are likely to affect the value of
haptic feedback in the presence of delay.

It is noteworthy that, for the case of no-delay teleoperation, haptic feedback has
been shown to help task performance in different ways depending on the levels of
forces [11]. At high levels of force feedback, environment mechanical properties
are presented against the user’s hand as passive physical constraints, which serve
both as safety barriers and as intuitive guides for tools. At low levels of force feed-
back, however, force feedback is beneficial less as a physical constraint and more
as a supplemental information source requiring an increased level of awareness and
cognitive processing by the user. Such a difference in the underlying mechanisms
of haptic assistance motivated us to consider the peg-in-the-hole insertion task as it
requires the user to exert high levels of force at some points during the operation
and coordinate low levels of force at some other points during the task execution.

A general hypothesis supported by past work [12—-14] is that time delays in po-
sition feedforward and haptic feedback can disturb the human operator and cause
misjudgement. The key question we pose in this paper is, how is the performance
of this basic manipulation task influenced by delays in haptic feedback? This work
should not be confused with prior work analytically or empirically studying how
wave transformations limit the performance of teleoperation systems due to display-
ing distorted inertia and damping to the operator, the wave reflection phenomenon,
etc. Instead of system performance, we directly study task performance (user per-
formance) under delayed haptic feedback through teleoperation experiments per-
formed by a pool of human subjects.

On the other hand, in teleoperation applications with large time delays, such as
ground-to-space teleoperation where it is difficult to compensate for the adverse
effect of the large delay on haptic teleoperation system stability and performance,
graphical substitution for haptic feedback is a viable alternative to the haptic feed-
back. Similarly, if the user interface has a force reflection capability in fewer de-
grees of freedom than those of the task, partial force reflection may destabilize
the teleoperation system [15], in which case replacing haptic feedback by graphical
feedback is useful. Such graphical ‘sensory substitution” has been found to improve
a user’s sensitivity for detecting small forces by allowing the use of high feedback
gains without slowing down hand movements [16]. For manual and telerobotics op-
erations of a surgical knot tying task, the forces applied in the sensory-substitution
mode were closer to the forces applied in the manual mode when the users were pro-
vided with auditory/graphical representation of haptic information [17]. It would be
interesting to see the difference between haptic feedback and graphical haptic feed-
back in the robotic mode itself. In this paper, the two contact feedback modalities
are compared in terms of their capability in transmitting critical task-related infor-
mation to the user.
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The main contribution of the paper is studying the combined effects of time delay
and feedback modality (unilateral or without force feedback, bilateral or with force
feedback and graphical feedback) on task performance. It must be noted that past
user studies have looked at either the effect of haptic feedback on task performance
in the absence of delay or at the effect of various delays on task performance in
the absence of haptic feedback (i.e., one-dimensional comparisons). In this paper,
for the first time, a two-dimensional comparison of task performance is carried out
across both various modalities and various delays.

This paper is organized as follows. In Section 2, we describe the experimental
setup including the teleoperation system and how it is stabilized under time delay.
Section 3 describes the experimental protocol when users executed a peg insertion
task under various delays, and explains how the task was segmented and evaluated
in terms of performance. Section 4 presents the results including the effect of delay
on task completion time and the effect of feedback modality on energy transfer
to the environment. Section 5 discusses and compares the results, and Section 6
includes concluding remarks. An overview of the 7-test and analysis of variance
(ANOVA) is given in the Appendix.

2. Experimental Setup

Two 6-d.o.f. PHANToM Premium 1.5 devices (SensAble Technologies, Woburn,
MA, USA) were used, one as the master device and one as the slave device. Fig-
ure 1 shows the experimental setup. On the operator end, the user manipulates the
master PHANToM robot and the motion commands are transmitted to the slave
robot through a delayed communication channel. On the slave side, a cylindrical
peg made of aluminum is attached to the endpoint of the second PHANToM robot,
which is placed next to an aluminum block with a cylindrical hole that offers a slid-
ing fit with the peg. The interaction forces between the peg and the hole (i.e., the
slave/environment contact forces) are transmitted back to the master side through a
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Figure 1. Teleoperated robot and peg/hole setup (a), and the user’s haptic/visual interface (b).
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Table 1.
Peg-in-the-hole setup parameters

Parameter Symbol Value

Peg diameter dy 18.38 mm
Hole diameter dp 18.60 mm
Peg height h 52 mm
Hole tilt angle 0 21°

similarly delayed communication channel. A video feed aimed at the slave-side en-
vironment (the peg and the hole) provides visual feedback of interactions between
the slave and the environment to the operator, and is purposely designed to suffer
from the same communication channel delay as the force feedback. The position
and force sampling rate on both master and slave devices is 1 kHz.

The peg-in-the-hole task is a common manipulation task that requires multiple
degrees of freedom. Peg-in-the-hole setups are generally characterized using a pre-
cision value defined as:

I=1 i 1
= 0g2<dH_dP), (D
where dy is the diameter of the hole and dp is the diameter of the peg. Table 1
lists the parameters of our peg-in-the-hole setup; the precision value of our setup
is I = 1.922. Other studies have used precision values within the same order of
magnitude [18].

A controller for stabilizing the master—slave system under time-delayed com-
munication was required for the case of bilateral teleoperation. The passivity-based
wave variable method by Anderson and Spong [7] was used as it is the most popular
and well-studied method for ensuring a passivated communication channel between
the master and the slave. A pair of wave variables (u, v) is defined based on standard
power variables, i.e., velocity and force (V, F), according to:

bV +F bV — F

= = 2
u N3 v N3 )

where b is called the characteristic wave impedance and is a positive constant
that must be tuned in order to tradeoff the speed of motion for the levels of force
feedback [8]. In general, when the characteristic wave impedance is decreased (in-
creased), force levels are lower (higher) and the system shows less (more) damping
to the operator. In our experimental setup, the characteristic wave impedance was
tuned empirically, aiming to achieve both easy motion (low damping) when the
slave is in free space and high levels of force feedback when the slave is in contact
with a stiff environment. For the best speed of motion and force feedback, b was
set to b = 10 x 1073 with the exception of b = 16 x 10~3 when the one-way delay
was 500 ms.
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Figure 2. Passivity-based, delay-compensated PEB teleoperation system.

Interestingly, using appropriate pairs of such wave transforms at the two ends
of a delayed communication channel can make it passive. Such a ‘passivated’
(delay-compensated) communication channel guarantees the teleoperation stability
assuming that the remote environment and the operator display passive behaviors.

In this paper, the communication time delay 73 has been assumed to be con-
stant and equal in both directions (even though the assumption of equal forward
and backward delays is not necessary for ensuring passivity). The resulting con-
trol architecture encompassing the passivated communication channel and using
the position error-based (PEB) controller is shown in Fig. 2. Here, Z, and Z; are
the master and slave impedances, and F}, and Fe are the operator/master and the
slave/environment interaction forces. Also, V;, and Vy are the master and the slave
robots velocities in the s-domain. Lastly, Fy, and F; are the master and slave control
actions. The PEB controller does not use any force sensor measurements; rather, it
tries to minimize the difference between the (delayed) master position/velocity and
the slave position/velocity, reflecting a force that is proportional to this difference
to the user once the slave makes contact with an object.

As mentioned in Section 1, prior research [15-17] provided motivation to con-
sider alternate methods of displaying the slave/environment contact forces to the
operator such as graphical feedback. In our experiments, whereas haptic feedback
displayed forces between the slave and the environment as a reaction force exerted
by the master on the operator’s hand, graphical feedback displayed the same forces
in a computer monitor as three-dimension vectors in Cartesian coordinates. To do
so, the reaction forces were decoupled into component forces fi € {fx, fy, fz}
along Cartesian axes and the vectors displayed orthogonal to one another were
proportional to the corresponding force component. The components of the force
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Figure 3. (Left) Reaction force F from the remote environment on the slave robot with components
{fx, fy, fz}. (Right) Graphical feedback provided to the user shown in isometric projection, indicating
the direction and intensity of applied forces.

vectors ( f;) were shown to the user using different colors depending on the force
range (green (low): f; <1 N;yellow (med): 1 N < f; <2 N; red (high): f; > 2 N).
This graphical feedback was delayed by the same amount as the haptic feedback and
was updated at a sufficiently high rate. Figure 3 shows the user interface correspond-
ing to the graphical feedback. To provide the most intuitive graphical feedback to
the user, the reaction forces were reversed in direction to show a deviation from
the origin (where forces are zero). Therefore, by moving the master in the direction
from the tip of a line back to the origin, the users could reduce the applied forces.

3. Procedure

Various combinations of the two study variables that characterize our experiments
were used to determine the test cases: teleoperation modality (unilateral, bilateral
or graphical feedback) and communication delay (0, 100, 200 or 500 ms). Com-
munication delays up to 500 ms span the range typically encountered in current
teleoperation systems. The delays above correspond to single-way communication
and, therefore, round-trip signals experience double the delays. The video feedback
of the remote environment provided to the operator lags by the same delay amount
as well.

Eight adult subjects (six male and two female; average age of 28) with little
past exposures to haptic feedback and graphical force feedback participated in the
experiments. Peg-in-the-hole insertion under each feedback modality/delay pair-
ing (i.e., 3 x 4 = 12 different experimental conditions) was performed twice by
each subject, (i.e., 24 trials for each experimental condition and the total number
of trials N = 8 x 24 = 192). The subjects were asked at the beginning of experi-
ments to minimize the levels of contact forces, as well as the task completion times.
Each subject was given a few practice trials at the beginning under the different
experimental conditions until he or she was comfortable with the operation of the
master—slave system, the different feedback modalities and the execution of the
peg-in-hole task. For the experiment, the modality/delay pairs were presented to
the subjects in a randomized order to minimize the effects of learning. The subjects



658 M. C. Yip et al. / Advanced Robotics 25 (2011) 651-673

were informed of the amount of delay for each trial. The master and slave positions
and the task completion time were recorded for each trial, and the interaction forces
were determined from the PEB-based controller (in which forces are proportional
to the difference between master and slave positions/velocities).

3.1. Task Sequence and Segmentation

A peg-in-the-hole run began with the peg located inside the hole, and consisted of
the following four operations (subtasks):

(i) Retract the peg from the hole.

(i) Move to a distant position, tap a marker, return the peg to the hole entrance.
(ii1) Align the peg with the hole.
(iv) Insert the peg into the hole.

The data was segmented based on the radial distances of the peg from three
points: a starting location (determined when the peg is fully inside the hole), a dis-
tant location (a marked position about 40 mm far from the hole) and an alignment
location (determined when the peg is aligned prior to insertion). When the trajec-
tory of the peg leaves one point’s radial vicinity, it was considered as entering a new
subtask. Out of the four subtasks listed above, we were only concerned about the
retraction (i), alignment (iii) and insertion (iv) subtasks. For subtask (ii), users were
not required to tap the marker with accuracy; rather, it simply served as a separation
point between the peg retraction and the peg alignment subtasks. By requiring users
to reposition and realign the peg during the alignment subtasks, we ensured that the
alignment of the peg was not assisted by its previous position and orientation af-
ter retraction. A sample trajectory and its automated segmentation into its various
subtasks are shown in Fig. 4.

3.2. Performance Measures
We considered the following metrics to evaluate the performance of the task under

different experimental conditions:

e Completion time. Completion times were saved for all relevant subtasks (ex-
traction, alignment and insertion) as well as for the entire task.

o Sum of squared forces (SOSF) and average sum of squared forces (ASOSF). The
SOSF was used to give an absolute measure of the force interactions between
the slave and the environment, and was defined as:

n
SOSF =" |F|%, 3)
i=1
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Figure 4. Sample trajectory of the peg and the segmentation of different subtasks: The
three-dimensional trajectory (left) and the one-dimensional trajectories in x, y and z directions (right).

where | F'| is the absolute force magnitude and »n is the number of captured data
samples in the subtask of interest. We were also interested in the ASOSF:

1 n
ASOSF ==Y |F|?, 4
=) IF] )

i=l

as it gives an indication of the rate at which forces are being applied to the
environment. Both SOSF and ASOSF can also be considered to measure the
amount and rate of effort required by the human operator to perform the task.

e Force histograms. Force histograms give a picture of the frequency of occur-
rence of different force levels. An absolute force histogram plot is scaled by the
completion time, whereas normalizing force histograms over time (whereby the
measured variable is a percentage of time exerting a certain force) allows one
to compare the average forces of different feedback modality/delay pairings.

e 95th percentile forces. The 95th percentile force were considered to represent
the overall maximum force (because 95% of the time the force is below this
amount). Considering these maximum forces gives insight into how ‘rough’ the
interactions are between the teleoperated robot and its environment.

4. Results

The following section compares the results based on the six performance measures
mentioned above: completion time, SOSF, ASOSF, force histograms, normalized
force histograms and 95th percentile forces. With the exception of the force his-
tograms, both standard errors (SEs) of the means and standard deviations (SDs) are
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provided for all performance measures. Let x be a random variable of N samples
with mean x. The SD, defined as

N
1 -
SD= | —— 2}@- -2, (5)
1=
will help understand the variance of the performance measures from trial to trial
and from subject to subject, whereas the SE, defined as

SE = 5D 6)
VN’
will provide an indication of our ability to estimate the mean value of a performance
measure.

4.1. Completion Time

Figure 5 shows the mean time and the standard error required to complete each
subtask under different delays. Regardless of the teleoperation modality, the task
completion times for all subtasks can be seen to increase as delay increases, with
overall task completion times increasing from 14.3 to 34.1 s (unilateral), from 25.5
to 54.2 s (graphical) and from 18.9 to 39.7 s (bilateral) as the delay increases from 0
to 500 ms. When the users are given haptic feedback, the completion times increase
by about 5 s compared to the unilateral mode for all delays levels. Furthermore, the
use of graphical mode compared to the unilateral mode increases the task comple-
tion times anywhere from approximately 10 to 20 s.

In order to determine the statistical significance of these results, a two-tailed
Student’s ¢-test (see the Appendix) was performed to determine whether there is a
discernable difference in the mean values of two feedback modalities (see Table 2).
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Figure 5. Task completion times across delay. Bars show the standard errors.
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The z-test results confirm that both graphical feedback and bilateral control have
a significant effect on the completion time of the subtask for both retraction and
insertion subtasks.

The SDs in Fig. 5e—h have been normalized with the mean completion time of the
specific subtask. Throughout the entire task (retraction, alignment and insertion),
we do not see a significant change in the normalized standard deviations, implying
that the variance in the completion times, when normalized with the total time taken
for the task, generally remains the same regardless of delay.

4.2. SOSF/ASOSF

To get a sense of the absolute force interactions between the slave and the envi-
ronment, the SOSF was calculated at each delay (see Fig. 6a—d). We performed
an ANOVA to determine the statistical significance across delays (see Table 3).
The results in Fig. 6a—d show that the presence of haptic feedback reduces the
SOSF at each delay and effectively stabilizes the total SOSF from changing sig-
nificantly as the delay increases (F = 1.30E+00, p = 2.83E—01). In contrast, the
unilateral mode does increase the SOSF as the delay increases (F = 3.54E4-00,
p = 2.06E—02), and so does the graphical feedback mode (F = 4.6141, p =
6.17E-03).

To further understand the effects being seen, we have normalized the SOSF by
time in order to get the ASOSF since different feedback modalities required signif-
icantly different times to complete each subtask. Figure 7a—d shows the ASOSF,
and the corresponding standard deviations for unilateral, graphical and bilateral
modalities. Bilateral teleoperation maintains a nearly constant ASOSF for all de-
lays (validated by ANOVA, Table 4: F = 646E—01, p = 5.89E—01). However,
there is a significant change when comparing the SOSF and the ASOSF results
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Figure 6. SOSF and corresponding SDs across modality.
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Figure 7. ASOSF and corresponding SDs across modality.

for graphical feedback. Whereas the SOSF for grahical feedback were significantly
increasing as delay increased, the ASOSF for graphical feedback showed a fairly
constant value regardless of delay in the system (F = 6.97E—01, p = 5.58E—01)
with values similar to bilateral mode. Therefore, these results suggest that force
interactions on average are significantly smaller when the user is given graphical
feedback and, despite changes in delay, these average force interactions are not
changing significantly. Figure 7a—d shows that unilateral teleoperation causes more
forces on average to be exerted on the environment compared to bilateral teleop-
eration and graphical feedback. Similar to the graphical feedback’s ASOSF, the
ASOSF for unilateral teleoperation does not increase as significantly across delays
(F =0.4037, p =0.7509).

It was also observed that the SDs for bilateral teleoperation were generally lower
than for unilateral teleoperation, as well as graphical feedback teleoperation, indi-
cating that the variance in the ASOSF is lower when the subject is provided with
haptic feedback (see Fig. 7e-h).

4.3. Force Histograms

Absolute force distribution plots in Fig. 8 provide an understanding of the occur-
rences of forces (ranging from 0 to 3 N) for all delays and modalities. During
alignment (Fig. 8b), the addition of haptic feedback does not significantly change
the force distribution. However, it is seen that bilateral control results in fewer oc-
currences of high force values across all delays during retraction and insertion.
Unilateral mode induces large forces more often but also fewer small forces due
to its faster completion time. For retraction and insertion, while the general shapes
and peaks of unilateral’s distributions do not significantly change as the delay in-
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Figure 8. Force histograms across delay.

creases, the peaks of bilateral’s distributions show an increase in occurrence as the
delay increases (Fig. 8a and c).

We also considered the completion time-normalized force histogram distribution
(in which the area beneath the curve is equal to unity) in order to compare between
feedback modalities the percentage of time spent at certain forces. We see that dur-
ing retraction (Fig. 9a), both graphical feedback and bilateral modalities result in
lower forces on average than unilateral for all delays. Moreover, graphical feed-
back offers comparably lower forces on average than bilateral control at low delays
(0, 100 and 200 ms). This result suggests that graphical feedback, despite taking a
longer time for retraction, can maintain lower force interactions than both unilateral
and bilateral modalities. For the alignment subtask, neither the graphical mode nor
the bilateral mode seemed to affect the normalized force distributions. However,
during the insertion subtask, the graphical and bilateral modes helped reduce the
average force interactions compared to the unilateral case (Fig. 9c). In contrast with
the retraction subtask, tasks performed with graphical feedback exhibited a wider,
flatter distribution of forces across all delays. Despite leading to more frequent oc-
currence of low forces (| F| < 0.4 N) on average than bilateral control, graphical
feedback is unable to reduce some of the higher forces (| F| > 0.6 N), suggesting
that bilateral control offers a tighter range of low-force interactions, particularly for
the insertion subtasks.

4.4. Maximum Forces

Often, an important factor in telemanipulation is the maximum slave or environment
contact force allowed by the task. We considered the 95th percentile forces for each
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Figure 9. Normalized force histogram distributions across delay.

modality at different delays (Fig. 10a—d). We observe that the maximum forces ex-
erted in unilateral teleoperation were lowered substantially by the introduction of
graphical feedback and haptic feedback at all delays (Table 5, ¢-test p-values be-
tween unilateral and graphical feedback for 0, 100, 200, 500 ms delay: 1.30E—03,
2.50E—-04, 7.30E—0.4, 6.60E—03, respectively; z-test p-values between unilat-
eral and bilateral control for 0, 100, 200, 500 ms delay: 3.38E—04, 1.29E—05,
6.04E—04, 9.78E—04).

Graphical feedback and bilateral control both appear to reduce the maximum
forces to approximately the same level at low delays (0 and 100 ms) with greater
separation between the two modalities as the delay increases to 500 ms. We also
considered the variance of the maximum forces among different feedback modal-
ities (Fig. 10e—h) and found that there is an overall drop in the variance of the
maximum forces from the unilateral case when graphical feedback was introduced,
and an even more reduction in the variance of forces when bilateral control was in-
troduced. This suggests that, under graphical and bilateral modalities, the maximum
forces are generally reduced to a lower level.

A summarized version of the results are given in Table 6, applicable across all
delays.

5. Discussion

Studies have shown that the ability of human users to perform certain teleoperation
tasks is improved when they are provided with haptic feedback. However, when
there is a significant delay present in the teleoperation system, the transparency (fi-
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ties.

delity) of haptic teleoperation is limited due to the adverse effects of stabilizing
controllers. Although there have been many studies on how well a teleoperation
system performs under delays, there has been surprisingly little work in terms of
investigating whether providing haptic feedback is actually beneficial to the per-
formance of a task by the human user. In this paper, we directly measured the
performance in a common assembly task under delayed force feedback. This was
extended to compare bilateral, graphical and unilateral teleoperation across a range
of delays, and we characterized task performance based upon the time required to
complete the task and the intensity of force exertions against the environment.

The results show that providing graphical feedback or haptic feedback leads to
longer task completion times, regardless of time delay. The difference was only sig-
nificant during the insertion and extraction subtask, which is consistent with the ob-
servation that good coordination of forces is needed to accomplish close-tolerance
assembly tasks [19] and that the alignment subtask is largely position-constrained.
This result suggests that, given haptic or graphical force feedback, users are more
mindful of minimizing forces, which comes at the expense of speed.

We also showed that completion times increase significantly as delay increases
for all feedback modalities. Unilateral mode resulted in the least amount of time,
followed by bilateral mode, and finally graphical mode. For applications of teleop-
eration where a certain completion time is desired and higher force interactions can
be tolerated, the results suggest that not providing additional feedback (i.e., unilat-
eral control alone) may be sufficient and will result in faster completion times than
if force feedback is provided.

Although haptic feedback and graphical feedback increase the completion time
of all tasks, we saw that they reduce the applied force, regardless of the time de-



M. C. Yip et al. / Advanced Robotics 25 (2011) 651-673

668

"SY[SE) UOTLIASUI/UONIILIAT J0F 10200 AJUO $109JJ0 JUEIYIUSIS
‘sKeap (e sso1oe o[qeordde are symsar oy, ,

AyTiqeLIeA jeropouwt

AyIIqeLIeA Mmo|

Ayiqerrea 1031e|

q(emuedtad yge)

[Tews [Tews o5re| $9910J WINWIXEIA
aSuel 9)eIopow 93uery3n aSuer a51e]
IQAO [[e] S9010] Jo Ajuiofewr IOAO [[B} $9210] Jo Ajuiofew IOAO [[B} $9210] Jo Ajuiofew LmEﬁwoumE 90104
MO[ | ysiy q(SOSV) SUONIBIANUI 210
deIopowt | ysiy (.ISOS) suonIeIAUI 2010
9[qBISPISU0D djeIopowt 159 yses oy 9yoydwod 0y parnbar owy,
yoeqpe9y [eowydeln [01uod [e1e[lg [01U0 [e1AJeIUN Arepouwt/oLnoN
¢SOlqeLIBA 9oURULIOJIAd UO SANI[RPOUT YORGPIJ JURIAIIIP JO S10Y9 2 Jo Areunung
‘9 9qEL
JueoyIugIs 0N

Y0—H8L'6 €0—d099 €0—Hd99v 0—dol'e Y0—der'6 el0—dP8'8 S0—H99°¢ c0—d8¥'9 00§
¥0—H€E09 Y0—H0E'L €0—H99°1 €0—H0T'T CO—HGCL'T el0—HE9'6 SO—HIS'L c0—H9¥'9 00T
S0—H6T'1 ¥0—Hd0SC Y0—HSC8'S YO—HLEY 0—de6'v 200+HdST'1 €0—HI8'¢ €0—dIS T 001

Y0—H8E'E €0—HOE'T YO—HILY €0—HeEC'T 0—d0T¥y el0—HET9 YO—HIS'L €0—dLLT 0

[e1ole[1q [eorydeid [e193e[1q [eorydes3 [e1938[1q reorydess [e1938[1q [eorydeid

SNSA2A [RINR[IUN) $NS424 [RIJR[IU) SHSL2A4 [RIJR[IU) SNSU2A [RIdNR[IUN)

SNSU2A RISVR[IU[) SNMSL2A [RISVR[IUN)

SNSU2A RISVR[IU[) SNMSI2A [RISIR[IUN)

(sw)

UOT)IOSU]

JuowudIy

uonoenay AepQq

Kyrepowt yoea 103 sAefop Sursearour Je s9010§ (9[uadtad Yige) Wwnwirxew Jo (sonfea-d 1s9)-7) 90UBdYIUSIS [BONSHRIS

'S dlqBL



M. C. Yip et al. / Advanced Robotics 25 (2011) 651-673 669

lay. In particular, the SOSF and ASOSF plots indicated that haptic feedback could
help consistently maintain low forces with low variability even for increasing de-
lays. Graphical feedback originally may seem to result in higher force interactions
at increasing delays based on the SOSF plots, but after time-normalizing SOSF
measurements, graphical feedback is shown to maintain consistently low force in-
teractions as seen through ASOSF measurements. However, it should be noted that
there is less significant reduction in the variance of the SOSF and ASOSF from
unilateral control as compared to bilateral control. This suggests that, despite being
able to reduce the force interactions, there does not appear to be any reduction in
variability of the force interactions.

The force histograms, which depict the frequency of occurrences of the
slave/environment contact forces, give a detailed spectrum that helps distinguish
exactly during what conditions bilateral and graphical modes offer more desirable
force interactions. When considering the normalized force histograms, graphical
feedback’s highest concentrations of forces settled at a lower value than both the bi-
lateral and unilateral modes for peg retraction. This effect became less pronounced
as the delay increased. These results indicate that graphical feedback is able to
provide additional information over unilateral and bilateral cases that help users
reduce average applied force when the system is at relatively low delay. However,
this benefit becomes less pronounced as the delay increases, as the force histograms
for graphical feedback begin to diffuse and suggest that it becomes much more dif-
ficult to maintain a consistently low force. Despite a similar effect being seen for
bilateral control, at higher forces bilateral teleoperation still manages to maintain
a relatively high concentration of forces at low levels. When we consider the ab-
solute force histograms, the considerably longer subtask completion times required
by graphical feedback result in more forces applied at all levels for nearly all sub-
tasks and delays when compared to bilateral control. Despite the longer completion
times required by the graphical and bilateral modes, the unilateral mode still ex-
hibits the largest forces (above 1 N). These results were complemented by the
maximum (95th percentile) force measurements for each feedback modality, where
we observed a significant attenuation of maximum force when provided graphical
feedback and when provided haptic feedback.

Our studies have shown that haptic feedback helps for tasks in which minimizing
the amount of forces applied to objects and the environment is critical. In addition,
we showed that haptic feedback helps minimize the occurrences of larger forces
and subjects the task environment to lower forces. However, since the tasks take
more time to complete, the lower forces are applied on the environment for a longer
period of time. This conflicting relationship between time and force minimization
is an apparent trade-off in delayed haptic feedback. We have also shown that graph-
ical feedback helps for tasks in which maintaining lower forces is critical and when
there are low delays (below 200 ms) in the system; it provides enough informa-
tion to minimize the range of forces beyond haptic feedback. Again, the cost of
increased force reduction is the much longer completion times. Nonetheless, in sit-
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uations where minimizing the forces seen by the environment is a primary concern,
graphical feedback (at low delays) and haptic feedback (at any delay) become ben-
eficial; otherwise, unilateral teleoperation may be adequate.

We note that this study is specific to a particular type of manipulation task, i.e.,
the assembly and disassembly of close-fitting parts. While this is perhaps in the
category of tasks where force reflection is clearly beneficial, further studies testing
alternative tasks may help to develop an even broader understanding of the benefits
of haptic feedback.

This study had to pick an approach for ensuring haptic interaction stability under
time delay and we chose the wave variable method. Wave variables were chosen
due to their popularity as robust stabilizers for delayed systems; however, there are
limitations associated with using wave variables to stabilize a teleoperation system
as they tend to sacrifice the transparency of the system in order to ensure a passive
communication channel. Despite the limitations of wave variables, we believe that
using them as a haptic feedback stabilizer for evaluating task performance under de-
layed teleoperation is reasonable due to the extensive amount of research on them.
Nevertheless, it is interesting to speculate that alternative approaches might have
resulted in better task performance given that it is possible to identify the aspects
of force feedback that are most important to preserve under delay (still, the relative
performance variations across delays are expected to show trends similar to those
reported here). On the other hand, if the advantage in terms of system performance
offered by any other delay compensation method over the wave-based method that
we have used is incremental, the adverse effects of delay on task performance are
expected to persist, yielding results similar to those reported in this paper.

In the same respect, this study also employed a particular display of forces
(isometric, orthogonal component vectors) to display environment forces. Intuition
regarding how to comprehend the Cartesian force display may have played a role in
the users’ understanding of the environment forces; however, the results were able
to indicate that the graphical feedback gave improved force minimization, suggest-
ing that the force information was used properly by the subjects.

The delay range considered in this paper (up to 500 ms) is representative of most
applications in terrestrial and near-earth environments, e.g., the round-trip time for
communication via geostationary satellites is approximately 0.5 s. Larger delays
may be encountered in interplanetary space missions and variable delays are rele-
vant for teleoperation over the Internet. Further work will focus on these particular
situations.

6. Conclusions

In this paper, we considered the benefits of force feedback for task performance in
the presence of time delay in the communication channel of a teleoperation system.
We evaluated a peg-in-the-hole insertion task through a user study involving unilat-
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eral, bilateral and graphical feedback modalities under different delays. We found
consistent and compelling evidence that:

(i) When the users were asked to minimize applied forces, bilateral teleoperation

caused the task to take more time compared to unilateral teleoperation, regard-
less of time delay. Graphical feedback required the most amount of time to
complete the task.

(i) The completion time increased as the delay increased, regardless of teleopera-

tion modality.

(iii) The presence of haptic feedback and the presence of graphical feedback each

reduced the environment force, regardless of time delay.

(iv) Haptic feedback helped to minimize the occurrences of high forces regardless

of the amount of delay, whereas graphical feedback minimized the occurrences
of high forces particularly well for low-delay teleoperation.

These results suggest that for teleoperation systems with considerable delay, the
addition of graphical feedback or the addition of haptic feedback is useful when
minimizing the forces of contact between the slave robot and its environment

18

the key requirement. Otherwise, when one is not interested in lowering the

slave/environment contact forces, unilateral teleoperation is sufficient and should
be considered as it results in faster completion times.
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Appendix: £-Test and ANOVA

A two-sample Student’s ¢-test is a hypothesis test to determine the statistical signifi-
cance of a pair of data sets, given the assumption that they are independent, standard
normal distributions. In particular, 7-tests determine the confidence level for which
the null hypothesis is true.

Given n pairs of x; and y; measured values in a sample population, let X; =
(x; —Xx) and y; = (y; — ¥). Then, a r value can be calculated:

t=x—-y) (A.D)

A look-up table of Student’s ¢-distribution confidence intervals is then used to de-
termine the probability p that the null hypothesis is true, where the most commonly
accepted value for justifying statistical significance is p = 0.05. The ¢-test is used in
this paper to determine whether there is a statistical significance between measured
values of different modalities at a certain delay.

ANOVA is a generalization of the two-sample Student’s z-test. It is a hypothesis
test to determine a statistical difference between the means of a dependent variable
across different groups. One-way ANOVAs are used when the study involves three
or more levels of an independent variable. The ANOVA test produces an F-statistic
that can then be used to determine the statistical significance (p-value) of the dif-
ferences of sample means. The use of ANOVA over multiple ¢-tests helps reduce
the occurrences of type I error, the error associated with rejecting the null hypothe-
sis when it is actually true. In the case of this paper, ANOVA is used to determine
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whether there is a statistical significance (p < 0.05) between measured values at
different delays for a certain modality.
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