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Abstract— In this work, an autonomy allocation approach is
proposed for bilateral teleoperation systems to improve user
performance under suboptimal communication networks. To
achieve this, an autonomous agent is deployed on the teleoper-
ated side, leveraging pre-existing task knowledge for shared
autonomy, and the autonomy level is dynamically adjusted
based on the monitored time-varying communication quality
metrics such as delay and jitter. Additionally, a time-domain
passivity approach is employed to maintain communication
channel passivity, mitigating the impact of adverse network
behavior on task performance. The proposed approach is
validated through user study, and the result shows our approach
significantly improved the performance of the subjects (p <
0.01).

I. INTRODUCTION

Bilateral teleoperation presents a versatile solution ap-
plicable across various scenarios and environments. How-
ever, bilateral teleoperation poses several challenges. First,
teleoperation demands mental acuity and proficiency and
needs time and practice to attain the required skills based
on the transparency of the teleoperation interface and the
complexity of the task. To tackle this, many shared autonomy
paradigms have already been proposed to cover different
perspectives [1] using the prior task knowledge to assist the
human, in free motion [2]-[5] or with physical interaction
by the teleoperated robot [6]-[11].

Network quality, including latency and jitter, is another
major challenge in direct and bilateral teleoperation, signif-
icantly affecting system performance and user experience
by impacting system stability, and degrade transparency,
diminishing the operator’s sense of presence, especially in
contact tasks [12]-[14]. Passivity-based approaches [15]—
[17] only ensure the stability but degrade the transparency
[18]. Therefore, communication network quality should be
inversely proportional to the level of autonomy: high network
quality allows more human control, and vice versa. Few
works have used shared control to mitigate delay effects and
improve task performance [19], [20].

II. PROPOSED METHOD

A. Bilateral teleoperation system

A basic Position-Force (P-F) architecture for a bilateral
teleoperation system is illustrated in Fig. [T] (block (a)). The
leader robot velocity x; and the follower interaction force
few,y are transmitted through the communication channel to
the other side as desired value for the controller.
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Fig. 1. Tllustration of the proposed architecture for network-aware. Block
(a) is a P-F bilateral teleoperation system stabilized by TDPA. Block (b)
includes skill models and generates force to complete the skill. Block
(c) is the communication monitor agent, which measures the quality of
communication and allocates autonomy to the follower robot. Block (d) is an
autonomous agent (AA) that allocates autonomy and generates autonomous
commands.

B. Follower controller with shared autonomy

The autonomy level of the follower robot spans from direct
teleoperation to full autonomy [1].

In direct teleoperation mode, the follower robot endeav-
ors to track the desired position and velocity provided by the
leader robot using a PD controller,

fi=Ki(xqr—xf)+Ds (kg — %) (1

In full autonomous mode, a force f, is generated from
the force field associated with the learned skill, drives the
robot to finish the skill. Similar to [11], the force field is
designed as a combination of the path [21] and flow control
[22] laws:

fr= K,(x45—x7)—Dpxqs if || €]|> emar
ff = Df(xd,s _xf) if || e ||< emin  (2)
v(lel)f,+(1—=v(lel))f; otherwise

Between these two modes, the follower robot exhibits a
certain level of autonomy. The resulting control command
from autonomy allocation is,

As the level of autonomy 7 varies from O to 1, the robot
smoothly transits from direct teleoperation to full autonomy.

fi=

C. Network-quality-based autonomy allocation

The network quality is measured in real-time by a Commu-
nication Monitor located on the follower side, as illustrated
in Fig. part (c). In this work, the Round trip delay:
D € [0,e), and the Jitter: J € [0,00), are monitored. We
propose a novel quality index of the communication network:
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Fig. 2. Experiment setup for a trajectory following skill.

where Dy, and the J,,,, are the parameters that define the
maximum tolerable network condition, designed based on
requirements of the application. The level of autonomy is
defined as a function related to the quality index Q:

s(mQ+m)+1
n= SEEL, o<1

1, else

(&)

D. Passivity of teleoperation system under delay

As the main instability source in bilateral teleoperation
is the communication channel, the Time Domain Passivity
Approach (TDPA) is used to guarantee its passivity.

III. EXPERIMENTAL EVALUATION
A. Experimental setup and procedure

The proposed framework is evaluated with a user study
with 6 participants in a trajectory-following scenario using
two 7DoF FE Panda robot arms, as depicted in Fig. [2| The
users are asked to follow a ”’S” shape path with follower
robot using the leader robot under different conditions C;,i =
1...3 as shown in Table [ To learn the task, we follow
the approach in [11]. To assess autonomy allocation under
varying network conditions, delay and jitter are manipulated
through Linux Traffic Control, with monitoring conducted as
described in Sec. [I=C

TABLE I
EXPERIMENT CONDITIONS.

AA  Delay applied TDPA
C X X X
[ X 4 4
G 4 v v

In sessions under the delay applied condition, after passing
the first checkpoint CP;, a round trip delay of 200ms 4 20ms
is applied. Upon reaching CP», the delay increases to a fixed
600ms. Figure 3] shows the delay, jitter, and autonomy level 1
during one trial. Autonomy 7] rises to about 0.5 after CP; and
reaches 1 after CP, as conditions worsen, fully autonomizing
the follower robot.

B. Experiment result

Fig. [] illustrates two exemplary trials conducted under
conditions C, and C3, depicting the trajectories of the
follower robot and the CPs along the desired path. The
trajectory under C, exhibits a larger deviation from the
desired path x;, which is due to the delayed visual and
haptic feedback. Conversely, the trajectory resulting from our
shared autonomy approach shows reduced error. Although
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Fig. 3. (a) Delay profile, (b) jitter profile, and (c) autonomy level of one

experiment trial. The black dashed line marks the time when the operator
passes the checkpoint.

TDPA only ensures the passivity of the communication chan-
nel, no unstable behavior was detected during the experiment.
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Fig. 4. Experiment result of two trials under different conditions. The
green dots illustrate the checkpoints. (a) the follower robot path compared
to the desired path.
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Fig. 5. Experiment results of user study. The left shows the motion tracking
error and the right shows the completion time. The blue bars show the mean
value under each condition. The vertical black lines show the deviation of
the trials. To indicate significance, ***’ indicates p < 0.01.
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In Fig. [5] we show the average of the considered metrics
as bar plots as well as the standard deviation. It is obvious
that when the delay is present, our approach (C3) results in
a significant improvement in the tracking error metrics and
completion time, as compared to (,, retaining a performance
that is comparable to the baseline execution without delays
(€.

IV. CONCLUSION

In this work, an autonomy allocation approach in a shared
teleoperation system is proposed. The quality of communi-
cation based on delay and jitter is monitored and used to
change the autonomy level between direct teleoperation and
an autonomous agent located on the follower side seamlessly.
TDPA approach is implemented to ensure the passivity
of the communication channel. The experimental scenario
shows the superior performance of the system under different
communication conditions. Future works will focus on the
passivity proof of the whole system and including other
communication network metrics.
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