Beyond Classical Teleoperation:
Assistance, Cooperation, Data Reduction, and Spatial Audio
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Abstract—1In this video we present a teleoperation system
which is capable of solving complex tasks in human-sized
wide area environments. The system consists of two mobile
teleoperators controlled by two operators, and offers haptic,
visual, and auditory feedback. The task examined here, consists
of repairing a robot by removing a computer and replacing
a defective hard-drive. To cope with the complexity of such a
task, we go beyond classical teleoperation by integrating several
advanced software algorithms into the system.

I. INTRODUCTION

Teleoperation has been a field of active research for many
decades [1]. Today, actuators, sensors, and computers exist
which offer unprecedented performance and allow system
designers to develop highly integrated systems suitable for
complex tasks. In this video, we show that the integration of
advanced software algorithms into an existing teleoperation
system can improve versatility and performance. Thereby,
complex tasks become feasible.

II. SYSTEM

The hardware setup used here is identical to the setup
presented in [2]. Thus, only a short overview is given, and
the reader is referred to our previous publication for details
and related references. The system consists of teleoperators
controlled by two operators. Each teleoperator consists of
two seven Degrees of Freedom (DoF) anthropomorphic arms
equipped with one DoF grippers mounted on an omnidirec-
tional, non-holonomic mobile base. In addition, two cameras
are mounted on a three DoF neck. Microphones for sound
localization are mounted at the shoulders.

One of the operators interacts with a stationary human-
system interface, consisting of two ten DoF haptic devices,
two data gloves to measure finger positions, a three DoF
pedal to control base motion, a head-mounted display offer-
ing stereo-vision which is tracked by a magnetic tracking
system, and earphones.
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The second operator interacts with a mobile human-
system interface, consisting of two seven DoF haptic devices
mounted on a mobile base to allow for natural, wide-area
teleoperation. The operator’s body and head are tracked by
an acoustic tracking system. This data is used to control
the mobile base and the neck of the teleoperator. A head-
mounted display provides stereo-vision and earphones are
used for auditory feedback.

I1I. SCENARIO

In this video we consider a futuristic scenario in which
robots are utilized in many households. If one of these robots
has a technical problem, instead of sending service staff to
the broken robot it would be beneficial to teleoperate nearby
robots to perform the necessary maintenance work. This
scenario represents many challenges which are addressed by
different advanced software algorithms.

The first phase of the task consists of removing a computer
from the back end of the robot. As the computer is relatively
heavy, the two teleoperators perform this task cooperatively.
A damper-based virtual coupling is used to cope with closed
kinematic chains and to stabilize the system (see Sec. I'V-
A). Furthermore, spatial auditory feedback results in natural
communication between the operators (see Sec. IV-D).

After the computer has been placed on a table, one
teleoperator is used to replace a defective hard-drive. During
this phase, an intention recognition algorithm is used to
determine the current task. Using this information appro-
priate assistance functions are activated which improve task
performance and reduce the necessary amount of effort (see
Sec. IV-B). Furthermore, haptic data reduction is used during
this phase to reduce the amount of data transmitted over
the communication channels (see Sec. IV-C). Finally, the
computer is reinserted into the robot. This step is omitted
in the video as it is very similar to the first phase, where the
computer is removed.

IV. ALGORITHMS

In the following section some advanced control algorithms
for haptic teleoperation which are integrated in this system
are presented. Furthermore, the approach used for spatial
audio feedback is outlined.



A. Multi-user teleoperation

When multiple manipulators simultaneously interact with
the same stiff object instabilities due to closed kinematic
chains may occur. One way of coping with this problem is to
use an internal force controller [3]. Instead, we use a damper-
based virtual coupling, which produces compensating forces
from velocity errors. This approach has the advantage, of
easy integration into our admittance-controlled system, while
offering intuitive parameter tuning due to the physical in-
terpretability of damping. The virtual damping, which is
active between all currently closed grippers results in a
force counteracting all non-synchronized movement. This
approach was introduced in [4] for two DoF and extended
to six DoF here.

B. Assistance functions and intention recognition

A computer-assisted teleoperation system is used for re-
pairing the broken hard drive, consisting in removing the
hard drive and replacing it with a new one. A stochastic task
classification algorithm is used to recognize the currently
performed task [5] and to select an appropriate assistance
function. By adapting the assistance suitable for the currently
performed task, the operator is optimally supported and task
performance can be enhanced.

While this idea has already been investigated in literature,
see e.g. [6], known approaches consider free space tasks only.
We extend this concept in terms of classifier capabilities,
complexity of tasks, and class of haptic guidance schemes.
In contrast to state-of-the-art approaches, our implementation
can deal with complex 6 DoF manipulation tasks including
free space as well as contact. Special attention was also paid
to the influence of the assistance on the task classification.

For haptic assistance, we use a variable impedance control
approach for removing, inserting and positioning the hard
drive in the rack. A velocity scaling from master to slave
decreases time to task completion for free space movements,
and a force scaling facilitates fine manipulations during
positioning, see [7] for further details.

C. Haptic data reduction

In order to keep the network delay at a minimum,
haptic samples are usually immediately transmitted upon
their availability. In packet-switched networks, such as the
Internet, this results in high packet rates up to the sampling
rate (here 1000 Hz) and congests the network. Perception-
based haptic data reduction approaches successfully address
this challenge by reducing the packet rate by up to 90%
while keeping introduced coding distortion imperceivable
[8]. An extension for haptic signals with multiple degrees-of-
freedom which introduces ellipsoid “perceptual deadzones”
is discussed in [9] and employed here. This technique
achieves an additional improvement in packet rate reduction
of 30%. Furthermore, an optimization-based reconstruction
strategy guarantees stability and preserves the high fidelity
of the haptic interaction. For a review of the challenges in
haptic data compression and communication in teleoperation
systems, see [10].

D. Spatial Audio

The teleoperators are equipped with microphones that
localize sound sources around them by using a GCC-PHAT
localization algorithm that is computationally fast and robust
in echoic environments [11].

The localized sound sources are then virtually synthe-
sized according to their position relative to the teleoperator,
using a set of Head-Related Transfer Functions (HRTFs).
HRTFs describe spectral changes of sound waves on their
way to the ear canal, due to reflexions and diffractions
at the head, shoulders, torso and ears. As these geometric
features differ from person to person, HRTFs are unique for
each individual. Additionally, the reflexions of the human
body are different for each source direction, and therefore
HRTFs can be regarded as direction dependent filters [12].
Headphones are used to present the 3D-sound to the operator.
Furthermore, the communication between different operators
is HRTF-synthesized according to the relative position of the
corresponding teleoperators [13], which improves compre-
hensibility of communication and orientation.

REFERENCES

[1] T. B. Sheridan, Telerobotics, Automation, and Human Supervisory
Control. Cambridge, MA, USA: MIT Press, 1992.

[2] M. Buss, A. Peer, T. Schauss, N. Stefanov, U. Unterhinninghofen,
S. Behrendt, J. Leupold, M. Durkovic, and M. Sarkis, “Development of
a Multi-Modal Multi-User Telepresence and Teleaction System,” The
International Journal of Robotics Research, 2009. [Online]. Available:
http://ijr.sagepub.com/cgi/content/abstract/0278364909351756v1

[3] D. Williams and O. Khatib, “The Virtual Linkage: a Model for Internal
Forces in Multi-Grasp Manipulation,” in Proc. Conf. IEEE Int Robotics
and Automation, 1993, pp. 1025-1030.

[4] H. Tanaka, T. Schaufl, K. Ohnishi, A. Peer, and M. Buss, “A Co-
ordinating Controller for Improved Task Performance in Multi-User
Teleoperation,” in EuroHaptics, 2010.

[5] N. Stefanov, A. Peer, and M. Buss, “Online Intention Recognition for
Computer-Assisted Teleoperation,” in IEEE International Conference
on Robotics and Automation, 2010, pp. 5334 — 5339.

[6] D. Kragic, P. Marayong, M. Li, A. M. Okamura, and G. D. Hager,
“Human-Machine Collaborative Systems for Microsurgical Applica-
tions,” The International Journal of Robotics Research, vol. 24, pp.
731-741, 2005.

[7]1 C. Passenberg, A. Peer, and M. Buss, “A Survey of Environment-,
Operator-, and Task-Adapted Controllers for Teleoperation Systems,”
Mechatronics, vol. 20, pp. 787 — 801, 2010, Special Issue on Design
and Control Methodologies in Telerobotics.

[8] P. Hinterseer, S. Hirche, S. Chaudhuri, E. Steinbach, and M. Buss,
“Perception-Based Data Reduction and Transmission of Haptic Data
in Telepresence and Teleaction Systems,” [EEE Transactions on Signal
Processing, vol. 56, no. 2, pp. 588-597, February 2008.

[9] I Vittorias, H. Ben Rached, and S. Hirche, “Haptic Data Reduction in
Multi-DoF Teleoperation Systems,” in IEEE International Symposium
on Haptic Audio-Visual Environments and Games (HAVE), October
2010, pp. 1 6.

[10] E. Steinbach, S. Hirche, J. Kammerl, I. Vittorias, and R. Chaudhari,
“Haptic Data Compression and Communication,” Signal Processing
Magazine, IEEE, vol. 28, no. 1, pp. 87 96, Jan. 2011.

[11] J. Chen, J. Benesty, and Y. Huang, “Time Delay Estimation in Room
Acoustic Environments: an Overview,” EURASIP Journal on Applied
Signal Processing, vol. 2006, pp. 170-170, 2006.

[12] J. Blauert, Spatial Hearing. Cambridge, MA: MIT Press, 1997.

[13] F. Keyrouz and K. Diepold, “Binaural Source Localization and Spatial
Audio Reproduction for Telepresence Applications,” PRESENCE:
Teleoperators and Virtual Environments, vol. 16, no. 5, pp. 509-522,
2007.



