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Abstract—This paper investigates through experiments the
performance of two recent control architectures for networked
haptic cooperation [10], [11]. The two architectures can render
direct haptic interaction between networked users in addition to
cooperative manipulation of virtual objects. This is because both
architectures employ remote dynamic proxies to represent users
at their networked peer sites. The remote dynamic proxies have
second order dynamics and are controlled by the distant user
whom they represent via virtual coupling (i.e., power-based)
control or via wave-based control. The remote dynamic proxies
render smooth motion of their respective user in the presence of
update discontinuities caused by limited network transmission
rates and by network delays. The experimental comparison
investigates the performance of cooperative manipulation and of
direct user-to-user contact for various constant network delays.
The results illustrate that: (1) both power-based and wave-
based control of remote dynamic proxies can maintain high
position coherency between the distributed copies of the shared
virtual object; (2) wave-based control of remote dynamic proxies
renders the inertia of the shared virtual object and of the remote
dynamic proxies more realistically than virtual coupling control;
and (3) wave-based control of remote dynamic proxies maintains
the networked haptic cooperation stable for longer constant
network delays.

Index Terms—Networked haptic cooperation, remote dy-
namic proxy.

I. INTRODUCTION

Realistic force interaction among distant users is benefi-
cial in applications like surgical training [12], telerehabilita-
tion [18], and computer games. Depending on the application,
users involved in networked haptic interaction may need:
(1) to manipulate virtual objects together; and (2) to touch
and feel each other directly. For example, during surgical
teletraining with force feedback, the expert surgeon and the
remote resident may need to perceive each other’s interaction
with the virtual organ on which they operate. During haptics-
based telerehabilitation, the therapist may need to guide and
feel the hand of the remote patient directly in order to gauge
their physical abilities.

A. Prior Work

Prior research addressing networked haptic interaction has
focused primarily on cooperative manipulation of a shared
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virtual object (SVO). Both centralized (client-server) [6], [17]
and distributed (peer-to-peer) [2], [4], [8], [7], [16], [17], [10],
[11] control architectures have been investigated. Available
studies have shown that peer-to-peer architectures can display
larger contact stiffness [6] and can maintain higher position
coherency between the copies of the SVOs [17] than client-
server architectures. In existing distributed approaches [6],
[16], the remote users interact via their local copies of
the SVO. In turn, those local copies are connected via
virtual coupling (i.e., power-based) control [5], time domain
passivity-based control [15] and wave-based control [13]. The
investigation in [16] has shown that: virtual coupling control
is sensitive to network delay; time domain passivity-based
control may not be able to prevent distracting oscillations;
wave-based control may enforce poor coherency between
the distributed copies of the SVO. Besides coordinating the
distributed copies of the SVO through virtual coupling, the
architecture in [6] provides the position and the velocity (i.e.,
a kinematic avatar) of the remote user at their peer site. That
kinematic avatar increases the position coherency between
the distributed copies of the SVO.

Initial research on haptic rendering of direct user-to-user
interaction has offered massless proxies with first order
dynamics [12]. Compared to purely kinematic proxies [19],
[14], the motion of proxies with first order dynamics can be
controlled better during collisions with fixed virtual objects
or with other proxies. Their performance in networked haptic
cooperation has not been investigated. Direct interaction
between networked users has recently been enabled through
remote dynamic proxies (RDPs) with second order dynam-
ics [10], [11]. The RDPs are avatars of users in the virtual
environment of their remote peer, and are coordinated via
virtual coupling [10] or via wave-based control [11]. They
increase the stability of the networked haptic interaction for
constant network delays and for high contact stiffness.

Early work on perception and task performance in net-
worked haptics has experimentally evaluated the impact of
constant network delay on cooperation facilitated by client-
server communications [1]. Perception has been assessed
via contact stiffness and via users’ physical intuition. The



experiments have revealed that users perceive increasingly
larger force discontinuities and move ever slower as the
network delay increases. Recent work has investigated the
effect of constant network delay on users’ perception of
haptic cooperation with peer-to-peer communications [6],
[16]. That research has shown that: longer network delays
increase the user-perceived damping during cooperation with
virtual coupling coordination [6]; and network delays result in
smaller perceived force discontinuities when compensated via
wave-based coordination instead of via virtual coupling [16].

B. Paper Objective and Structure

This paper presents an experimental comparison of two
recent control architectures with RDPs for networked haptic
cooperation [10], [11]. The RDPs enable direct haptic inter-
action between networked users in addition to cooperative
manipulation of SVOs. The RDPs may be controlled by the
users whom they represent via virtual coupling (i.e., power-
based control) [10] or via wave-based control [11]. This
work contrasts the benefits and limitations of the two types
of RDP control. The investigation involves experimental
cooperative manipulations and direct user-to-user interactions
under various constant network delays. The results illustrate
that: (1) both power-based and wave-based control of RDPs
can maintain high position coherency between the distributed
copies of the SVO; (2) wave-based control of RDPs renders
the inertia of the SVO and of the RDPs more realistically;
and (3) wave-based control of RDPs maintains the networked
haptic cooperation stable for longer constant network delays.
Due to the constant network delay assumption, these results
apply to cooperation over a Local Area Network (LAN) or a
high-speed Metropolitan Area Network (MAN) [6]. Internet-
based cooperation will be a topic of future work.

In the remainder of the paper, Section II introduces the
RDPs. Section III overviews their integration into the dis-
tributed control architectures with power-based (i.e., virtual
coupling) and with wave-based coordination, respectively.
Section IV presents the experimental results that validate the
conclusions summarized in Section V.

II. THE REMOTE DYNAMIC PROXIES

This section briefly overviews RDPs for networked haptic
interaction between two users. The extension to networked
haptic cooperation among multiple users is a topic of future
work.

RDPs have been introduced in [10] and [11] in order to
allow networked users to touch and feel each other directly,
in addition to permitting them to cooperatively manipulate
SVOs. Direct force interactions between distant users are
expected to benefit physical therapists assisting remote pa-
tients. As illustrated in Figure 1, a RDP is a user avatar in
the virtual environment of a networked peer. For example,
RDP;5 is the RDP of Peer 1 in the virtual environment
of Peer 2 in Figure 1. A RDP has the same mass and
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damping as the haptic device of the user whom it represents.
Its position and velocity are computed using physics-based
simulation rather than being updated from network packets.
RDPs are connected to their respective users via virtual cou-
pling (Figure 1(a)) or via wave-based control (Figure 1(b)).
This compliant connection allows users to perceive smoothly
moving peers regardless of update discontinuities caused by
network delays and by limited network transmission rates.
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Fig. 1. RDPs coordinated via virtual coupling (Figure 1(a)) and via wave-
based control (Figure 1(b).

The additional computational effort involved in simulating
the RDPs may limit the number of users simultaneously
present in a shared virtual environment. However, this effort
is minimal for the haptic cooperation between two users
investigated in this paper.

III. DISTRIBUTED CONTROL ARCHITECTURES WITH
REMOTE DYNAMIC PROXIES

The RDPs have been integrated into virtual coupling-based
and into wave-based distributed control of networked haptic
cooperation as shown in Figures 2(a) and 2(b), respectively.
For simplicity and without loss of generality, the two haptic
devices have been assumed to be similar. In Figure 2, notation
is used as follows: Ty is the constant network delay; myp and
byp are the mass and the damping of the haptic interfaces;
mo; and bo; are the mass and the damping of Peer i’s copy
of the SVO; Kvyc; and Byc; are the stiffness and the damping
of the local contact, i.e. the contact between Peer 7 and
its copy of the SVO; Fy; is the interaction force between
Peer ¢ and its copy of the SVO; Kvyc;; and Byc;; are the
stiffness and the damping of the remote contact, i.e. the
contact between Peer ¢’s RDP in Peer j’s virtual environment
and Peer j’s copy of the SVO; Fyc;; is the interaction force
between Peer i’s RDP and Peer j-th copy of the SVO; Kt and
Br are the stiffness and the damping of the virtual coupling
coordinating the distributed copies of the SVO; Fr; is the
coordinating force applied on each copy of the SVO; Kgrpp
and Bgpp are the stiffness and the damping of the virtual
coupler coordinating the RDPs to the users whose avatar
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Fig. 2. Distributed control architectures with RDPs controlled via virtual coupling (Figure 2(a)) and via wave-based control (Figure 2(b). The RDPs are

shaded, and their connection to the corresponding haptic device is bolded.

they are; Frpps; is the control force applied on the RDP
of Peer ¢ in the virtual environment of Peer j; x; and &; are
the position and the velocity of the ¢-th haptic device; zo;
and Zo; are the position and the velocity of Peer i’s copy of
the SVO; z;; and ;5 are the position and the velocity of the
RDP of Peer i in the virtual environment of Peer j; lastly,
Fy; is the force applied by the i-th user to their device. Since
Fyc; and Fyc;; represent unilateral contact forces, they are
activated by collision detection. Furthermore, in Figure 2(a),
z;, and &, are the position and the velocity commands sent
by the i-th haptic device to their peer; xo;,, and Zo;, are the
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position and velocity commands sent by Peer i’s copy of the
SVO to the peer user; u;, and u,,: are wave signals; and
U,y and U,,,; are wave integrals. In Figure 2(b), ;4 and ;4
are the position and the velocity commands received by the
i-th haptic device from their peer via wave signals; zo;q and
Z0iq are the position and the velocity commands received by
Peer i’s copy of the SVO from their peer’s copy.

Note that, in the proposed architectures, the virtual envi-
ronment of Peer ¢ comprises: (1) a copy of the SVO jointly
manipulated by the users; and (2) the RDP of Peer j, RDPj;.
The mass of the SVO mg is equally divided between the



distributed copies, mo; m—20, while its damping bo is
assigned to each copy, bo; = bo. This distribution of the mass
of the SVO among the local copies is typical in networked
haptic cooperation between two users [6], [17]. However,
it prescribes light local copies of the SVO and thus, leads
to instability for cooperation among many users. Alternative
approaches for distributing the mass of the SVO among many
users will be investigated in upcoming work.

The dynamics of virtual coupling and of wave-based
control of RDPs for networked haptic cooperation have been
presented in detail in [10] and in [11], respectively. In the
following section, the performance of the two controllers is
contrasted for cooperative manipulation of a virtual cube, and
for direct user-to-user interaction. The comparison evaluates:
(1) the position coherency between the distributed copies of
the virtual cube; (2) the accuracy of rendering the mass of the
virtual cube and the mass of the RDO; and (3) the stability
of the interaction for various constant network delays.

IV. EXPERIMENTS
A. Experimental Setup

The experimental networked haptic cooperation system
employed in the experiments presented in this section is
shown in Figure 3. The system comprises two FALCON
NOVINT haptic devices connected to two personal comput-
ers. One computer runs Window XP on an Intel Core 2 Duo
CPU at 2.67GHz with 2 GB RAM. The other computer runs
Window Vista on an Intel Core 2 Duo CPU at 1.67GHz with
3 GB RAM. The haptic devices support point interaction
in 3 degrees of freedom (DOF) virtual environments. The
computers are located in the same laboratory, and can be
screened from each other to prevent users from seeing
their peer’s display. Copies of a shared virtual environment
comprising a rigid cube in a rigid enclosure are generated on
each computer as C++ console applications. The computers
communicate over the network via the UDP protocol. In the
following experiments, the network environment is simulated
via the Wide Area Network Emulator (WANem) [3]. The
WANem runs on a separate personal computer. The position
sensing rate and the force rendering rate of the haptic devices
are 1KHz. The data transmission rate is 128Hz.

In all experiments, the haptic rendering rate is 7T,
1/1024s and the network transmission rate is T,, = 1/128s.
The mass of the virtual cube is mo = 0.25kg = 2mo;
2moz2, and the mass of the RDPs is myp = 0.01kg. Damping
is incorporated neither in the RDPs nor in the virtual cube,
ie., bor = boz = byp = ONs/m. The various controller
gains are: ch1 = ch2 = 4000N/m, ch21 = ch12 =
IOOOON/), KT = 2000N/l’l‘l, KRDP = ].OOON/I'II, Bvc1
BVC2 Bvc21 BVC12 3Ns/m, BT 200NS/III,
BRDP = 200Ns/m.

Meaningful comparisons of successive interactions are
enabled through controlled experiments. In other words, the
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Fig. 3. The experimental networked haptic cooperation system.

peer users are substituted with controlled forces applied
to the haptic devices through commands sent to motors
via software. The controlled forces effectively eliminate the
inherent peers’ damping from the interaction. Since the haptic
interfaces are impedance type devices, the controlled forces
have no stabilizing effect on the networked interaction. The
controlled experiments in this section have been validated via
similar experiments with human users in [9].

B. Experiment I - Cooperative Manipulation

This section investigates the ability of virtual coupling and
of wave-based control of RDPs: (1) to maintain position
coherency between the copies of a shared virtual cube
cooperatively manipulated by two peer users; and (2) to
render the mass of the shared virtual cube and of the RDPs
realistically. Figure 4 depicts the snapshot of the screen of
Peer 1 at the beginning of this experiment. The two peers are
initially at rest and in contact with the virtual cube. During
the experiment, Peer 1 pushes the virtual cube and Peer 2 with
a constant force F}, = 5N, whereas Peer 2 remains passive.
The rigid enclosure ensures the same initial conditions in
successive experiments and limits the interaction to the x-
axis.

Fig. 4. Peer 1’s initial screen in Experiment I (Cooperative Manipulation).

Figure 5 illustrates the experimental position coherency
for three constant network delays: 10ms, 50ms, and 100ms.
Note that virtual coupling and wave-based control of RDPs
maintain similar position coherency between the local copies
of the jointly manipulated cube. This is unlike in networked
haptics without RDPs, where virtual coupling control has



been shown to maintain better position coherency than wave-
based control [16].
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Fig. 5. Position coherency during cooperative manipulation rendered (1)
via virtual coupling and (2) via wave-based control of RDPs.

Figures 6 and 7 depict the positions and forces recorded
during cooperative manipulation under a constant network
delay of T; = 50ms, and rendered via virtual coupling
and via wave-based control of RDPs, respectively. Note in
these figures that users move the virtual cube much slower
under virtual coupling control than under wave-based control
of RDPs. Furthermore, users’ position histories in Figure 6
are almost linear, confirming that virtual coupling control
renders the network delay similarly to viscous damping [6].
Meanwhile, users’ position histories in Figure 7 are parabolic,
illustrating that wave-based control renders the mass of the
shared virtual cube and of the RDPs realistically in the
presence of constant network delays.
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Fig. 6. Cooperative manipulation rendered via virtual coupling control of
RDPs. Ty = 50ms.
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Fig. 7. Cooperative manipulation rendered via wave-based control of RDPs.
T4 = 50ms.

C. Experiment Il - Stability under Long Network Delay

This section validates through experiments that wave-based
control of RDPs maintains the networked haptic interaction
stable for larger constant network delays than their virtual
coupling control. In particular, it presents the results obtained
during cooperative manipulation (Figure 9) and during direct
user-to-user interaction (Figure 10) under wave-based control
of RDPs for a network delay Ty 400ms. The joint
manipulation and the direct user-to-user interaction become
unstable when the network delay increases to T;; = 200ms if
the RDPs are coordinated via virtual coupling.

Figure 9 presents the experimental results for the coop-
erative manipulation depicted in Figure 4. Figure 8 shows
the snapshot of the screen of Peer 1 at the beginning of
the direct user-to-user interaction experiment. The two users
are initially at rest and in contact with each other. During
this experiment, Peer 1 pushes Peer 2 with a constant force
F}, = 5N, whereas Peer 2 remains passive.

Fig. 8. Peer 1’s initial screen in Experiment II (Direct User-to-User
Interaction).

V. CONCLUSION

This paper has presented an experimental comparison of
virtual coupling (i.e., power-based) [10] and wave-based [11]
control of RDPs for networked haptic interaction. The RDPs
render smooth motion of the distant users in the presence of
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Fig. 9. Cooperative manipulation rendered via wave-based control of RDPs.
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Fig. 10. Direct user-to-user interaction rendered via wave-based control of
RDPs. Ty = 400ms.

update discontinuities caused by constant network delays and
by limited network transmission rates. Hence, they support
direct user-to-user interaction in addition to cooperative ma-
nipulation. The present experimental investigation of virtual
coupling and of wave-based control of RDPs demonstrates
that: (1) both virtual coupling and wave-based control can
maintain high position coherency between the distributed
copies of the SVO; (2) wave-based control renders the inertia
of the SVO and of the RDPs more accurately; and (3)
wave-based control of RDPs maintains the networked haptic
cooperation stable for longer constant network delays.
Upcoming work will focus on: (1) the stability analysis
of networked haptic interaction via RDPs in the presence
of constant network delays; (2) the investigation of Internet-
based haptic cooperation rendered via RDPs; and (3) the
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integration of the RDPs into haptic cooperation among many
users.
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