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ABSTRACT

We present a system that enables, for the first time, effective transat-
lantic cooperative haptic manipulation of objects whose motion is
computed using a physically-based model. We propose a tech-
nique for maintaining synchrony between simulations in a peer-to-
peer system, while providing responsive direct manipulation for all
users. The effectiveness of this approach is determined through
extensive user trials involving concurrent haptic manipulation of a
shared object.

A CAD assembly task, using physically-based motion simula-
tion and haptic feedback, was carried out between the USA and the
UK with network latencies in the order of 120ms. We compare the
effects of latency on synchrony between peers over the Internet with
a low latency (0.5ms) local area network. Both quantitatively and
qualitatively, when using our technique, the performance achieved
over the Internet is comparable to that on a LAN. As such, this
technique constitutes a significant step forward for distributed hap-
tic collaboration.

Keywords: Human Factors, Haptic Cooperation, Virtual Environ-
ments, Multi-user, Networked Applications.

Index Terms: 1.3.2 [Computer Graphics]: Graphics Systems—
Distributed/network graphics; 1.3.7 [Computer Graphics]: Three-
Dimensional Graphics and Realism—Virtual reality; H.5.2 [Infor-
mation Interfaces and Presentation]: User Interfaces—Haptic I/O;

1 INTRODUCTION

The inclusion of active or passive haptics in a virtual environment
(VE) improves user experience by providing a reinforcing addi-
tional sensory cue, and in doing so overcomes the basic problem
of there being ‘nothing to feel,” as is the case in most VEs.

Haptic feedback in VEs has been found to contribute signif-
icantly to intuitive interaction [4], a sense of presence or co-
presence [2, 19] and skills transfer [1]. Haptic feedback can benefit
applications in diverse areas such as military training [7], CAD pro-
totyping assembly and maintenance [27, 24], tele-surgery [12, 35,
11] and creative painting [3] or sculpting [9]. In the real world,
tasks performed in these areas can often be collaborative, involv-
ing the cooperative efforts of small teams of individuals working
towards a shared objective. Members of such design teams may be
geographically dispersed, and therefore may need to work together
using distributed collaborative applications connected by the Inter-
net.

With the increasing monetary and environmental costs of busi-
ness travel, intuitive mechanisms which facilitate long-distance co-
operation between small but geographically dispersed design teams
will become increasingly important. A number of specific training
scenarios exist, in both the defense and aircraft manufacturing in-
dustries, in which cooperative manipulation is important. The CAD
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assembly task reported in this paper is a simplified version of a real
test case (provided by a Spanish defense company) requiring coop-
erative manipulation.

The additional sensory feedback provided by haptics can impart
valuable cues regarding the actions and intentions of participants
performing cooperative tasks [32, 2]. However, three major factors
make haptic cooperation over the Internet challenging:

1. Maintaining both local responsiveness and consistent simula-
tion state for distributed participants is difficult. Client/server
approaches suffer round-trip communication delays, whereas
peer-to-peer systems are difficult to synchronize [6].

2. Latency, especially over large distances, is unavoidable. Net-
work latency adversely affects the stability of haptic render-
ing, as an object can be penetrated before its correct position
is received, resulting in disconcerting rebounds [8].

3. Haptic rendering must be performed at a 1 KHz update rate (or
better) for correct perception of solid contact [29, 5].

We have developed what we believe to be the first system support-
ing haptic cooperation over the Internet that effectively addresses
these issues. Furthermore, we have demonstrated its utility via ex-
perimental studies.

Our system adopts a peer-to-peer architecture to maintain lo-
cal responsiveness; over the Internet conditions tested, it reduces
positional and rotational divergence between objects at each peer
to 0.02mm and 0.03-0.04 degrees respectively (mean values mea-
sured in the context of the large workspace of an FCS Haptic-
MASTER device). This is achieved through the separation of ob-
jects simulated at each peer into globally correct and locally per-
ceived representations. Synchrony between globally correct rep-
resentations is maintained through event ordering using a consis-
tent global time co-ordinate frame, while local responsiveness is
achieved through an optimistic simulation and roll-back mecha-
nism. The system decouples haptic display, simulation, and graph-
ical rendering into asynchronous components so that each can run
at appropriate rates.

We show, through studies of users undertaking a collaborative
haptic prototyping task (shown in Figure 1) employing a realistic

(a) User in the USA

(b) User in the UK

Figure 1: Two geographically distant users performing a cooperative
haptic prototyping task. The user on the left is in the USA and the
user on the right in the UK. These photographs were taken during an
actual transatlantic trial.



physics simulation, that haptic cooperation is possible over the In-
ternet using TCP/IP. Our methods maintain stable haptic feedback
and consistent simulation state between participants.

2 DESIGN CONSIDERATIONS

Collaboration in shared VEs over the Internet usually breaks down
due to network latency (the time taken between packet sending and
its receipt) and jitter (variation in latency) causing errors in user
perception of causality [28, 21, 30]. Studies of collaboration sys-
tems show that latency and jitter adversely affect users’ abilities to
correctly predict the actions of others and hence their success at
performing coordinated actions [13].

To illustrate these issues, consider the situation in Figure 2. Here,
we see a two-dimensional depiction of two users, referred to as A
and B, manipulating a box. A’s end-effector - the cursor they use to
grab the box - is represented by the larger circle with the hatch pat-
tern, while B’s is coloured green. In the situation shown on the left,
user A perceives the box to be where the blue (dark) box is shown,
whereas user B, whose simulation is running ahead, perceives it to
be where the red (lighter semi-transparent) box is shown. Note that
we have exaggerated the box positions for clarity. User B estab-
lishes contact with the box and pulls it. The box rotates, as seen on
the right, but since user A’s view is delayed, he or she still sees the
box in the blue position and proceeds to make contact with it. At
this point, each user is seeing something different, and as they push
or pull the box their simulations diverge.

If purely linear motion computation is used and no discrete
events which affect the motion can occur, then separate simulations
can be largely independent. Latency in the exchange of state in-
formation can be tolerated because the order in which events are
applied at each peer does not matter in such simple simulations. On
the other hand, when torque is introduced into state equations then
the order in which interaction events affecting motion are applied
becomes critical. Furthermore, discrete events such as holding or
releasing the box in Figure 2 require all cooperating users to share
a common and consistent perception of state to ensure the same
outcome. In a peer-to-peer system without suitable concurrency
control, and reliable simulation event delivery, divergent situations
can never again agree [25].
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Figure 2: Potential inconsistency between peers

Applications that demand consistency can adopt a client/server
approach in which state is maintained at a single locus of control.
In this scenario, all inputs are routed through a server which pro-
vides state information to all connected clients, and all participants
suffer a round-trip delay equivalent to that of the slowest connected
client [6, 31]. Alternatively, peer-to-peer approaches replicate the
system at each client, and no single participant has complete knowl-
edge of global state. Here, each participant enjoys responsive lo-
cal interaction, but techniques must be incorporated to ensure con-
sistency [25, 26]. For a detailed discussion of the implications of
distribution architectural choices see ‘Networked Virtual Environ-
ments Design and Implementation’ [36]. We compare our system
with others supporting haptic collaboration in Section 6.

Four requirements drove our implementation choices. First, lo-
cal interaction should be highly responsive, to provide a compelling
user experience. Second, realistic physics simulation of transla-
tional and rotational motion of the shared object must be supported
for carrying out real tasks. Third, consistent global state should be

maintained to prevent divergent simulations at each client. Fourth,
the solution should support concurrent manipulation of shared ob-
jects over the Internet, which has typical latencies of 50-200m:s.

3 ENABLING HAPTIC COOPERATION

In order to maintain a highly responsive interaction, we adopt a
peer-to-peer distribution architecture, with an identical software
and hardware setup replicated at each peer as shown in Figure 3.
Note that each peer has an associated local haptic daemon (HD)
which is responsible for ensuring high-quality haptic display.
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Figure 3: System architecture

As a consequence of multiple loci of control in fully peer-to-peer
systems, there is no definitive global knowledge of state maintained
at any instant in time. This poses a problem for managing state in-
formation when participants join or leave an active simulation. A
common solution is to use a broker which manages and supplies
information as peers connect or disconnect [36]. We adopt this so-
lution through an ‘observer’ which records definitive snapshots of
state (termed objective state) and supplies this when required. Fur-
ther, it informs all participants when a peer disconnects from an
ongoing simulation. For our purposes, the observer is similar in
functionality to a full peer but does not execute haptic and graphi-
cal display as shown in Figure 4.
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Figure 4: Comparison of peer and observer functionality

Each peer has two separate processes shown in Figure 5, one
responsible for haptic rendering and the other for simulation and
communication. The main process shown in Figure 5 executes
a physics-based simulation in one thread, and handles network
communication and graphical display (I/O) in the other. Simu-
lation, communication and graphical/haptic display all run asyn-
chronously. Only the end-effector position of the haptic device and
force readings measured by the device are broadcast to all peers.
These are inserted into each independently executing simulation.
We compute and integrate over time linear forces and rotational
torques, applied through user interaction with a rigid body, at each
peer using standard textbook Newtonian forward dynamics [10].

We use a second dedicated computer (a haptic daemon), con-
nected to the local network to control the haptic device. This
provides high-quality haptic feedback by maintaining the required
1KHz haptic update rate [22, 37]. Flow of control within the I/O
and simulation threads is shown by the blue (dashed) arrows, and
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Figure 5: Flow of control and data at each peer in our system

data transfer between them occurs through the scene and event
queues. The haptic process, shown in dark grey at the left side
of the figure, exchanges scene data and end-effector positions with
the I/O thread, so that the haptic representation always corresponds
to the graphical display.

The main challenge is to maintain consistency between peers
communicating over a high-latency connection. To ensure consis-
tent state across all connected peers, we use the concept of virtual
time together with simulation and rollback [17]. Virtual time is an
abstraction of real time and is used to enforce a consistent tem-
poral coordinate system in distributed simulations. To implement
virtual time, we use a system of logical clocks [20] (one at each
peer) to order events for correct insertion into each independently
executing simulation, and to determine how well synchronized they
are with respect to other simulations in the system. These logical
clocks are simply integer counters representing a frame number (or
clock-tick) for the simulation. The interval itself between clock-
ticks at each peer in each separate simulation’s time-base is adap-
tively adjusted, based on network conditions, to maintain overall
synchrony between peers. We determine network conditions on-
the-fly through ping-like requests interspersed in our communica-
tion protocol. This information is used to constantly monitor la-
tency and re-calibrate the simulation time frame.

Recall that motion of the shared object is computed by integrat-
ing calculated forces and torques over time using forward dynam-
ics. Due to network latency, at any given instant in time peers will
not have received all inputs necessary for computing a correct posi-
tion for the shared object. As shown in Figure 6, in the absence of
remote updates, we maintain responsive local feedback by perform-
ing an optimistic simulation for the current and future times (z, and
t,+1) using partial knowledge of state. Given the available knowl-
edge, a possible outcome is computed and the simulation contin-
ued. However when remote updates arrive late, we re-write history
by rolling-back the simulation, inserting the update into the correct
position and invalidating the subsequent optimistically computed
states. In the interests of performance, we lazily re-calculate inval-
idated states when the simulation actually needs to be graphically
or haptically displayed. This may potentially cause brief glitches if
a very late event is undone as a consequence of a rollback, and our
optimistic prediction is also wrong. However with our approach
consistent global state is always recovered. Incorrect predictions
are rare, so we prefer to accept an infrequent glitch rather than in-
troducing the additional latency required to explicitly interpolate
and smooth over this glitch.

We refer to a snapshot where all inputs for a given logical clock
time are known to be received as the objective state of the system

(shown at time #,_1 in Figure 6). It is critical to the system syn-
chrony that these objective snapshots agree at each peer for a given
logical clock tick. However, peers may compute objective snap-
shots at different wall-clock times due to network latency. Since the
number of clients connected is stored in the snapshot data-structure
and their inputs are time-stamped with both the logical clock time
and the wall-clock time we can (at each peer) be certain when all
inputs have been received. This objective state is entirely serializ-
able and recorded by all of the connected peers, including the ob-
server. When new participants join, the observer provides an objec-
tive snapshot at a given logical clock time and the newly connected
peer simulates from that time forwards.
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Figure 6: Simulation snapshots, the checks represent known inputs
while the crosses indicate missing inputs

In contrast, the subjective state shown at f, and #,,| perceived
by each user may vary slightly from this objective state. This vari-
ation is quantified in Section 5. We have borrowed the terms objec-
tive and subjective from the Deva collaborative virtual reality sys-
tem [31]. However, Deva is a client-server system, and this allows
the server to maintain the true objective state [23]. In contrast, all
peers in our system (including the observer) know the true objective
state only at particular, prior intervals in time, but not necessarily
at the current time. The objective state is updated each time that
all updates for a specific time interval have been received, while
the subjective state is continually updated. If communication with
any client disconnects unexpectedly, other clients will continue to
rollback and synchronize correctly, using the data from remaining
clients.



4 EXPERIMENTS

We performed experimental studies to verify that our simulation-
state synchronization facilitates cooperative haptic activity across
the Internet. In particular, we demonstrate that minor differences
in the subjective view between participants is not detrimental to
performing a shared cooperative haptic task. We additionally in-
vestigate the use of Kalman filtering [18] as a predictive method to
reduce variation in subjective views.

Our experimental task was chosen from the mechanical CAD
prototyping domain: cooperative mounting of a fuel control box
(hereafter, box) onto an aircraft engine housing (hereafter, target).
This is a real industrial case study of assembly procedures from
a collaborative design project. The use of human subjects in this
study was approved by both the University of North Carolina at
Chapel Hill, and the University of Manchester ethics committees.

4.1 Experimental Design

The experimental study was carried out in two parts; both were
within-subjects repeated-measures designs. Part I was a 2 x 2 de-
sign that tested cooperative haptic performance in local area net-
work (LAN) and wide area network (WAN) conditions, both with
and without our synchronization techniques enabled. The second
part tested only two conditions: cooperative haptic performance
in the WAN condition, with and without prediction enabled. To
minimize learning effects, in both parts of the study each partici-
pant performed two randomized trials per condition, consequently
in Part I eight random order trials and in Part 2 four random order
trials were performed. Identical hardware and software configura-
tions were used in both parts with the common condition between
the two being the synchronized case.

Metrics

During each trial, we recorded the position and orientation of each
participant’s box at each clock-tick of the physics simulation. From
this data we generated two time-series showing the positional and
rotational difference between each user’s subjective view of the
box, as our quantitative indicators of overall system synchrony. We
recorded the elapsed time and time-to-successful-completion dur-
ing each trial. User perception of each condition was assessed
through questionnaires administered after each trial. Participants
were asked to rate on a scale of 1 to 10 how difficult they found
the task and how disrupted they found the visual and haptic feed-
back, where 1 = the practice condition (LAN, synchronized) and 10
= very difficult/disrupted.

We tested the statistical significance of the divergence and time-
to-completion data from Part I using an Analysis of Variance
(ANOVA) and the data from Part 2 using a t-test.

Hypothesis

Our hypothesis is that there will be significantly less divergence of
the mean position and orientation in the synchronized than in the
unsynchronized case, and that the synchronized-predicted case will
reduce divergence further.

4.2 Method

An expert user in the USA (site 1) cooperated with study partici-
pants in the UK (site 2). Volunteers were recruited from the UK
site’s graduate student pool. Data was collected for six participants
in Part 1, and 15 participants in Part 2. Since we collected quan-
titative measures of system synchrony, and task performance, the
number of participants in the study was considered to be sufficient.
The level of experience with the haptic device varied from none to
moderate.

For interaction with the box (and each other), each user was
equipped with an FCS Robotics HapticMASTER force feedback
device. Cursors, visible to both participants, indicated where the

two HapticMASTER end effectors were in the environment. Each
participant viewed his or her simulation of the collaborative VE on
aprojection screen (Figure 1), and communicated by speaker-phone
to discuss an appropriate strategy while performing the task. At site
1, the application ran under Red Hat Enterprise Linux on a 2.4GHz
PC with 4GB of memory and NVidia GeForce4 Ti 4600. Site 2
used Gentoo Linux on a 3.2GHz PC with 1GB of memory and an
NVidia 6800 Ultra graphics card. Network latency between study
machines at site 1 and site 2 was measured using ping before and
after each scheduled participant study. The round-trip-time latency
ranged from 105 to 120 ms, and averaged 117 ms, while on the
local area network this averages 0.5ms.

Haptic state is updated by the physics simulator (through the
daemon) over a LAN with negligible local communication delay,
at a configurable update rate of 20 frames per second. While the
haptic daemon awaits new simulation updates, it maintains stable
state based on the most current knowledge and executes haptic ren-
dering at 1KHz to ensure stability. Graphical rendering consumes
approximately a quarter of the main application processing time
each frame, while simulation and roll-back consumes the majority.
However, since these are undertaken on separate threads the effect
of rendering and simulation delay on haptic feedback is negligible
compared to the transmission delay over the Internet.

The recorded simulation time-stamp, used to properly order
events during synchronization, and wall-clock time-stamp, is used
to correctly match data logged at each peer on a uniform time-line.

Experimental Session Details

After completing consent forms and reading an information sheet
detailing the study, the user was introduced to the expert collabora-
tor. The pair first completed one or two practice trials to familiarize
the participant with the equipment and task. Most participants were
novice users of the application, and had to be acquainted with both
the feel of the haptic device and how to attach/detach from the box
using a mouse button. The application allows users to attach to
the box at arbitrary contact points and pull or push it in any direc-
tion. At the start of a trial, the orientation of the box was correct
for docking, but the position was offset (as shown in Figure 7(a)).
Minimizing rotation - a key to successful completion of the task -
required cooperation and communication between the users. Once
the box met a threshold orientation (within 9.5 degrees in all axes)
and distance (within 4cm from the centre of the box to the centre of
the target) relative to the docked position (Figure 7(b)) it automati-
cally snapped into position.

(a) Start position of the box

(b) Target position of the box

Figure 7: Start and target position in the cooperative CAD prototyping
study

In order to reduce the number of variables in the experiment and
to meet ethical requirements for experimental studies involving hu-
man subjects, the task had to be simple enough to be repeatedly
performed under the conditions tested. The shared box was easy
to manoeuvre: it was only slightly damped, and possessed both
mass and inertia, however no gravity or friction forces were applied.
This was not a limitation of the physics engine, rather a considered
choice to strike a sensible balance between task difficulty and not
unduly masking the effects of latency.



During each trial, the expert user in the USA guided the novice
in strategy, as well as providing specific help on how and where to
push and pull on the box in order to dock it. Typically each par-
ticipant in the study took around 45 minutes to carry out the entire
experiment and fill out necessary forms and questionnaires. Data
were collected from approximately 20 hours of validation studies.

5 RESULTS AND DATA ANALYSIS
5.1 Effect of Divergent State

In the cooperative prototyping case study, simulation of motion for
the box is computed using forward dynamics. The implication of
this is that state components such as current forces, velocities, ac-
celerations and positions are functions of the previous state and sub-
sequent inputs. A cumulative error in any of these between peers
leads to different outcomes. Network latency resulting in a small
difference in each peer’s perception of states, compounds this prob-
lem.

In order to provide a base case with which to compare our tech-
nique for maintaining consistency, we consider the naive case with
no form of concurrency control. It is not possible to show graphs
for all the data collected during the experimental trials in this pa-
per; however mean values from all the data collected are presented
in Figure 13. The graphs in Figures 8 and 9 illustrate this naive sce-
nario with typical data gathered in the unsynchronized condition
between the USA and UK. In Figure 8, the difference in position
of the box between simulations running at two peers is shown. The
second graph shown in Figure 9, plots the orientation difference in
degrees of the fuel box in each of the x (green line, # symbol), y
(red line, @ symbol), and z (blue line, * symbol) axes between the
simulations. The catastrophic accumulation in error is very appar-
ent. A potential cause of this was found to be a discrete event which
occurs for one peer but not the other; for example, when peers dis-
agree over whether or not the box collided with the target.
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Figure 8: Positional divergence between peers, unsynchronized
WAN

In contrast, the graphs in Figures 10 and 11 show the typical
positional and rotational divergence between two peers, one in the
USA and the other in the UK, in the synchronized case. Note the
magnification in scale of the vertical axis in the synchronized con-
ditions which exhibit significantly lower divergence. The Time axis
is shorter for the synchronized conditions compared to the unsyn-
chronized ones due to reduced task completion times in the former.
Whereas the subjective views diverge by a small amount for short
durations (see Figure 13), they are periodically unified when more
up-to-date information becomes available.

Note that the mean positional and rotational divergences (mea-
sured in meters and degrees respectively) in the synchronized con-

Rotational Variation Between Participants
Unsynchronized, WAN

0 10 20 30 40 50 60 70 80 100 110120 130 140 150
Time (s)

Figure 9: Rotational divergence between peers, unsynchronized
WAN
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Figure 11: Rotational difference between peers, synchronized WAN

dition are very small compared to the large workspace (a swept
volume of 400mm in height) of the HapticMASTER device. Our
mean divergence values cannot be considered to be noise in the end-
effector position of the haptic device, which is an order of magni-
tude lower (reported by FCS control systems to be 0.004mm). We
further confirmed that the inherent divergence in our system is im-



perceptible by a test in which latency, equivalent to the upper level
of that in the main experiments (120ms), was simulated at the UK
site, which was equipped with two HapticMASTER devices. Fig-
ure 12 shows that this amount of divergence cannot be perceived
even when two users are situated side by side in the same laboratory.
After correction for perspective and lens distortion, the Photoshop
‘Difference’ operator was used to compare the two insets.

Maximum reported divergence values correspond to the comple-
tion state, where the box snaps to the correct position and orien-
tation once it is within task completion tolerances. Task comple-
tion times in the unsynchronized cases were measured for the first
person to successfully complete. Due to the level of divergence
in the unsynchronized conditions, in half the trials, only one par-
ticipant was able to complete the task. The best completion time
occurred for the unsynchronized LAN condition. However this was
not found to be statistically significant, and furthermore it masks
the fact that the simulations still diverged. The difficulty, visual and
haptic disruption measures are subjective measures obtained from
the questionnaires. Participants did not rate the conditions as sig-
nificantly different. User perception of difficulty and visual/haptic
disruption may have been confounded by the fact that users were
frustrated while carrying out the unsynchronized WAN conditions
which were clearly difficult as reflected by the significantly higher
task completion times. It was observed that in the unsynchronized
case catastrophic divergence often took place before participants re-
alised it had occurred. This could explain only the small difference
in difficulty rating between the WAN conditions.

Significant Analysis of Variance (ANOVA) results are shown in
Figure 14. From our logged data we have determined that there is
a main effect of synchronization, indicating significant differences
in the amount of divergence between conditions. In the unsynchro-
nized condition, the greater latency introduced through the transat-
lantic connection causes rapidly increasing divergence. However,
when the systems are synchronized, this divergence is reduced to
an equivalent value to that achieved on a LAN. These results show
that the synchronization technique results in a cooperative haptic
experience similar to that achieved over a LAN. Task completion
times could not be fairly analyzed for statistical significance as in
the unsynchronized WAN condition the task was often either only
completed for one participant or aborted as it became too difficult.
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Figure 12: Two users performing the task with simulated la-
tency equivalent to the WAN condition (120ms) and synchroniza-
tion/prediction

5.2 Effect of Prediction

The prediction experiments (Part 2 of the study) were conducted
with 15 participants, with each completing 4 trials (2 per condition).
These 60 trials reinforced the synchronization results obtained in
FPart 1.

Measure LAN, WAN, LAN, WAN,
Synchronized | Synchronized | Unsynchronized | Unsynchronized

Position max (m) 0.046611 0.037485 0.114211 0.173613
Position mean (m) 0.000197 0.000197 0.003789 0.005506
X orientation max (Deg) | 5.823782 4.334057 20.79167 4524178

X orientation mean (Deg) |0.040414 0.043591 0.669967 1.057691

Y orientation max (Deg) | 7.02106 5.443782 20.82299 48.90432

Y orientation mean (Deg) |0.038977 0.040279 0.681335 1.129944

Z orientation max (Deg) |7.580028 6.231542 17.01083 52.79422

Z orientation mean (Deg) |0.036494 0.038253 0.599121 1.036472
Completion time (s) 74.99655 72.2705 68.76667 156.76
Difficulty 3.375 4.794118 3.205882 4.823529
Visual disruption 2.5 2 25 4.5

Haptic disruption 6 4 6 6.5

Figure 13: Table of mean values comparing the Synchronized and
Unsynchronized conditions on the LAN and WAN

Measure Variable

ANOVA results
Fi5=98,p<0.001
Fi5=781.9, p <0.001
Fi5=10.37,p<0.05
Fis=64.1,p <0.001
Fis=14.3,p <0.05
Fi5=72.83,p<0.001
Fis=12.57,p <0.05
Fis=55.17, p < 0.001

Position max Synchronization

Position mean Synchronization

X orientation max Synchronization

X orientation mean Synchronization

Y orientation max Synchronization

Y orientation mean Synchronization

Z orientation max Synchronization

Z orientation mean Synchronization

X orientation max Latency Fis=7,p<0.05
X orientation mean Latency Fis=6.81,p <0.05
Z orientation max Latency Fi5=7.31,p<0.05

Position max Latency * Synchronization Fi5=7.65,p<0.05

Fis=8.51,p <0.05

X orientation max Latency * Synchronization

Z orientation max Latency * Synchronization Fi5=8.79, p <0.05

Figure 14: Results of ANOVA from experiment comparing Synchro-
nized and Unsynchronized conditions on the LAN and WAN (only
significant conditions are listed)

Our expectation was that the addition of prediction would re-
duce minor fluctuations introduced by the rollback. In practice, no
significant main effects were found between the synchronized and
predicted cases. However, the mean positional divergence in the
predicted case was 0.01mm larger than in the synchronized case.
We attribute this to the fact that at various times during a session,
users attach to and detach from the box, and make sudden changes
in direction, and rapid movements. These cause the Kalman filter
to over-predict. It may be that some fine tuning of the filter would
improve this result, but the magnitude of the divergence is already
so small that any improvement would also be very small. A filter
that adapts to network characteristics could offer a greater benefit
over a wide range of network characteristics.

6 COMPARISON WITH OTHER SYSTEMS

The importance of maintaining consistent state between peers, es-
pecially when performing cooperative haptic tasks, is apparent from
our study of divergent state. This requirement however conflicts
with the need for fast updates to provide high quality haptic feed-
back. Consequently, the few systems that currently exist simplify
the problem considerably by either: (i) only enabling haptic coop-
eration under low latency conditions, distributing only positional
information of the shared object and computing an ideal position
based on these, computing only linear motions (simple physics sim-
ulation); (ii) using heavily damped motion to counteract high la-



System Distribution architecture Haptic update | Co-operation on high Locus of Physics
rate control latency network control simulation
Transatlantic Touch [19] Peer-to-peer x v’ Internet 2 Multiple v Simple
Adaptation Control [15] Peer-to-peer x % Simulated network | Multiple v' Simple
Virtual Haptic World [14] Peer-to-peer x % Fast link Multiple v Unclear
The Nanomanipulator [16] Peer-to-peer 4 v Internet Multiple % None
C-HAVE [34] Peer-to-peer object management | % % Fast link Single Insufficient detail
Roaming Server [24] Client-server 4 v Internet, round-trip | Single movable |v" Simple
for remote participants
CSIRO surgical simulator [11] | Client-server x v’ Internet Single static v Simple
Virtual Coupling Networks [33] |Peer-to-peer and Client-server x % Simulated network | Multiple and v Simple
with fixed latency Single
Our system Peer-to-peer v v Internet Multiple v" Complex

Figure 15: Summary of cooperative haptic systems

tency. We have deferred discussion of these systems until now in
order to provide a contrast with our approach. Our system has the
following properties:

e [t is peer-to-peer

e Has haptic update rate control

o Effectively allows haptic cooperation over the Internet
e Has multiple loci of control

e Uses a physically-based simulation engine to compute both
linear and rotational motion (complex physics simulation) of
rigid bodies

Systems described in other prior works have some of these prop-
erties but to our knowledge none has all of them, therefore a direct
like-for-like comparison is difficult. Furthermore, none of the sys-
tems supporting shared haptic environments are publicly available,
thus it is only possible to make a comparison based on reported
functionality. Each of the systems summarized in Figure 15 are
specifically aimed at facilitating shared haptic manipulation over
the Internet and therefore represent key prior work.

In an important cooperative haptic study, Kim et al. employed
UDP over Internet 2 to minimise network communication la-
tency [19]. They successfully demonstrated haptic cooperation by
using heavy damping. Furthermore, they stated that the event de-
livery characteristics of TCP/IP were unsuitable for haptic cooper-
ation. In an earlier work Hikichi et al. studied a target acquisition
task to evaluate the effect of jitter over simulated networks [15].
An interesting aspect of their study was an analysis of how jitter
adversely affects systems employing dead-reckoning. Hespanha
et al. and Shen et al. both adopted solutions in which haptic co-
operation was limited to participants sharing low latency network
connections [14, 34]. The nanomanipulator project [16] is the
most similar to our approach but with an important and fundamen-
tal difference: Hudson et al.’s system did not support a physics-
based simulation, thus limiting its application. In a more recent
study, Sankaranarayanan and Hannaford use virtual coupling net-
works (spring-damper systems) to maintain position coherency in
distributed haptic environments [33]. Traditionally such schemes
are used to increase haptic stability between haptic devices but at
the cost of lower quality solid contact. The authors apply the tech-
nique to stable interaction between each user’s representation of
a shared object. The target acquisition task they studied involves
simple physics, with motion of a cube constrained to one degree

of freedom only. Both Marsh et al. and Gunn et al. adopt a client-
server approach, so that for cooperative manipulation a round trip
to the server is unavoidable for at least one of the users [24, 11].

7 CONCLUSIONS

Cooperative haptic interaction over the Internet is especially chal-
lenging. Latencies over large distances cannot be avoided, and
are typically much higher than levels at which human task perfor-
mance is adversely affected. A client-server approach incurs fur-
ther latency, making it unsuitable for many interactive applications.
Whilst peer-to-peer architectures avoid this issue, they can result in
large divergences between simulations at different sites.

We have described a method for maintaining synchronization be-
tween users in a peer-to-peer system. Our experimental studies con-
firm the validity of our approach for distributed cooperative manip-
ulation of shared objects. The monitored divergence between the
views of the two participants is very small: typically the mean po-
sitional variation of the box is around 0.02 millimetres in a swept-
volume workspace of 40 centimetres depth, while the mean rota-
tional divergence around the x, y and z axes is 0.03-0.04 degrees.

To determine the scalability of the technique, it is important to
explore some further issues. For the task we described here, roll-
back was extremely effective; however, as it can be computationally
intensive, it remains to be seen whether its effectiveness is compro-
mised in a more complex simulation. Its application might also be
limited by the number of users engaged in a concurrent manipula-
tion. In principle, it supports many, although so far its efficacy has
only been thoroughly tested with two. There is also the question
of network stability. Our present experiments were conducted over
a relatively stable network with low jitter. However, the system
was thoroughly evaluated in 20 hours of experiments with partici-
pants over the LAN and Internet. Further experiments are required
to characterise performance on a wider variety of networks with
higher latencies, or where jitter is more prevalent. It is envisaged
that in these situations, predictive techniques will be far more im-
portant for minimising divergence and improving user experience.

Although there are avenues for future research, the technique in
its current form enables very effective haptic cooperation over the
Internet. The major goal of the research was to provide users with a
compelling collaborative experience not compromised by the laten-
cies inherent to the Internet. Both quantitatively and qualitatively,
the performance levels achieved when using this method over the
Internet are comparable to those on a local area network with min-
imal latency. As such, this technique constitutes a significant step



forward for distributed haptic collaboration.
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