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Abstract—Many tasks done easily by humans turn out to be very
difficult to accomplish with a teleoperated robot. The main reason
for this is the lack of tactile sensing, which cannot be replaced by
visual feedback alone. Once haptic devices were developed, their
potential in many fields was obvious. Especially in teleoperation
systems, where haptic feedback can increase the efficiency and even
render some tasks feasible. This paper studies Internet-based tele-
operation systems that include haptic feedback, concentrating on
the control of such systems and their performance. The potential
of this technology and its advantages will be explored. In addition,
key issues, such as stability, synchronization, and transparency will
be analyzed and studied. Specifically, event-based planning and
control of Internet-based teleoperation systems is presented with
experimental results of several implemented system scenarios in
micro– and macroscales.

Index Terms—Haptic, internet, supermedia, teleoperation.

I. INTRODUCTION

WHEN IT COMES to robotics, the lack of applications
has never been an issue. The same can be said for In-

ternet-based teleoperation, where the potential for applications
is just limited by our imaginations. One of those applications is
telemedicine, where several successful experiments have been
done in this field. The main use of telemedicine is in remote
checkup and surgery, home care (elderly and disabled remote
assistance) and physical therapy [1], [2]. Another application is
operations in hazard environments, most commonly hazard ma-
terial manipulation [3]and space and deep sea operations [4],
[5]. In addition, e-services, such as remote maintenance and
monitoring of manufacturing processes, equipment and prod-
ucts. Also, the ability to use sophisticated and expensive manu-
facturing facilities by several users around the world is very cost
effective [6]. Other applications relate to law enforcement. Gov-
ernment agencies are already using remotely operated machines
in their operations to reduce human risk. Also Internet-based
teleoperation can be applied to entertainment. Web teleoperated
games already exist where users can remotely login and operate
a robot. This application will experience great advances in the
next few years, once businesses realize its potential.
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However, before these applications become widely accepted
and used, several things have to be supplied and ensured.
Most importantly is telepresence, which is the transfer of
human senses to remote locations by feeding back sensory
information from the remote environment. This would closely
couple the operator with the remote environment, and thus
gives a more realistic feeling of remote presence. In addition to
realism, telepresence significantly increases the efficiency of
teleoperation. To achieve this, sensory information has to be
presented to the operator, the most common of which is visual
feedback. However, this is not sufficient for some applications;
therefore, an additional kind of feedback is required. Haptic
feedback, which can correspond to different sensory informa-
tion, considerably increases operators’ efficiency and makes
some tasks feasible [7], [8]. The general structure of such a
system is shown in Fig. 1, where the operator sends velocity
commands and receives visual and haptic information.

Examining the literature, Internet-based robots can be divided
into three categories according to the method used to send com-
mands and receive haptic feedback, and according to the nature
of feedback supplied. These three categories are referred to here
as teleprogrammed, telesimulated, and real real-time teleoper-
ated.

Teleprogrammed Internet-based robots are ones that require
the operator to upload a plan or set of commands for it to exe-
cute. This uploaded program is executed by the robot either au-
tonomously or semiautonomously. This category can be further
divided into “program and watch” robots or “program, watch,
and intervene” robots. Program and watch robots are ones that
execute the program without allowing the operator to change
the commands on the fly. Program, watch and intervene robots
have the added option of the operator changing the program on
the fly before the robot finishes executing it. Typically, telepro-
grammed robotic systems include only visual feedback in the
form of video.

Some of the most popular robots in this category include
the semiautonomous telerobot implemented by Tarn and Brady,
where the teleoperator supplies a trajectory for the robot to ex-
ecute. Then the operator intervenes only in case of unexpected
circumstances [9]. Also Pai made an expensive experimental fa-
cility, the ACME, available via the Internet, where a user can
conduct customized measurements and build accurate models
from any location[10]. In addition, Simmons introduced the au-
tonomous mobile robot Xavier that can be commanded to go
to different locations and do different tasks. The commands are
high level commands and the only feedback is in the form of
video [11].

Telesimulated Internet-based robots include systems that feed
forward commands in real-time but the feedback in simulated.
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Fig. 1. General structure of an Internet-based teleoperation system with haptic feedback.

The operator sends commands in real-time, however, the feed-
back supplied to the operator is simulated. This simulated or
predicted feedback can be one of two forms; either it is com-
pletely simulated based on a robot and environment model, or
it is partially simulated based on a model and corrected by ac-
tual feedback. Generally, feedback is in the form of predicted
display and/or predicted force.

Chong developed a system where the operator controls a ma-
nipulator and is supplied by overlapping real and predicted dis-
play [12]. Penin presented a manipulator that can be teleoper-
ated where the operator is presented with predicted display and
force [13]. Several other systems exist that are based on predic-
tive display and predictive force; however, most of these systems
relate to space and underwater robots, which are controlled via
a designated communication link and are not considered as In-
ternet-based robots.

Real real-time teleoperated Internet-based robotic systems
feed forward commands in real-time and feedback real real-time
sensory information. The feedback comes in several forms,
the most typical of which are video and force. An example is
the PumaPaint, which allows the operator to control a Puma
760 in order to make a painting. The control is in real-time
and the feedback is visual [14]. Also KhepOnTheWeb, which
is a mobile robot that can be controlled in real-time and video
feedback can be obtained [15]. In addition, WebPioneer is a
system that allows the teleoperation of a Pioneer mobile robot
via the web.

As in any control system, in order for Internet-based bilateral
control to be acceptable it has to satisfy several performance
criteria. Stability is the main criteria, since it relates to feasibility
and safety of the operation. The other two are, synchronization
and transparency, which relate to the efficiency of the operation
and its realism.

However, when it comes to the Internet, ensuring those per-
formance characteristics becomes a significant challenge. The
random time delay, network buffering effects, and disconnec-

tions experienced over the Internet present major difficulties.
Those difficulties have been extensively studied in the literature,
especially resolving time delay effects in teleoperation systems
with haptic feedback [7], [16]–[19]. But all those studies have
several limitations since they assume time delay to be either
fixed, the same in both directions, or having an upper bound,
none of which applies to Internet type delays. So there is a need
for a planning and control method that can achieve stability, syn-
chronization, and transparency of Internet-based teleoperation
with real-time haptic feedback, regardless of time delay and its
variance. This paper presents such a method, as well as theoret-
ical and experimental results.

II. HAPTIC INFORMATION IN CLOSED-LOOPCONTROL OF

INTERNET-BASED TELEOPERATION

Initially, most teleoperation done was open-loop, meaning the
only form of feedback was video. Once haptic feedback started
being considered, the control loop was closed between the robot
and operator. Haptic information relates to the sense of touch,
in other words, tactile information. This information can be fed
back, where it is reproduced to the operator using force gen-
erating devices. The haptic information does not always corre-
spond to actual physical forces, but can also correspond to other
sensory information, such as heat, radiation, and distance to ob-
stacles. The need for haptic feedback is to increase the efficiency
of teleoperations. However, it does not substitute the need for
visual feedback, which is still an important form of feedback.
Actually any type of multimedia (audio, video, etc.) can be fed
back to increase efficiency and telepresence.

To capture the notion of all these feedback streams, the term
supermedia is presented. Supermedia is the collection of mul-
timedia, haptic, and any sensory feedback. So the interest of
this paper is in studying the effect of varying time delay on In-
ternet-based teleoperation systems that include supermedia, and
to develop a new planning and control methodology that would
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Fig. 2. Round-trip delay in ms for packets transmitted between the robot and
Hong Kong station.

ensure stability, synchronization, and transparency, regardless
of the time delay faced. This time delay in the Internet cannot be
predicted and is random with a very complex stochastic model.

Several attempts have been made to model delay over the In-
ternet and several complex models have been derived [20]. In
[20] a wavelet-based model was developed, where delay was
shown to be self-similar [21] in a statistical sense. However, es-
timating the arrival time of packets is still difficult to achieve.
Fig. 2 gives an example of the round-trip time (RTT) between
Michigan State University and Hong Kong, where the random-
ness of RTT is clearly shown.

This interest placed on time delay is a result of the instabil-
ities it causes. Since delays on the order of a tenth of a second
can destabilize the teleoperator [7], and when haptic feedback is
being used the system is stabilized only when the bandwidth is
severely reduced. In addition to instability, desynchronization
can occur between the different supermedia streams. Desyn-
chronization is a result of the buffering effect delay creates. This
results in desynchronization between the feedback and feed for-
ward streams, thus destabilizing the system; and between the
feed back streams themselves, thus resulting in operator confu-
sion and efficiency reduction. As for transparency, delay causes
high frequency haptic changes to be filtered thus reducing the
transparency of the operation.

III. EVENT-BASED PLANNING AND CONTROL OF

INTERNET-BASED TELEOPERATION

The performance effects discussed in the previous section are
the result of using time as a reference for the different system
entities. So, intuitively, if a different nontime based reference
can be used these effects can be eliminated, or at least reduced
significantly. In traditional control systems the dynamics of the
system is modeled by differential equations in which the free
variable is the time variable. And usually the trajectory is a
function of time, but if we do not constraint the trajectory by
time we would allow the system to be at any point at any time.
So the general idea is to model the system and the trajectory with

parametric equations. The parameter is calledmotion reference
or action referenceand usually denoted by[22].

This planning and control method is referred to as event-
based, which was extended to bilateral teleoperation applica-
tions in [23]. This extension had to make some alterations to the
initial event-based theory in order to be fit for teleoperation ap-
plications. The first main thing that had to be considered was the
fact that in teleoperation there is no predefined path. The path
is generated in real-time by the operator based on the feedback
received. The other issue is that the operator has limited compu-
tational power so a simple event or reference has to be chosen. In
addition, the method had to be independent of the operator and
environment model and it should not require significant over-
head.

Therefore, theevent had to be carefully chosen in such a way
that no overhead is required from the operator and it had to be
intuitive. In addition, to maintain the synchronization between
the operator and the remote machine regardless of time delay
the event had to be designed in a way to eliminate the buffering
effect of delay. This effect is shown in time based part of Fig. 3,
where it is clear in the time based approach that the delay will
cause many signals to be flowing within the network. So by the
time a new command that was generated as a result of a
force arrives at the destination, the state of the machine
would have changed due to the commands that were already
buffered in the network . This implies
that when the robot gets the command at time ,
it has already changed status and is being subject to the force

; therefore, the command would be a wrong one since
it was a result of and not .

In order to ensure that the right command is being received
and executed the buffering effect should be eliminated. So the
communication and control model should be similar to the one
shown in the event based part of Fig. 3. As shown, the trans-
mission of new commands and forces is not specified by time.
A new command will not be generated and sent until the
most up-to-date status of the robot is received. At the same
time, a new force will not be fed back until a new velocity

is received. This implies that there are no commands or
forces within the network flowing, thus the buffering effect is
eliminated.

This setup is achieved by using event-based planning and con-
trol, with the event taken as the command number. If the oper-
ator is currently sending theth command, then the event is.
This choice of the event is intuitive and does not require the
operator to keep track of it, since the communication procedure
will take care of ensuring this specific behavior of the system re-
gardless of the operator’s command. This is an additional advan-
tage to this approach since the whole procedure is transparent to
the operator. Also, this approach is independent of the environ-
ment and operator models, thus it can be applied in micro- and
macroscale applications.

IV. PERFORMANCEANALYSIS OF INTERNET-BASED

TELEOPERATION

This section will analyze the stability, synchronization, and
transparency of the event-based approach. Concerning the sta-
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Fig. 3. Illustration of the buffering effect of delay and the elimination of this effect in event-based planning and control.

Fig. 4. The system architecture of the mobile base teleoperation system.

bility of the system under event-based referencing, the following
theorem was proven in [22].

Theorem 1: If the original robot dynamic system (without
remote human/autonomous controller) is asymptotically stable
with time as its action reference; and the new nontime action
reference, is a (monotone increasing) nondecreasing
function of time , then the system is (asymptotically) stable
with respect to the new action reference.

The only assumption needed is that the robot is a stable
system, which means that the original robot dynamic system
(without remote human operator) is asymptotically stable with

as its action reference. This would allow the use of Theorem
1 and proves the (asymptotical) stability of the system with

respect to the new action reference, simply by proving that
the new nontime action reference is (monotone increasing)
a nondecreasing function of time. The advantage of this
approach is that stability is proven independent of the human
model, or the statistics of time-delay. Clearly the choice of
event used in this approach gives an event that is a nonde-
creasing function of time, since the command numbering can
only increase. Therefore, the event-based planning and control
for teleoperation with haptic feedback results in a stable system
despite random time delay.

Examining the event-based case in Fig. 3, it is clear that the
update of signals in both directions is not triggered by time.
Also since the buffering effect of delay is eliminated then the
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Fig. 5. The behavior of the system during the control from Hong Kong.

haptic force felt by the operator is the most up-to-date one; there
could not have been any change in the system status, because
there are no velocity commands flowing in the network. The
same thing applies to the velocity received by the robot, it is
the most up-to-date one since there were no new forces flowing
in the network that could have generated new commands. This
implies that the operator and the robot are always synchronized
in event, regardless of time delay and its variation. These two
different entities in the system cannot be at different events; in
a closed-loop system, the feedback obtained has to correspond
to the most up-to-date status of the plant being controlled.

From the analysis in the previous section, it is clear that the
frequency of events is a function of time delay. Since we have

an event per round-trip delay, then the frequency by which the
haptic information is fed back is a function of time delay. This
implies that the force will be sampled once for each round-trip
delay and since this delay is variable then the sampling of force
is variable. From Shannon’s sampling theorem we know that in
order to reconstruct a signal perfectly from a sampled one, the
sampling rate should at least be twice , where is the
highest frequency component of the original signal. As long as
the round-trip delay is less than the inverse of the highest fre-
quency component of the force applied on the robot, then the fed
back haptic force can be used to regenerate the actual one almost
perfectly and thus the system transparency is achieved. Once
the time delay increases beyond that value the transparency will
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Fig. 6. The system architecture of the mobile manipulator teleoperation system.

Fig. 7. The velocity performance of the system.

decrease accordingly. Therefore, this approach does not ensure
perfect transparency regardless of time, but it does ensure that
the best transparency will be achieved for a certain time delay.

V. EXPERIMENTAL IMPLEMENTATION AND RESULTS

The details of several experimental setups will be given with
their results. These results will confirm the analysis done in the
previous section. The first scenario is the teleoperation of a mo-
bile robot with haptic feedback. The feedback in this case cor-
responds to the distance to obstacles detected in the environ-
ment. So the operator is able to sense the obstacles in front of the
robot before hitting them. The general model of such a system
is shown in Fig. 4.

This model shows that the operator is sending velocity com-
mands and receiving haptic information corresponding to sen-
sory information from the environment. This system was exper-
imented with an operator in Hong Kong controlling the robot
at Michigan State University in real-time. The results in Fig. 5
are showing the plot of time versus, the event, in the first row.
The other plot in the first row shows the desired rotational ve-
locity. The second row shows the desired velocities inand
directions, which is called . The third row displays the ac-
tual velocities in both directions, which is called. Next, we

illustrate the force that is played by the joystick in both direc-
tions, called . The last row displays the same plot, which is
the closest detected distance to obstacles in the environment.

As seen, the actual velocities are tracking the desired ones as
long as the distance to obstacles is less than a critical distance.
Therefore, the system output stability is illustrated. In addition,
the change of the desired and actual velocity direction is occur-
ring at the same event, thus the system is synchronized.

The second system setup is shown in Fig. 6. This is a mobile
manipulator that is controlled in real-time, where the operator
sends a velocity command that is divided by the local controller
between the arm and the mobile base. This division is done to
achieve an acceptable posture for the arm, so if the robot arm
is almost fully extended or extracted, the mobile platform will
be repositioned to achieve a better posture. The haptic feedback
in this case is actual force detected by the force/torque sensor
mounted on the gripper.

The experimental procedure was to have the operator in Hong
Kong move the robot in and directions randomly. Mean-
while, a person will subject the robot gripper to forces in the
and directions randomly. The average frequency of commu-
nication was 3.1 Hz, which implies that on average we had 3.1
events/s.

The main interest was in how close the actual velocity of the
robot tip was following the desired velocity specified by the op-
erator and in how close was the force felt by the operator close to
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Fig. 8. The force performance of the system.

the one detected by the force/torque sensor. In other words, how
were the operator’s intentions executed by the mobile manipu-
lator and how the environment was felt by the operator, despite
time delay and time delay variance.

The results are shown in Figs. 7 and 8. In Fig. 7 the first row
gives the operator’s desired velocity in theand directions
with respect to time. The second row is the actual velocity of
the arm tip in the and directions with respect to time. The
first thing to note is that the desired velocity is a step function
since it is a sampled version of the continuous motion of the
joystick, where the sampling rate is a function of the time delay
faced and the advance of the event. More importantly we see
that the actually velocity is almost a continuous version of the
desired one and it is tracking it very closely.

As for Fig. 8, the first row is the force detected by the
force/torque sensor and the second row is the force felt by the
operator with respect to time. Note that the sensor is detecting
vibrations all the time, this is due to its sensitivity. As for the
force felt, it is clear that it is a step function that is almost
tracking the actual one. The only slight deformation shown is
due to the variable time delay faced between the two machines.

It is clear from these results that the system is stable and
event-synchronized since the actual behavior of the robot is
tracking the desired one and the force felt by the operator is
very close to the actual one the robot is detecting. In addition,
the system has high transparency revealed by the fact that the
force felt by the operator is very close to the one experienced
by the robot. Importantly, all those results were achieved under
variable time delay with no assumptions regarding it.

The third experiment done was a multioperator at multisite
mobile manipulator teleoperation with haptic feedback. In this
experiment the mobile manipulator (Robotics and Automation

Lab, Michigan State University), operator1 (Robot Control Lab,
Chinese University of Hong Kong), and operator2 (Nagoya Uni-
versity, Japan) were connected via the Internet. The operators
send velocity commands and receive haptic information that
correspond to the velocity sent by the other operator. This im-
plies that the force felt by each operator corresponds to the in-
tentions of the other one. This setup increases the efficiency of
collaboration since it reduces the amount of contradicting com-
mands sent and reflects the intentions of the other operator faster
than visual feedback alone.

One of the operators was requested to follow the force felt.
This implies that the slave would eventually track the motion of
the master. The results of one such experiment are seen in Fig. 9,
where the operator in Japan is controlling the mobile (slave) and
the operator in Hong Kong is operating the puma (master). The
results show that the desired velocity of the mobile is tracking
that of the puma in real-time. The top row of Fig. 9 shows a
plot of time versus , the event. The other plot in the top row
shows the desired rotational velocity. The second row shows the
desired velocities of the mobile in and directions . The
third row plots the desired velocities of the puma inand
directions, . The plots of and also correspond to the
forces fed back to operator2 and operator1 consecutively. The
last row is the error between the mobile and the puma desired
velocities in both directions.

The main points to note, are the synchronization and fast re-
sponse. It is clear that both robots are event synchronized since
the shift in direction occurs almost at the same. Fast response
is clear from the sharp decrease in the error between the veloc-
ities of the two robots.

Another experiment, that reflects the generality of the ap-
proach, is a micro manipulator teleoperation. A Polyvinylidence
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Fig. 9. System behavior while being controlled from Hong Kong and Japan.

fluoride (PVDF) micro-tip was used as a piezoelectric sensor for
the Internet force-feedback experiment [24]. This tip is about
2.5-mm long with about 0.8 mm at the triangular base. The
output from this sensor is amplified using an inverted ampli-
fier with feedback gain of 50. Its signal is then fed to a 8255
analog-to-digital conversion (ADC) card connected to a PC for
signal transmission to the Internet. This experimental setup is
housed in the Advanced Microsystems Laboratory (AML) of
The Chinese University of Hong Kong.

A sensor tip is attached to an- computer-control posi-
tioning table, which can be controlled via the Internet by a force
reflection joystick in the Robotics and Automation Laboratory
(RAL) at Michigan State University. A cantilever is attached to
a vibration drum and has a tip vibration of 100 to 1 mm from
the frequency range of 1 to 120 Hz. The AML sensor tip po-
sition can be manipulated by the RAL joystick to contact the
vibrating cantilever. The RAL operator observes the AML tip
position using a video conferencing software. The force of the
vibrating cantilever sensed by the tip is sent to RAL via the In-
ternet. Once the force is received the force feedback joystick

plays it. After that, the operator generates a new movement com-
mand to be sent to the sensor, via the Internet.

The experimental results presented here relate to the testing
done between Hong Kong and Michigan State. During this
experiment the operator (RAL) sends position increment com-
mands and receives force feedback from the sensor (AML).
The position increments are sent for bothand axes while
the force is sensed only in theaxis. The commands sent are
random, which is typical of a teleoperation scenario. This makes
approaches based on prediction of forces or virtual forces non-
realistic. Therefore, actual force had to be sensed and fed back.
Fig. 10 presents plots of the force felt by the operator, the force
sampled for the sensor and the error between them. As can be
seen, the force felt is closely following the one sampled from the
sensor. Although this is not occurring at the same time instant,
since both plots are with respect to local and not global time, the
system is still stable and event synchronized. Despite the random
time delay experienced between Hong Kong and Michigan State,
the system performance is stable as seen from the error, which is
constantly converging to zero and has a small value at all times.



ELHAJJet al.: HAPTIC INFORMATION IN INTERNET-BASED TELEOPERATION 303

Fig. 10. Comparison between the forces felt and the ones sent.

VI. CONCLUSION

This paper examined several issues relating to haptic infor-
mation feedback in teleoperation over the Internet. The effects
of random time delay faced over the Internet were studied. Sta-
bility, synchronization, and transparency were analyzed and a
new planning and control method that ensures those features
was presented. The event-based approach was theoretically and
experimentally shown to be adequate for the planning and con-
trol of teleoperation with haptic feedback.

Several experimental setups were examined and their results
presented. All of which showed that the event-based approach
resulted in a stable, synchronized, and transparent system
regardless of time delay and its variance. Other advantages of
this approach is that it is independent of the system model,
human model, and environment model. Therefore, it can be
easily adopted to any teleoperation system that includes haptic
feedback whether in a macro- or microscale.
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