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Abstract Virtual reality is an effective method to eliminate 
the influence of time delay. However, it depends on the preci-
sion of the virtual model. In this paper, we introduce a method 
that corrects the virtual model on-line to establish a more pre-
cise model. The geometric errors of the virtual model were 
corrected on-line by overlapping the graphics over the images 
and also by syncretizing the position and force information 
from the remote. Then the sliding average least squares 
(SALS) method was adopted to determine the mass, damp, 
and stiffness of the remote environment and use this infor-
mation to amend the dynamic model of the environment. 
Experimental results demonstrate that the on-line correction 
method we proposed can effectively reduce the impact caused 
by time delay, and improve the operational performance of 
the teleoperation system.

Keywords force-reflecting, teleoperation, time delay, virtual 
model, on-line correction

1 Introduction

In the force-reflecting teleoperation system, the position 
information is sent from the master side to the slave side, 
and the force information is then sent to the master side. Thus, 
the control loop is formed. If there were no time delay in the 
loop, the system could be stable. However, because the force-
reflecting teleoperation system is often used in long-distance 
situations, the time delay between the operator and the remote 
robot has been the main problem that influences the remote 
task. Many methods have been proposed to solve this prob-
lem, which can be mainly classified into two kinds: one is 
concentrating on the control laws, including the passivity and 
scattering theory [1]; another is to use virtual reality tools. By 

building a virtual model of the remote environment, the 
operator can interact with the virtual model without time 
delay. The virtual model predicts the motion of the remote 
environment, and thus overcoming the time delay problem. 
Because the environment is unknown or partly known, the 
errors are inevitable in the predictive virtual model, which 
will intensify the increase of time delay and result in the 
unstableness of the system. The existing control laws can 
only be applied to short time delay (less than 2−3  s) [2−4]. In 
1997, Tsumaki proposed a teleoperation system that is robust 
against modeling errors [5]. In 1999, Burdea concluded the 
use of virtual reality in force-reflecting teleoperation with 
time delay and indicated that it had two disadvantages: 
first, the virtual models of the slave, remote environment, and 
task were oversimplified; second, the approach will fail in 
unstructured environments which cannot be modeled accu-
rately [6]. The predictive model of the slave has been set up. 
With the information from the slave, the model is corrected 
on-line to make the virtual model more similar to the real 
environment. Therefore, the interaction with the virtual 
model can be more consistent with the real environment.

2 Influence of errors

The virtual predictive models of the slave arm and environ-
ment are first set up. Then, the operator commands the model 
of the slave arm to interact with the virtual environment 
through the master arm, and the contact information is also 
sent to the operator through the controller in the master. At the 
same time, the command is sent to the slave to control the 
slave arm (interact with the environment) with time delay. 
If the virtual models are consistent with the actual environ-
ment, the operator can control the virtual arm to interact with 
the virtual environment, which is equivalent to controlling the 
slave arm to interact with the remote environment. Then the 
influence caused by time delay can be eliminated completely. 
The virtual models can give the operator the accurate force 
reflecting with the time delay between the master and the 
slave only when they are set up precisely. However, the errors 
in the virtual predictive model may result in the errors in 
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the reflecting force. There are two types of errors in the vir-
tual model—geometrical errors (position errors) and dynamic 
errors (force and motion errors). To get the accurate reflecting 
force, we must eliminate the influence of the virtual model 
errors.

3 Construction and correction of the model

In remote control, the time delay between the master and the 
slave is often quite long, which can be 2−10  s. The long time 
delay seriously damages the stability and transparency of the 
systems. The virtual predictive model is an effectual way to 
solve the time delay problem, but it depends on the accuracy 
of the model. The applications of force-reflecting teleopera-
tion are commonly in the unknown or half known environ-
ment. It is difficult to construct an accurate geometrical 
and dynamic model, so there are always some errors in the 
para meters of the model. Low accuracy causes the low effi-
ciency of the systems, which can prevent the use of virtual 
reality tools. As to unifying the virtual model to the actual 
environment, the on-line correction is entailed.

The diagram of the virtual model construction and its 
on-line correction is shown in Fig.  1. It can be divided into the 
following parts:

1) data acquisition in the slave: the charged coupled device 
(CCD) image with position and force information in the 
slave is collected with the sensors, and then transferred to the 
master;

2) virtual model construction: construct the line frame 
model of the slave according to the collecting information; 
construct the dynamic model according to the identification 
consequence;

3) virtual model correction: update the position of the vir-
tual model according to the master and slave position infor-
mation, and update the dynamic parameters of the model 
according to the information from the sensors and the effect 
of the following force;

4) graphics and image information fusion: lay the line 
frame model on the image of the task environment and show 
them together.

3.1 Geometrical error correction

To the operator, the image from the remote camera already 
contains the communication time delay. For the real-time 
visual information, the virtual predictive models are utilized. 
The operator can control the virtual model just like controls 
slave arm, and real-time visual feedback can be implemented. 
The real-time virtual graphics are also overlaid on the static 
task image with communication time delay, and through this 
enhanced reality, we can easily “detect” the geometrical 
errors between virtual predictive model and real slave arm 
and directly correct it.

Because the errors are accumulated with the motion, 
the position offsets exist between the virtual arm and real 
arm. Thus, we need to eliminate the offsets according to the 
position of the virtual arm and real arm. As to the one degree 
of freedom (DOF) system, we can use the following equation 
to correct the position of virtual arm on-line, that is, the 
geometrical errors correction.

x t x t x t x tv m m s( ) ( ) ( ) ( )= + - - -2t t( )  (1)

Here, xv is the position of the virtual arm. xm is the position of 
the master arm, xs is the position of the slave arm, and τ is the 
one way communication time delay.

First, the geometrical model of the environment is set up 
through camera information. Then, the geometrical errors 
are corrected through the information fusion of position and 
force. After the initialization of the virtual environment, the 
operator controls the motion of the master arm and commands 
the virtual arm and slave arm to perform the same task. The 
force and position sensor information in the slave are con-
tinuously transmitted to the master. If the force sensor detects 
a step signal, it means that the slave arm starts to contact the 
environment, and the position of the slave arm in this moment 
representing the environment initial position. The initialized 
virtual environment is then checked out in this way.

3.2 Dynamic error correction

In the force-reflecting teleoperation system, the virtual model 
should provide force feedback. The dynamic model is very 
important in calculating the virtual force. It is the precondi-
tion for virtual force reflecting and the time delay problem 
overcoming. Because the environment dynamic changes with 
the position, its parameter is quite difficult to identify. Erick-
son in his paper compared many kinds of algorithms for the 
identification of contact stiffness and damping during robot 
constrained motion, especially the dynamic modeling 
and simulation of robotic assembly operations in space [7]. 
Diolaiti also employed the Hunt-Crossley model to estimate 
on-line the dynamic characteristics of the environment, but 
the measurement of force, position and velocity is necessary 
[8]. Lonnie combined a conventional multi-input, multi-output 
recursive least squares (MIMO-RLS) system identi-fication 
with a discretized representation of the remote environment, Fig.  1 The on-line correction of virtual model
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and identified in real-time the remote environment. The accu-
racy of this algorithm is highly dependent on the computing 
and storage capability. If the discretization is too specific, 
real-time identification will be difficult to acquire because 
of the limit of computing and storage capability. While con-
versely, the dynamic parameters of the environment could 
not be clearly clarified [9]. All the above-mentioned adopt 
the nonlinear model to describe the dynamic parameters of 
the environment and the contact model while needing a great 
deal of computation, which are not fit for the real-time iden-
tification and correction. In this paper, an algorithm that can 
rapidly estimate and correct the environment is proposed.

The dynamic characteristics of the environment are com-
monly described as a mass-damp-spring model. It means that 
the structure of the environment model is known. Our work is 
to identify the parameters of the environment dynamics. 
Based on this idea, we adopt sliding average least squares 
(SALS) method to make out the mass, damp and stiffness of 
the remote environment in real time, and build the dynamic 
model of the remote environment. First, we should figure 
out the relationship between the force and the position in 
restrained motion mode. Second, the parameters of environ-
ment dynamics are confirmed and corrected on-line with the 
information from the remote.

The dynamic model of the environment which interacts 
with the slave is as below

f m x b x k xe e e e e e e= + +�� �  (2)

where fe is the contact force between slave arm and environ-
ment, xe is the position of environment, me, be, ke denote 
the mass, damp, and stiffness of the environment, respec-
tively. The control structure is shown in Fig.  2. The dynamic 
characteristics of the environment are identified in real time 
and the on-line correction of the virtual model is shown. The 
identification is finished in the slave to lessen the burden of 
the computation in the master to promote the accuracy of 
identification.
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N is the sampling number of characteristics estimation. For 
the on-line estimation, we adopt the sliding average method
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Rewrite it in matrix form

[ ( )] [ ( )] [ ( )];fZ A Ce t t t= −1  tiN (8)

The element of matrix A(t), C(t) can be solved in the 
sliding average method.
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Fig.  2 Environment dynamic estimation

xh, fh denote the position command and contact force of 
operator, respectively, xm is the position of the master.  fme, fbe, 
fke are the estimated value of me, be, ke, respectively, then

f f f ff m x b x k xe e e e e e e= + +�� �  (3)

According to the least squares criterion
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Using the corrected parameters fme, fbe, fke, we can update 
on-line the parameters me, be, ke. Then, we can calculate the 
virtual force reflecting from the virtual environment.

f m x b x k xv v v v v v v= + +�� �  (11)

where xv is the position of the virtual environment, and mv, 
bv, kv are respectively the mass, damp, and stiffness of the 
environment.

4 Experiment results

We build a one-DOF force-reflecting teleoperation system 
based on the virtual predictive model, which is shown in 
Fig.  3. The system includes the master arm, the slave arm, 
two direct-current torque motors, two position and force 
sensors, two sets of data acquisition and motor drive systems, 
plus image acquisition and processing systems, and the 
virtual predictive model. The master and slave communicate 
with each other through the internet. The position and force 
information in the master are sent on one hand to the virtual 
model, which are used to produce the interaction information, 
and on the other hand to the slave, which are used to control 
the motion of the slave. The position and force information, 
which are transmitted from the slave to the master, are used in 
error compensation of the virtual model.

4.1 Geometrical error correction

We construct the virtual model from the image of the camera. 
Because the view of the camera is two- dimensional graphics, 
the virtual model is also in two dimensions. We set up the 
virtual model in line frame for the convenience of comparing 
the graphics with the image from the camera.

We use the open graphics library (OpenGL) to construct 
our one-DOF virtual arm and the virtual environment. The vir-
tual model is set up in line frame for the sake of easier obser-
vation and comparison. The environment object is represented 
by a spring-mass model. The position of the environment 
object is unknown, and is identified in the visual system. 

The object is drawn in black line frame. The character of the 
virtual arm is the same as the slave arm and controlled by the 
operator in the same control law with the slave arm. Figure  4 
shows the overlaid result after the correction. The background 
is the camera image, and the black line frame is the virtual 
model.

4.2 Dynamic error correction

We set the one-way communication time delay as 15  s through 
the software. The total communication time delay is 30  s 
(including the forward and backward time delay). The sam-
pling frequency of the system is 100  Hz. In order to confirm 
the consistency between the virtual geometrical and dynamic 
model, we observed not only the information of the slave and 
master arm, but also the changes in the environment. The 
following results of position and force are shown in Fig.  5. 
Figure  6 shows the geometrical changes of the environment. 

We also cut off a piece of data of the virtual force and 
actual feedback force of the slave for comparison. The data 
are smoothed, and the errors between the two kinds of forces 
are calculated, as shown in Fig.  7. The broken line represents 
the virtual force, and the real line is the actual force.

The errors between the forces become bigger when the 
slave arm starts to contact and to leave the environment 
object, which is due to the non-linear characteristic of the 
system in this moment.

5 Conclusion

Virtual reality is an effective method to solve the time delay 
problem in teleoperation. In this paper, the study is concen-
trated on how to improve the accuracy of the virtual predic-
tive model. The geometrical and dynamic errors of the virtual 
predictive model are corrected on-line. It can be seen from the 
experiment results that the position and force of the virtual 
model are quite consistent with the slave arm with the real 
time correction. The on-line correction methods proposed 
in the article ensure the consistency between the force and 
position.

Fig.  3 Experiment system
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Fig.  4 The graphics and image overlay

Fig.  5 Experiment result with 15  s time delay
(a) Force; (b) position

Fig.  6 Geometrical changes of environment model
(a) Before the contact; (b) contact

Fig.  7 Error analysis
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