A NOVEL DUAL-USER SHARED TELEOPERATION TRAINING
METHOD WITH MULTIPLE DOMINANCE FACTORS
Xiaopeng Dang 1, *Panfeng Huang 2, Zhenyu Lu 3
1 Research Center for Intelligent Robotics and National Key Laboratory of Aerospace Flight
Dynamics, School of Astronautics, Northwestern Polytechnical University, 127 West Youyi Road,
Xi’an Shaanxi, P.R.China, E-mail: amos@mail.nwpu.edu.cn
2

Research Center for Intelligent Robotics and National Key Laboratory of Aerospace Flight
Dynamics, School of Astronautics, Northwestern Polytechnical University, 127 West Youyi Road,
Xi’an Shaanxi, P.R.China, E-mail: pfhuang@nwpu.edu.cn
3 Research Center for Intelligent Robotics and National Key Laboratory of Aerospace Flight
Dynamics, School of Astronautics, Northwestern Polytechnical University, 127 West Youyi Road,
Xi’an Shaanxi, P.R.China, E-mail: luzhenyu@mail.nwpu.edu.cn

person, which takes a long time. Collaborative
teleoperation of multi-user systems has been studied
for several years, which has been applied in area of
robotic rehabilitation and surgical training, and dualuser teleoperation system is the simplest one that is
controlled by two users. The basic architecture of
dual-user shared control is first proposed by Nudehi
[1] and Behzad [2], which is consisted of two master
robots and a slave robot, and the control authority is
shared between the masters through the dominant
factor. Through adjustments of several dominant
factors, operators can provide the constraint and
correction for operation of each other.

ABSTRACT

1

In this paper, we propose a novel training dual-user
shared method with multiple dominance factors for a
better knowledge of operational force and impedance
variation during the teleoperation process. First we
build the model of single user and dual-user training
teleoperation system with operational force. Then we
modeled the unstable environment and drew the
motion trajectory using the Phantom and Omega
manipulators considering the influence of time delays.
By analyzing the experimental data during operation
training tasks we draw the conclusions: the position
errors decrease with the increasing of training times
which is concluded from the single user teleoperation
process. For dual-user teleoperation training process,
the dominance factors varied from the initial values to
the value 𝛼3 = 1, which is controlled by the trainee,
the results reveal that choosing appropriate dominant
factors affects the operation precision and stability.
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Nowadays, the problems of kinesthetic performance
and control methods have been studied by several
researchers. In [2]-[4], Khademian and Hashtrudi et
al used measured functions such as transmitted
impedance, transparency transfer function, range of
achievable impedance and bilateral architecture
distance transfer function et al to analyze the
kinesthetic performance of dual-user teleoperation. In
addition, they proposed the absolute stable condition
for shared control architecture. Nudehi et al proposed
the H ∞ control method for haptic collaboration
without considering the kinesthetic feedback [1]. The
H ∞ -based multilateral force-position control
architecture provides kinesthetic feedback between
masters and the slave is proposed in [5].

INTRODUCTION

In large time-delayed bilateral teleoperation, while
there is a long distance between master operator and
slave object, signal could delay a few seconds during
communication inevitably, which have a significant
effect on stability and operation performance in
teleoperation. Stability is particularly important for
human motion because of the large variability in
consecutive performances of the same action, i.e.
motor output variability, and because we perform
most actions in interaction with the environment
which may add variability.

Shahbazi made a study about control methods for
dual-user teleoperation system under the influence of
communication delay [6]. The robust control method
with constant time-delay is also proposed. The
adapting impedance control [7],[8] and sliding model
[9] methods are put forward to the situation with
unknown constant time delay.

As we solving models and prediction of operation
time delay, it is necessary to train the operators
because the time delay in communication of
teleoperation will impact the operating effect
significantly. The traditional training is for single

To manipulate objects or use tools, one has to interact
with the environment and compensate for forces
arising from it. Ultimately, it is the interaction
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between our limbs and the environment that
determines whether or not a movement will be stable
[10]. While tasks such as opening a door involve a
stable interaction with the environment, many
common tasks, in particular, tasks involving tools are
intrinsically unstable [11]. Drilling, carving and
keeping a screwdriver in the slot of a screw are just a
few examples of unstable tasks. Unstable tasks are
more difficult to control than stable tasks, as
neuromotor noise [12],[13] or material irregularities
can cause the tool to slip unexpectedly to one side or
the other.

(1)

where V* (t )  R n (*=m or s) are the velocity of the
master i or slave endpoint, M * and B* are inertia
and damping matrices of master i or slave, Fhi are
users force affected on master robots, Fmdi (t ) are
desired force that affected on the master i , Fcs (t )
and Fe correspond to the external forces exerted by
controller of the slave side and the environment,
respectively. Fmdi (t ) are different for single user and

Humans constantly adapt their movements to changes
of internal and external conditions. Learning in novel
environments, where environment interaction with
the arm is stable, has been investigated extensively
[14]-[17]. The experimental data show that subjects
learn a feed forward compensation force necessary to
overcome external dynamics. Learning in a divergent
force field that produced an unstable interaction with
the arm has been examined [18], and the results show
that humans improve task performance and overcome
instability by increasing the mechanical impedance of
the arm selectively in the unstable direction.
Altogether, these results suggest that humans form
appropriate internal models to compensate for force
and instability arising from the interaction with the
environment.

dual users architecture. When the slave is controlled
by single user,
Fmd (t )  Fe (t  T1 )

(2)

For dual-user architecture, the desired force is
determined by slave and the other user, namely


 Fmd 1 (t )  1Fe (t  T1 )  1  1  Fh 2 (t )


 Fmd 2 (t )  1   2  Fe (t  T2 )   2 Fh 2 (t )

(3)

T1 and T2 indicate the communication time delay

from master to slave respectively.
In [18]-[21] the control impedance is constant, and
the control force is calculated by velocity of the end
of robot arm. While in [22], the restoring force is
calculated by the joint positions, which suits to
requirement of human engineering accurately.
Obviously, for teleoperation process, we only focus
on the position and the outer force of the end of the
arm, and the velocity can be calculated by the joint
velocity, if the length of the upper arm and forearm
are known. Then ri is the restoring force

Several algorithms have been proposed to model
motor learning [18]-[21]. These learning schemes
have been shown to work in single user operation
tasks. However, very little dual-user operation with
unstable tasks has been investigated so far. In this
paper we apply the dual-user shared control
architecture for training operators in teleoperation
which involves two operators, the trainer and the
trainee. We mainly studied the adjustment efficiency
and effect of humans control impedance under dualuser and single slave control mode for unstable tasks.

corresponding to the position and velocity of the arm,
which is generated by muscle elasticity rei as well as
reflex force rri ,

The rest of the paper is organized as follows. We first
model the operation process of bilateral teleoperation
with time delay, and then the operation force updating
algorithms were given. Second, two kinds of
experiments were token under specific conditions,
specifically single user and dual-user. The results
were analyzed after experiments respectively and we
drew several conclusions.
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i  1,2

ri ( X mi (t ),Vmi (t ), X mi (t )*,Vmi (t )*)  rei  rri

(4)

X mi (t ) is the position of the arm, Vmi (t ) is the

velocity of the arm, X mi (t ) * and Vmi (t ) * are the
trajectory in learned dynamics, ignoring the influence
of the restoring force,
Fhi* (t )  f ( X mi (t )*,Vmi (t )*)

MODELS AND METHODS

(5)

Here, the desired values can be known after a period
of training. For simplicity, the torque ri is assumed to

Mathematically, we think of a teleoperation system as
comprised of two robotic subsystems one or two
masters and one slave that exchange signals
(velocities and/or forces); in which the slave tries to
mimic the behavior of the masters which in turn takes
into account the input torques from the slave. A linear
model of master/slave system can be written as,

be produced by both reflex forces and muscle
elasticity and can be modeled as linear functions of
the trajectory deviation[21],
ri  ri (e, e)

where e  X mi (t )  X mi (t )* , e  Vmi (t )  Vmi (t )* .

2

(6)

Muscle elasticity is modeled as

formulated by the muscles.

re  K (e   d e)

(7)
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The experiment platform is consisted of two 3-DOF
haptic devices (Phantom and Omega3.0) and a 3DOF virtual visualized operational object, which is
built by Visual Studio 2005 and Chai3D2.0. The
system control laws are implemented in the
MATLAB/Simulink environment and the slave point
is generated with virtual feedback force. During the
experiment, the slave and masters in X and Y
directions are free, and the movement in Z axis is
fixed. Here, we make a pair of compare experiments
—single user single slave (SUSS) and dual-user
single slave (DUSS) to measure the training effect of
dual-user shared control method.

where K is the intrinsic joint stiffness matrix which
increases with torque.
Reflexes are modeled as
rr (t )  G(e(t  T )  gd e(t  T ))

(8)

where G is the reflex gain matrix and T is the time
delay.
For the slave side, Assuming that the time delay
between the slave and masters are the same, then the
desired value of Vs (t ) is influenced by both masters
in dual-user shared control architecture.
Vsd (t )  3Vh1 (t  T1 )  (1  3 )Vh 2 (t  T2 )

EXPERIMENTS AND ANALYSIS

According to [22], the manipulation equipment is
controlled in area of NF (null field), VF (velocity
dependent field), CF (curl force field) and DF
(divergent force field), and working in DF is the
hardest for training [24]. Similarity, during the
teleoperation process, the slave robot is controlled by
the master side, the environment is not affected on the
equipment directly but on the slave side.

(9)

Then the sketch map of dual-user shared control
method is presented as Figure 1 shows [23]. The
structure is different from the one mentioned in [1][9], which is mastered by single dominant factor. As
(3) and (9) shows, the architecture is controlled by
three dominant factors i , i  1,2,3 . It could be proved
that the kinesthetic measuring performance is better
than the ones of traditional dual-user shared control
method by adjusting the dominance factors. For
example, once the dominance factor  take 1 in
traditional methods, one of the masters cannot
communicate with the slave directly, while the one
with multi-dominance factors can select the tracking
target with more flexibility.

Then the force affected by the environment is
transmitted to the master side with time delay
T1  T2  500ms , so is the control signals produced
by the master side. Therefore, we took two
experiments in DF environment. A monotonic
learning law can be depicted that a positive error
produces a positive change of motor command and a
negative error produces a negative change. To
examine how such algorithms function in unstable
interactions, we performed simulations for the DF
(divergent force field).
The DF was implemented as

 Fex 
0
 F   kd  
 y
 ey 

(11)

where x and y are the positions of the end of the
arm. The potential force and its divergent force field
are shown in Figure 2.
y
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Figure 1: The system structure of dual-user shared control
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Different from the impedance in [18]-[21], which is
constant, while in fact, the outer force and impedance
coefficients are updated in learned dynamics.
According to the following learning law, the force
Fhi ( j ) (t ) will change with the training times j [22].

Start

0.00

x

(10)
Figure 2: The unstable divergent force field (DF).
The field force Fe is a function of position of slave object.

then the control force of the Slave is updated every
time by changing the storing forces and output force
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3.1 Experiment for SUSS

0.07

As Figure 3 shows, we use Omega3.0 as master hand
to manipulate the virtual slave object move slowly
from Start to Target, the operational process is exhibit
in Figure 3. The data including X and Y position, Fe ,

0.06

Y axis/m

0.05

et al of slave object and master hand were recorded
for every motion. We took 20 times motion then
analyzed the data.
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Figure 5: The trajectories of the slave side in last 5 trainings
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Figure 3: Single user manipulate interface
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It can be seen from Figure 4 and Figure 5 that the
position errors towards the center line are reduced,
which means the master can modify the position
errors by adjusting the control force after the dynamic
training. But the training result is not as good as the
results in [22] because of the influence of time delay.
A further analysis about the average absolute errors
in X axis direction versus training times is presented
in Figure 6 it is not hard to conclude that will decrease
along with increasing of the training times. But the
times is not the unique factor influencing the positions
errors, the time delay and the kind of potential field
may be the potential factors for further discussion.
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Figure 6: The average errors of X axis direction tend
to zero as training times increase

3.2 Experiment for DUSS
As Figure 7 shows, we use Omega3.0 and Phantom
as master hands to manipulate the virtual slave object
move slowly from Start to Target similarly. For
DUSS we set nine groups different 1 ,  2 and  3 ,as
is shown in Table 1.
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Figure 7: Dual-user manipulate interface
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Table 1 Value of 1 ,  2 and  3
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Factors
Experiments
1
2
3
4
5
6
7
8
9
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Figure 4: The trajectories of the slave side in first 5 trainings
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1

2

3

0.5
0.5
0.5
0.8
0.8
0.8
1
1
1

0.5
0.5
0.5
0.2
0.2
0.2
0
0
0

0.5
0.8
1
0.5
0.8
1
0.5
0.8
1

The training experiments can be divided into three
parts: group 1 to 3 are the first part with same
dominance factors 1 and  2 , and  3 is the varying
parameter, which represent the training authority
transmitted from the trainer to the trainee, so are the
group 4 to 6 and group 7 to 9. Considering the
structure of novel method with multi-dominance
factors, the factors 1 and  2 satisfy 1   2  1 , and

effect is determined by two factors. The first one is
the human factor. When the operator interacts with
the master for a while, the muscles will remember the
force and the control impedance. So we did the
experiment separately with a long resting time. The
second one is the system structure. When 1  0.5
and  2  0.5 , the action of each master is influenced
by both of the slave and the other master with the
same authority. The factor  3 determines the shared

the ideal case is 1  1 and  2  0 . The results are
presented in Figure 8-Figure 10.
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degree of the slave. When  3 =1 , the slave is
controlled by the master 1, but the actions of master 1
and master 2 are influenced each other. Thus the final
training effect is not good. While taking 1  1 and
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slave directly, whose effect is same with the SUSS
process.
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It can be concluded from Figure 8-Figure 10 that the
trajectories approach to the ideal path (in Y axis) with
larger  3 . It means the manipulation of the slave is
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transmitted from shared effect of master 1 and master
2 to the single effect of master 2, and the master 2 is
trained from a raw beginner to a skillful operator.
Different 1 and  2 acquire different training effect.
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Figure 8: The trajectories of the slave side in group 1to 3
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transparency effect, is helpful to the training process
with higher precision, which is revealed from the
statistics of position errors in Figure 11, though the
position errors are smaller when we take 1 =0.5 and
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Figure 9: The trajectories of the slave side in group 4 to 6
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Figure 11: The position errors versus 1 and  2

4

0

CONCLUSION

This paper applies the dual-user shared control
architecture for training operators in teleoperation.
We examined the operation processes of single user
and dual-user shared teleoperation in unstable
environment, and discussed the changes of operation
force. The difference between teleoperation and
directly training through device was analyzed in
SUSS experiment. Additionally, the main factors
affecting the operation precision were discussed. In
DUSS experiment, we focused on how several

0.04

X aixs/m

Figure 10: The trajectories of the slave side in group 7 to 9
The left subfigure in Figure 8 shows that with help of
the trainer, the fluctuation degree of slave trajectory
is not as large as the one in SUSS mode. The training
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groups of multi-dominance factors affect the
precision and stability in control. The results show
when choosing 1  1  2  0 , which means dual-user

[9] Shahbazi M (2010) A control architecture for
dual user teleoperation with unknown time delays:
A sliding mode approach. In: IEEE/ASME
International Conference on Advanced Intelligent
Mechatronics, Montreal, Canada, pp. 1221-1226.
[10] Colgate J E (1988) Robust control of
dynamically interacting systems. Int J Control 48:
65–88.
[11] Rancourt D (2001) Dynamics of pushing. Mot
Behav, 33: 351–362.
[12] Slifkin A B (1999) Noise, information
transmission, and force variability. Exp Psychol
Hum Percept Perform, 25: 837–851.
[13] Osu R (2004) Optimal impedance control for
task achievement in the presence of signaldependent noise. Neurophysiol, 92:1199–1215.
[14] Shadmehr R (1994) Adaptive representation of
dynamics during learning of motor tasks. Neurosci,
14: 3208–3224.
[15] Lackner J R (1994) Rapid adaptation to
Coriolis force perturbations of arm trajectory.
Neurophysiol, 72: 299–313.
[16] Shadmehr R (1997) Neural correlates of motor
memory consolidation. Science, 277:821–825.
[17] Krakauer J W (1999) Independent learning of
internal models for kinematic and dynamic control
of reaching. Nat Neurosci, 2:1026–1031.
[18] Burdet E (2001) The central nervous system
skillfully stabilizes unstable dynamics by learning
optimal impedance. Nature, 414:446–449.
[19] Katayama M (1993) Virtual trajectory and
stiffness ellipse during multijoint arm movement
predicted by neural inverse models. Biol Cybern,
69:353-362.
[20] Bhushan N (1999) Computational nature of
human adaptive control during learning of reaching
movements in force fields. Biol Cybern, 81:39–60.
[21] Sanner R M (1999) A mathematical model of
the adaptive control of human arm motions. Biol
Cybern, 80:369–382.
[22] Burdet E (2006) Stability and motor adaptation
in human arm movements. Biol Cybern, 94:20-32.
[23] Zhenyu Lu, Panfeng Huang, Pei Dai (2016)
Asymmetric dual-user shared control method and its
performance analysis for space teleoperation. Acta
Aernautica et Astronautica Sinica, 37(2):648-661.
[24] Franklin D W, So U, Burdet E, et al (2007)
Visual feedback is not necessary for the learning of
novel dynamics. PloS one, 2(12): 1336-1336.

manipulates the slave object directly, the training
effect and precision performing best. Though
compared with single user operation, dual-user
operation gets less motion errors. We are still not very
sure the efficiency of dual-user training according to
current results. It’s worth going further in the
following studies.
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