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Abstract— Knowledge about the remote environment can be
used in the control law to improve robustness and fidelity
of haptic teleoperation systems. Model-mediated teleoperation
adopts this idea by rendering an estimated model of the remote
environment on local site instead of transmitting force/velocity
flows. In this paper, we extend the original model-mediated
teleoperation approach to multi-operator multi-robot teleop-
eration systems. A theoretic robustness and fidelity analysis
is conducted. The theoretical results show a superior perfor-
mance of the proposed method compared to a classic bilateral
approach. Experimental results confirm the practical efficiency
of the presented approach.

I. I NTRODUCTION

Multi-operator multi-robot (MOMR) teleoperation sys-
tems provide multiple human operators with the ability to
jointly perform complex tasks in a common remote environ-
ment while simultaneously receiving multi-modal feedback.
As illustrated in Fig. 1, in a haptic MOMR teleoperation
system, each operator controls one teleoperator or slave
device via a corresponding master device. The signals are
exchanged over a communication channel. For the controller
design of teleoperation systems, two important, but conflict-
ing, quantitative performance measures arerobustnessand
fidelity. A robustly stable controller is important due to the
unstructured, varying and potentially unknown behavior of
operator, remote environment and communication channel.
A high degree of fidelity is desirable, as it allows an accurate
display of the remote environment to the operator.

System-specific parameters like actuator and sensor defi-
ciencies as well as time delay or packet loss in the communi-
cation channel negatively affect robustness and fidelity. For
single-user systems, a large number of teleoperation control
architectures have been proposed to guarantee robust stability
or to improve fidelity, see [1] for an extensive survey. Only a
few approaches are transferred to collaborative manipulation
tasks in MOMR teleoperation systems. These includeµ-
synthesis-based robust control designs [2], adaptive con-
trollers [3] and event-based distributed controllers [4].

When additional knowledge about the environment, the
operator or the task is incorporated in the controller structure,
performance improvements can be achieved without risking
robust stability. A variety of approaches has been proposed
for single-user systems in this context which are summarized
in [5]. One of these approaches is referred to asmodel-
mediated(MM) or VR-based teleoperation. This approach
allows to significantly increase the bandwidth in teleopera-
tion systems with arbitrary time delay in the communication
channel. The idea is to couple the master to a local estimated,
virtual model of the remote environment [6], [7], [8], [9],

[10], [11] instead of using transmitted positions/velocities
or forces. This approach has been investigated for con-
tact situations in single-user teleoperation systems withand
without time delay. Experiments have shown significant
improvements in terms of fidelity [11] and perceived realism
of the remote objects [7].

In this paper, we investigate the transferability of model-
mediated teleoperation to typical multi-user scenarios such
as the transportation of a movable rigid object. We assume
two operators at a common local site and two teleoperators
at a remote place with negligible time delay in the com-
munication channel. The teleoperators are directly coupled
to the object by, for example, grasping the object. Thus,
pushing and pulling forces can be applied. The idea of
model-mediated teleoperation is, that instead of closing the
loop over the teleoperators holding and moving the object,
the operators are locally coupled with each other through
an estimated model of the remote object. Thus, the actions
and reactions of the operators are exchanged without any
delay over the virtual object. This is expected to increase
the bandwidth of the overall system without risking stability.
The expected improvements in terms of robustness and
fidelity are shown in a theoretical comparison between the
model-mediated teleoperation approach and two independent
bilateral controllers with fixed parameters. Furthermore,the
approach is evaluated experimentally on a one degree-of-
freedom (DOF) MOMR teleoperation system.

The paper is structured as follows: model and estimation
algorithm for the remote object are presented in Sec. II
together with the teleoperation control architecture. Results
of the robustness and fidelity analysis are reported in Sec. III.
Experimental results are presented in Sec. IV. Finally, the
paper finishes with a summary and outlook in Sec. V.
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Fig. 1. Model-mediated teleoperation architecture for MOMRsystems

II. M ODEL-MEDIATED TELEOPERATION APPROACH

The control architecture for model-mediated teleoperation
for MOMR systems is shown in Fig. 1. The main parts of
this architecture are the estimation of a model of the remote



object as well as the representation of the estimated model on
master site. The following section introduces first the model
and estimation algorithm for the remote object and second a
detailed description of the overall control architecture.

A. Modeling and estimation of the remote object

For applying model-mediated teleoperation to multi-user
systems, an estimated model of the manipulated remote
object is required. The modeling of the object’s dynamics
is hereby based on the following assumptions, see Fig. 2:

• The two teleoperators rigidly grasp the movable remote
object. Thus, each operator can apply pushing and
pulling forces without dropping the object.

• The object is rigid, i.e. the relative position between
the two slave devices and between each slave
device and the middle of the object is constant
xs1 − xs2 = c1, xs1 − xo = c2, xs2 − xo = c3, with
c1, c2, c3 constants. This implies

ẋs1 = −ẋs2 = ẋo and ẍs1 = −ẍs2 = ẍo.

• The object is lifted, not pushed over the ground. Thus,
friction can be neglected.

• The end-effector masses of the slave devices are known.

In summary, the remote object can be described as a movable
mass.
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Fig. 2. Forces acting on a rigidly grasped object

The force that leads to an acceleration of the object is
determined by

fe1 + fe2 − (me1 + me2)ẍo = moẍo.

For the estimation of the object’s mass, a recursive least
squares (RLS) algorithm is chosen. Although there exists
many RLS schemes with various modifications, the classic
RLS algorithm without further modifications is selected for
the estimation of the object’s masŝmo due to its fast
convergence speed and disturbance rejection. The tracking
properties of the algorithm are less important, as an object
is usually carried over a longer distance and, thus, the
parameters do not change rapidly compared to the conver-
gence speed of the algorithm. The classic RLS algorithm
furthermore ensures, that the estimation does not fluctuate.
This is important, as the estimated parameter is directly used
in the centralized controller on master site.

For practical realization, the acceleration of the object has
to be measured using an acceleration sensor. Due to the
assumption of a rigid object, i.e.̈xs1 = −ẍs2, one sensor
is sufficient and can be mounted on one of the slave devices.

B. Control architecture

The idea of model-mediated teleoperation consists in
replacing the measured slave-object-slave interaction onre-
mote site with a locally applied, estimated model of this
interaction. For MOMR systems, under the assumption, that

the remote object is jointly manipulated, this requires a
centralized controller on master site. We propose a coupling
between the two master devices using a common position-
based admittance controller as first proposed in [12]. The
control architecture for the proposed model-mediated control
approach is shown in Fig. 3. The admittance transforming the
input force into a desired velocity for the underlying velocity
controller is used to render desired virtual dynamics to the
operators. This dynamics can be used to display the estimated
dynamics of the remote object characterized bym̂o to the
operators. Thus, for model-mediated teleoperation in MOMR
systems the dynamics on master site is given by

fh1(t) + fh2(t) = m̂oẍ
d
m1,2(t), (1)

where fh1, fh2 are the applied forces of operator one and
two and ẍd

m1,2 is the desired acceleration of the master
devices one and two. The desired master velocity is also
sent to the remote site and tracked using stiff PI-controllers
implemented in the slave devices. Through the common
admittance controller on local site the two master devices
are rigidly coupled with each other. Thus, the assumptions
about a rigid interaction between the slave devices and the
object are met on master site as well. Interactive forces, i.e.
forces that do not result in a movement of the object as
defined in [13], are exchanged between the two operators
locally. They are, however, not transmitted from master to
slave site as they are by definition not observable in the sent
velocities.
For free space motions, i.e. if there is no interaction between
the slave devices, separate bilateral position-based admit-
tance controllers are used for the two master-slave systems.

III. ROBUSTNESS AND FIDELITY ANALYSIS

For evaluating the performance of the proposed approach
an analytic stability and fidelity analysis is conducted forthe
slave-object-slave interaction. It is assumed, that all devices
are identical. Then, a numerical analysis is conducted for the
experimental setup used in this paper and the performance
is compared with the performance of the two independent
bilateral controllers with fixed parameters.

A. Robustness

This section addresses stability of the MM architecture
under varying masses of the remote objects. As the measured
force feedback from the remote site is replaced by a local
estimated virtual model in MM teleoperation, instead of
proving stability for the system closed over the communica-
tion channel, two stability proofs, one for the locally closed
master system and one for the closed slave system should be
conducted. It is assumed, that the velocity controllers forthe
slave devices are tuned as stiff as possible without risking
stability of the slave-object-slave system. Thus, in this paper,
only the centralized controller is tested for input-output(I/O)
stability. A system is I/O-stable, if the poles of the closed-
loop transfer function are shown to have strictly negative real
parts [14]. In a first step, the closed-loop transfer function
Ghoh =

Ẋm1,2

Fd
on master site is calculated. This is achieved
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ẋd
m1

ẋd
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Fig. 3. Block diagram of MOMR model-mediated teleoperation for slave-object-slave interaction

by modeling the controllers directly in the Laplace domain.
Variables with capital letters are Laplace-transformed and s
stands for the Laplace operator.

For the operators, a passive arm impedance is assumed
and the bandwidth limitations of the force measurements are
modeled as a low-pass filter with time constantTf

Fh1,2

Ẋm1,2

= Zh1,2 =
1

Tfs + 1
︸ ︷︷ ︸

force filter

mh1,2s + dh1,2 + kh1,2
1

s
︸ ︷︷ ︸

=Zh1,2 arm impedance

(2)

Identical PI controllers are implemented on the two master
devices as local velocity controllers:

Fm1,2

Ėm1,2

= Zpi = Ki
1

s
+ Kp (3)

with Ėm1,2 = Ẋd
m1,2 − Ẋm1,2. Furthermore, actuator dy-

namics and a simplified mass-damper system are assumed

Fm1,2

Ẋm1,2

= Zm = (Tas + 1)
︸ ︷︷ ︸

actuator dyn.

· (mms + dm)
︸ ︷︷ ︸

device dyn.

(4)

whereTa represents the actuator time constant andmm, dm

are mass and damping of the devices. The variable admit-
tance in the Laplace domain is

Ẋd
m1,2

Fh1 + Fh2
= Ẑa = m̂os. (5)

Furthermore, operator forces acting directly on the devices
are assumed to be compensated. The closed-loop transfer
function of the system is derived based on the elements of
the H-matrix, introduced by [15]

[
Fh1

−Ẋm2

]

= H
hoh

[

Ẋm1

Fh2

]

. (6)

For the proposed architecture, theH-matrix is given as

H
hoh =

[
h11 h12

h21 h22

]

(7)

=







Ẑa

Zcm
︷ ︸︸ ︷

(Zm + Zpi)
Ẑa+Zpi

Zpi

Ẑa+Zpi

−
Zpi

Ẑa+Zpi

Ẑa+2Zpi

Zcm(Ẑa+Zpi)







. (8)

With these model assumptions a closed-loop transfer function
for the human-object-human interaction is obtained

Ghoh =
h22Zh2,1 + 1

(h22Zh2,1 + 1)Zh1,2 + det(Hhoh)Zh2,1 + h11
(9)

B. Fidelity

A second important objective for the controller design
of teleoperation systems istransparency. A teleoperation
system is called transparent, if the technical system between
operator and environment is not felt. Lawrence [16] formu-
lated this definition in the frequency domain as the equality
of the impedance transmitted to the operatorZt and the
impedance of the environmentZe and the equality of master
and slave velocities

Zt|F ⋆
e =0 =

Fh

Ẋm

= Ze|F ⋆
h
=0 =

Fe

Ẋs

and Ẋm = Ẋs. (10)

This definition implies zero forces in free space and an exact
representation of remote objects and/or the impedance behav-
ior of further human operators during contact. For evaluation,
the degree offidelity, i.e. the distance of a system from being
transparent, is used. One fidelity measure is the transparency
error Zerror as introduced by [16], which quantifies the
difference between the real/ideal environment impedance
Z⋆

e and the felt transmitted impedanceZ⋆
t = Zt|Z⋆

e
. It is

calculated as the area between the absolute values of these
two curves over a certain frequency range[ωmin;ωmax]:

Zerror =
1

ωmax − ωmin

∫ ωmax

ωmin

|Zdiff (jω)|2dω (11)

with

Zdiff (jω) = | log Z⋆
e (jω)| − | log Z⋆

t (jω)|.

A first generalization of the definition of transparency to
multi-operator single-robot systems (MOSR) has been pro-
posed by Khademian & Hashtrudi-Zaad [17], [18]. In this
paper, we extend the definition of transparency for single-
user systems to MOMR systems. We call this measureco-
transparencyin order to emphasize the cooperative aspect.
Definition. A multi-user system is called co-transparent,
if the impedance transmitted to one user is equal to the
impedance transmitted to the other users

Zt1|F ⋆
h2

=0 =
Fh1

Ẋh1

= Zt2|F ⋆
h1

=0 =
Fh2

Ẋh2

. (12)
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This definition implies, that all operators perceive the envi-
ronment in the same way. This condition is evaluated based
on the network representation of the MOMR teleoperation
system, see Fig. 4. The network matrices are defined as:

[
Fh1,2

−Ẋs1,2

]

= H
1,2

[

Ẋm1,2

Fe1,2

]

(13)
[

Fe1

Ẋs2

]

= H
o

[

Ẋs1

Fe2

]

(14)

Thus,Zt1,2 can be written as

Zt1 =
h1

11 + det(H1)Ze1

1 + h1
22Ze1

Zt2 =
h2

11 + det(H2)Ze2

1 + h2
22Ze2

(15)
with

Ze1 =
ho

11 + det(Ho)Zb2

1 + ho
22Zb2

Ze2 =
ho

11 + Zb1

det(Ho) + ho
22Zb1

Zb1 =
h1

11 + Zh

det(H1) + h1
22Zh

Zb2 =
h2

11 + Zh

det(H2) + h2
22Zh

Thus, the transmitted impedancesZt1,2 are equal, if

h1
11 = h2

11 ∧ h1
22 = h2

22 ∧ h1
12h

1
21 = h2

12h
2
21 (16)

and

det(Ho) = 1. (17)

This means, that the overall architecture has to be symmetric.
A sufficient condition for meeting the conditions (16) is to
use the same control architecture for master-slave system
one and two. Equation (17) is always fulfilled in free space,
i.e. if there is no contact between the slave-object-slave
system and the surrounding remote environment. The
proposed control architecture satisfies this property and the
overall system is therefore co-transparent. If the system is
co-transparent, it is also sufficient to examine the fidelity,
i.e. the transmitted impedance, for one operator, as it is then
by definition equal to the fidelity of the other. Therefore,
the transmitted impedance to any operator is denoted byZt.

C. Numerical analysis

In this section, the analytic expressions from Sec. III-A
and III-B for robust stability and fidelity are evaluated for
the experimental 1-DOF setup used in this paper. Assuming
computed-torque controllers and, thus, decoupled DOFs, the
MM control approach presented for this simplified 1 DOF
system can be transferred to multi-DOF systems.

1) Experimental setup:Four identical linear actuators,
Thrusttube modules 2504 from Copley Controls Corp., each
equipped with an optical position encoder (resolution1 µm)
and a force sensor, as shown in Fig. 5, were used as
multi-operator multi-robot teleoperation system. One slave

Master site

Slave site

force sensor

acceleration sensor

handle

steel rodelectromagnet

Fig. 5. Experimental setup:1-DOF MOMR system

device was furthermore equipped with an acceleration sensor.
Handles were mounted on the master devices. On one of the
slave devices, a rigid steel rod was fixed as remote object.
An electromagnet on the second slave device was used to
couple both devices. The total mass was determined to710 g.
The end-effector massesme,1,me,2 are zero. The following
device and controller parameters are used:

Force filter Tf = 1/(2π · 500) s
PI-controller Ki = 70.000 N/m, Kp = 500 Ns/m

Actuator & device Ta = 0.00065 s, mm = 2.498 kg
dynamics bm = 20 Ns/m

2) Robustness:Besides device and controller parameters,
the human arm impedances have to be determined for the
evaluation of the transfer functionGhoh found in Sec. III-A.
In order to decrease the conservativeness of the robustness
analysis, upper and lower limits for the human arm dynamics
are taken into account. Under the assumption that these
parameters change simultaneously within one human the
variation of the arm impedances can be described asZh1/2 =
Zh1/2,min+α1/2(Zh1/2,max−Zh1/2,min) with α1,2 ∈ [0; 1].
The lower bound for the impedance is zero, while the upper
bounds, taken from [19], aremh,max = 1.2 kg, bh,max =
5 Ns/m, andkh,max = 60 N/m. In the analysis, the factor
α = α1+α2

2 is varied from zero to one. By testing the system
on master site for I/O-stability, stability boundaries forthe
object mass depending onα are obtained as shown in Fig. 6.

The results show a positive relation between rigidness
of grasp and minimum displayable object mass. In order
to guarantee stability for all types of grasp the lowest
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displayable mass is 75 g. Thus, there exists a lower bound for
the object’s mass to be rendered realistically. The theoretical
results are confirmed on the experimental setup. The two
master devices were rigidly connected via a common virtual
admittance with constant mass and no damping. For a virtual
mass below 80 g, vibrations were observed.

3) Fidelity: In the following, the fidelity for the proposed
approach is analyzed based on the transparency error. The
ideal environmentZ⋆

e is hereby chosen as a serial connection
of the impedance of the remote objectZo and the human
arm Zh, i.e. Z⋆

e = Zo + αZh. If α = 0, Z⋆
e represents an

object only. If another operator holds on to the object via a
teleoperation system, ideally only his or her arm impedance
αZh, α 6= 0, is connected in series with the impedance of
the object, while the dynamics of the teleoperation system
is canceled out.
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The transparency error curve|Zdiff | is shown for
α = [0, 0.25, 0.5, 0.75, 1] in Fig. 7 for a frequency range of
0.1-20 Hz, which is a suitable range for most teleoperated
tasks. The mass of the object is chosen as 710 g, which
corresponds to the object’s mass used in the experimental
section. In order to make a qualitative statement about the
proposed controller, its fidelity is compared with the fidelity
of two independent bilateral position-based admittance con-
trollers with force-force exchange (FaFa) between masters
and slaves, see [20] for details. This architecture is co-
transparent, if, for identical single-user teleoperationsetups,
the same control architectures and parameters are used. In

a first step, a robust stability analysis is conducted for this
architecture. The stability boundary for the virtual mass in
the admittance is 40 g for a range of 0 to 50 kg for the
object’s mass. The virtual damping is set to zero. Using these
parameters, the transparency error curve is calculated and
shown in Fig. 7. Furthermore, the transparency errorZerror

as introduced in (11) is calculated for both approaches.
As the transparency error for the MM approach is smaller
than the one of the FaFa approach for allα, the proposed
architecture leads to an increased bandwidth, i.e. a higher
degree of fidelity even for negligible time delay in the
communication channel. The transparency errors for object
only and object and maximum arm impedance are:

MM approach: Zerror(α = 0) = 156.23 Zerror(α = 1) = 1.20

FaFa approach: Zerror(α = 0) = 199.28 Zerror(α = 1) = 9.71

IV. EXPERIMENTAL RESULTS

The MM control approach is validated experimentally on
the described setup. The task consisted in connecting the two
devices and describing sinusoidal motions.

The mass parameter of the estimation was initialized with
m̂o(0) = 1 kg. The estimation is activated, if the resulting
force and the acceleration on slave site are above a threshold
of 0.1 N and 0.1 m/s2, respectively. Regarding the estimation
results, the important aspects are a fast convergence speed
and an accurate, non-fluctuating estimation. In Fig. 8, the
estimated masŝmo is shown. After 300 ms the estimated
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Fig. 8. Estimated object mass

parameter stays within a 5% bound around the final value.
This shows a fast convergence speed of the algorithm and a
convergence to an almost constant value. Also, the variation
of the estimated parameter after the convergence time of
the estimation is smaller than the just noticeable difference
(JND) for mass (35% for the arm/forearm, see [21]), such
that it cannot be felt by the operators. The final estimated
mass of the object is roughly 711 g. The difference between
estimated and true mass of the object is 0.14%, which is
clearly below the JND. Thus, in summary, the estimation is
very accurate and the operators cannot perceive a difference
between true object and reconstructed object. The impression
of the object during the convergence time of the estimation
is determined by the initial value of the estimation.

For MOMR teleoperation systems, the most important
aspects are robustness and fidelity. The observed behavior
was always stable, i.e. moving in free space, establishing
contact with the object and moving the object did not lead to



oscillations or instabilities. A high degree of fidelity requires
a good position tracking as well as a good force tracking.
As the desired master velocities are tracked using a high-
gain PD-controller on slave site, only the dynamics of the
underlying master and slave velocity control loops can be
observed when comparing master and slave velocities. Thus,
the tracking error is small. Regarding force tracking, the
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Fig. 9. Left: Measured resulting force on slave site (solid)and virtual
resulting force on master site (dashed), right: force error

resulting forcefr measured on slave site and the virtual
resulting forcef̂r,m reconstructed with the estimated object
mass on master site are compared with each other, see
Fig. 9. The virtual force fits well with the measurements. Fur-
thermore, the normalized root-mean-square error (NRMSE)
between measured and reconstructed resulting force

NRMSE = 1/(fr,max −fr,min)

√
√
√
√

N∑

n=1

(fr,n − f̂r,m,n)2/N.

is 1.76% for the given object and trial. Thus, also the force
tracking is good. This shows the practical efficiency of the
model-mediated teleoperation control approach for MOMR
systems.

V. CONCLUSION

In this paper, we presented the extension of the model-
mediated teleoperation approach to multi-user systems. We
propose the coordination of the master devices using one
centralized variable position-based admittance controller in
such a way that it mimics the coupling of the teleopera-
tors via a common stiff object as accurately as possible.
The proposed approach is validated on a 1 DOF MOMR
teleoperation system. In a theoretical analysis, it is shown,
that the proposed approach leads to an improved fidelity of a
MOMR teleoperation system beyond the level of decentral-
ized controllers with constant parameters even for negligible
time delay. Experimental results show the practical efficiency
of the approach.

Future work consists in the extension of the approach to
systems with 6 DOF and to constrained motions. For a qual-
itative evaluation in terms of feeling of presence/copresence,
a user study needs to be conducted.
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