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Abstract— Knowledge about the remote environment can be [10], [11] instead of using transmitted positions/velst
used in the control law to improve robustness and fidelity or forces. This approach has been investigated for con-
of haptic teleoperation systems. Model-mediated teleoperation ot gjtyations in single-user teleoperation systems wiitth
adopts this idea by rendering an estimated model of the remote ithout i del E . ts h h anifi t
environment on local site instead of transmitting force/velocity W' out ime _e ay. Xpe.“m(_an S have s OWQ signi 'C.an
flows. In this paper, we extend the original model-mediated IMprovements in terms of fidelity [11] and perceived realism
teleoperation approach to multi-operator multi-robot teleop- of the remote objects [7].
eration systems. A theoretic robustness and fidelity analysis  |n this paper, we investigate the transferability of model-
is conducted. The theoretical results show a superior perfor- 4 qiated teleoperation to typical multi-user scenariczhsu

mance of the proposed method compared to a classic bilateral the t tati f ble rigid obiect. Wi
approach. Experimental results confirm the practical efficiency as the transportation of a movable rigid object. VWe assume

of the presented approach. two operators at a common local site and two teleoperators
at a remote place with negligible time delay in the com-
. INTRODUCTION munication channel. The teleoperators are directly caliple

Multi-operator multi-robot (MOMR) teleoperation sys-to the object by, for example, grasping the object. Thus,
tems provide multiple human operators with the ability tgushing and pulling forces can be applied. The idea of
jointly perform complex tasks in a common remote environmodel-mediated teleoperation is, that instead of closimgy t
ment while simultaneously receiving multi-modal feedhackioop over the teleoperators holding and moving the object,
As illustrated in Fig. 1, in a haptic MOMR teleoperationthe operators are locally coupled with each other through
system, each operator controls one teleoperator or slase estimated model of the remote object. Thus, the actions
device via a corresponding master device. The signals amed reactions of the operators are exchanged without any
exchanged over a communication channel. For the controlldelay over the virtual object. This is expected to increase
design of teleoperation systems, two important, but cdnflicthe bandwidth of the overall system without risking staili
ing, quantitative performance measures mrBustnessand The expected improvements in terms of robustness and
fidelity. A robustly stable controller is important due to thefidelity are shown in a theoretical comparison between the
unstructured, varying and potentially unknown behavior ofmodel-mediated teleoperation approach and two indepénden
operator, remote environment and communication channdlilateral controllers with fixed parameters. Furthermae,

A high degree of fidelity is desirable, as it allows an acauratapproach is evaluated experimentally on a one degree-of-
display of the remote environment to the operator. freedom (DOF) MOMR teleoperation system.

System-specific parameters like actuator and sensor defi-The paper is structured as follows: model and estimation
ciencies as well as time delay or packet loss in the commuraigorithm for the remote object are presented in Sec. Il
cation channel negatively affect robustness and fidelity. Ftogether with the teleoperation control architecture.URss
single-user systems, a large number of teleoperation @ontiof the robustness and fidelity analysis are reported in Sec. |
architectures have been proposed to guarantee robuditgtabExperimental results are presented in Sec. IV. Finally, the
or to improve fidelity, see [1] for an extensive survey. Only gaper finishes with a summary and outlook in Sec. V.
few approaches are transferred to collaborative manipulat @l )
tasks in MOMR teleoperation systems. These inclyde
synthesis-based robust control designs [2], adaptive con;
trollers [3] and event-based distributed controllers [4].

When additional knowledge about the environment, th
operator or the task is incorporated in the controller $tme Fm1 w e
performance improvements can be achieved without risking /e
robust stability. A variety of approaches has been proposed
for single-user systems in this context which are summdrize
in [5]. One of these approaches is referred tonasdel- Fig. 1. Model-mediated teleoperation architecture for MOB\Rtems
mediated(MM) or VR-based teleoperatiorThis approach
allows to significantly increase the bandwidth in teleopera
tion systems with arbitrary time delay in the communication The control architecture for model-mediated teleopematio
channel. The idea is to couple the master to a local estimatddr MOMR systems is shown in Fig. 1. The main parts of
virtual model of the remote environment [6], [7], [8], [9], this architecture are the estimation of a model of the remote
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object as well as the representation of the estimated madel the remote object is jointly manipulated, this requires a
master site. The following section introduces first the nhodeentralized controller on master site. We propose a cogplin
and estimation algorithm for the remote object and secondteetween the two master devices using a common position-
detailed description of the overall control architecture. based admittance controller as first proposed in [12]. The
control architecture for the proposed model-mediatedrobnt
approach is shown in Fig. 3. The admittance transforming the
For applying model-mediated teleoperation to multi-useihput force into a desired velocity for the underlying vetpc
systems, an estimated model of the manipulated rema¢entroller is used to render desired virtual dynamics to the
object is required. The modeling of the object’s dynamicgperators. This dynamics can be used to display the estimate
is hereby based on the following assumptions, see Fig. 2:dynamics of the remote object characterizedrhy to the
« The two teleoperators rigidly grasp the movable remoteperators. Thus, for model-mediated teleoperation in MOMR
object. Thus, each operator can apply pushing argystems the dynamics on master site is given by
ulling forces without dropping the object. -
. 'FI)'he gbject is rigid, i.e. tﬁg rglative pJosition between I (8) + f2(6) = 1o 5 (1), (1)
the two slave devices and between each slawghere fy1, f4o are the applied forces of operator one and
device and the middle of the object is constantwo and ;'tflnm is the desired acceleration of the master
Tsl — Tsa = C1,Ts1 — To = Co,Tsa — T, = c3,  With  devices one and two. The desired master velocity is also
c1, ¢, c3 constants. This implies sent to the remote site and tracked using stiff Pl-contrlle
implemented in the slave devices. Through the common
admittance controller on local site the two master devices
« The object is lifted, not pushed over the ground. Thusgre rigidly coupled with each other. Thus, the assumptions
friction can be neglected. about a rigid interaction between the slave devices and the
« The end-effector masses of the slave devices are knowsbject are met on master site as well. Interactive forces, i.

In summary, the remote object can be described as a movaféces that do not result in a movement of the object as

A. Modeling and estimation of the remote object

Te1 = —Tg2 = Ty andjisl = —T40 = To.

mass. defined in [13], are exchanged between the two operators
fur foo locally. They are, however, not transmitted from master to
— Mo - slave site as they are by definition not observable in the sent
Mel Me2 velocities.
}?;1 }?; Ts2 For free space motions, i.e. if there is no interaction betwe
Fig. 2. Forces acting on a rigidly grasped object the slave devices, separate bilateral position-basedtadmi

The force that leads to an acceleration of the object {&nce controllers are used for the two master-slave systems

determined by I[1l. ROBUSTNESS AND FIDELITY ANALYSIS

Jer + fez — (Me1 + Me2)To = Moy, For evaluating the performance of the proposed approach
For the estimation of the object's mass, a recursive leadf analytic stability and fidelity analysis is conducted thoe
squares (RLS) algorithm is chosen. Although there exisf§ave-object-slave interaction. It is assumed, that alias
many RLS schemes with various modifications, the class@'e identical. Then, a numerical analysis is conductedhfer t
RLS algorithm without further modifications is selected forexperimental setup used in this paper and the performance
the estimation of the object's masa, due to its fast is compared with the performance of the two independent
convergence speed and disturbance rejection. The trackifateral controllers with fixed parameters.
properties of the algorithm are less important, as an obje/g\t
is usually carried over a longer distance and, thus, the ) N )
parameters do not change rapidly compared to the conver-1his seqnon addresses stability of j[he MM architecture
gence speed of the algorithm. The classic RLS a|gorithmndervarylng masses of the rem0t<_e ot_)jects. As the measured
furthermore ensures, that the estimation does not fluctuaf@rce feedback from the remote site is replaced by a local
This is important, as the estimated parameter is directylus eStimated virtual model in MM teleoperation, instead of
in the centralized controller on master site. proving stability for the system closed over the communica-

For practical realization, the acceleration of the objext h fion channel, two stability proofs, one for the locally aas
to be measured using an acceleration sensor. Due to faster system and one for the closed sl_ave system should be
assumption of a rigid object, i.6:,, = —is2, ONE Sensor conducted. It is assumed, that the velocity controllergtier
is sufficient and can be mounted on one of the slave deviceidve devices are tuned as stiff as possible without risking

stability of the slave-object-slave system. Thus, in tlziper,
B. Control architecture only the centralized controller is tested for input-out(i(®)

The idea of model-mediated teleoperation consists iptability. A system is I/O-stable, if the poles of the closed
replacing the measured slave-object-slave interactioneon l00p transfer function are shown to have strictly negatee r
mote site with a locally applied, estimated model of thigarts [14]. In a first step, the closed-loop transfer furrctio
interaction. For MOMR systems, under the assumption, théty., = X;—d” on master site is calculated. This is achieved

Robustness
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by modeling the controllers directly in the Laplace domainWith these model assumptions a closed-loop transfer fomcti
Variables with capital letters are Laplace-transformed an for the human-object-human interaction is obtained
stands for the Laplace operator. hosZna1 + 1

For the operators, a passive arm impedance is assumedhon = (ha2Zna1 + 1) Zni1.2 + det(HPM) Zyy 1 + hay
and the bandwidth limitations of the force measurements are (9
modeled as a low-pass filter with time constdit

B. Fidelity
F 1 1 . — .
"h12 i s M5 + dnio + kni o= (2) A second .|mportant objgctlve for the controller d.eS|gn
Xm0 ’ Tys+1 ’ ’ s of teleoperation systems igansparency A teleoperation
——

system is called transparent, if the technical system ketwe
operator and environment is not felt. Lawrence [16] formu-
Identical PI controllers are implemented on the two mastested this definition in the frequency domain as the equality
devices as local velocity controllers: of the impedance transmitted to the operafyr and the
impedance of the environmeat, and the equality of master

force filter =Zn1,2 arm impedance

F,, 1 .
b2 Zpi = Ki—- + K, (3) and slave velocities
E’ml,? S Fh Fe ’ v
. . " d . Zt|Fg:0:~7:Ze|F,t:U:-7 and X,, = X,. (10)
with E12 = X%, 5 — Xom1,2. Furthermore, actuator dy- Xm X

namics and a simplified mass-damper system are assumedhis definition implies zero forces in free space and an exact

r representation of remote objects and/or the impedancesbeha

—ml2 ior of further human operators during contact. For evahmti

Xmi,2 the degree ofidelity, i.e. the distance of a system from being
transparent, is used. One fidelity measure is the transparen
whereT, represents the actuator time constant angd,d,,  error Z,,,,, as introduced by [16], which quantifies the
are mass and damping of the devices. The variable admiifference between the reallideal environment impedance
tance in the Laplace domain is Zr and the felt transmitted impedancg® = Zy|z.. It is
calculated as the area between the absolute values of these
two curves over a certain frequency rarngg,in; wmaz):

1 /U-’m,au:
Wmin

=Zm= Tos+1) -(Mms+dn)
—_—— — ———

actuator dyn. device dyn.

(4)

ngl.,Q
Fpi+ Fio

Furthermore, operator forces acting directly on the device
are assumed to be compensated. The closed-loop tran%?
function of the system is derived based on the elements 0

®)

= Z, = MyS.

|Zair(jw)|Pdw (1)

Ze'r‘ro’r‘ =
Wmax — Wmin

Xml
Fh,2

F

-X m?2

the H-matrix, introduced by [15]
B

R

For the proposed architecture, tii#-matrix is given as

Hhoh h’ll h12 :| (7)
h21 h22
_ Zem
—
Za (Zm + Zpi) Zpi
= Za'f‘qu' ?Q+Zpi (8)
__Zpi Zo+22p;
L Zat+Zpi Zem(Zat+Zpi)

Zaiff(jw) = |log Z (jw)| — |log Z{ (jw)|.
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 measare
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

Fpq Fyo
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Z|Fp,=0 = = Zia|Fp,=0 = 12)
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Fig. 4. Network representation of MOMR teleoperation syste

This definition implies, that all operators perceive theienv 1) Experimental setup:Four identical linear actuators,
ronment in the same way. This condition is evaluated baséthrusttube modules 2504 from Copley Controls Corp., each
on the network representation of the MOMR teleoperatiorquipped with an optical position encoder (resolutiopm)
system, see Fig. 4. The network matrices are defined as: and a force sensor, as shown in Fig. 5, were used as
multi-operator multi-robot teleoperation system. Onevesla

Fpi2 X

{ N = H? " 1,2 (13) oo :
s1,2 ] el,2 : Master site handle force sensor |
Eel - H° Xsl (14) | / \_ |
Xso Feo | F'l. 'ji\") I
Py A

|
Thus, Z;; » can be written as | EE—— o [
| —— —— |
oo Mt det(HY)Zo byt det(H?) Zeo LI
. I+ h%ZZel " 1+ h%z Zea (15) electrgmagnet steel rod o160 ration sensot

| / \
| | Sl -
with | ;‘ i -A‘."/
Mg+ det(H) 2y, B+ Zn : % . ’
| .

7. = - —
! 1+ h3y Zso " det(H®) + hgyZn
Zun hi, + Zy hi, + Zy, Fig. 5. Experimental setud:-DOF MOMR system

= by =
det(H') + hay Zn det(H?) + h3yZn device was furthermore equipped with an acceleration $enso
Thus, the transmitted impedancgs » are equal, if Handles were mounted on the master devices. On one of the
slave devices, a rigid steel rod was fixed as remote object.
hiy =hiy A hyy =h3y A hiyhy =hi,h3;  (16)  An electromagnet on the second slave device was used to
couple both devices. The total mass was determin&daa.

-

and The end-effector masses, 1, m. » are zero. The following
o\ _ .
det(H?) = 1. (17)  device and controller parameters are used:
This means, that the overall architecture has to be symenetri Force filter | Ty = 1/(2m - 500) s
. . .. L L . Pl-controller K; = 70.000 N/m, K, = 500 Ns/m
A sufficient condition for meeting the conditions (16) is to Actuator & device | T, = 0.00065 S, my — 2.498 Kg
use the same control architecture for master-slave system dynamics by = 20 Ns/m

one and two. Equation (17) is always fulfilled in free space, ) RohustnessBesides device and controller parameters,

i.e. if there is no contact petween the slaye-object—slavme human arm impedances have to be determined for the
system and the surrounding remote environment. The.ation of the transfer functiafi,,.,, found in Sec. IlI-A.
proposed control architecture satisfies this property @ed t|, oger to decrease the conservativeness of the robustness
overall system is therefore co-transparent. If the sys®m Lna\ysis, upper and lower limits for the human arm dynamics
co-transparent, it is also sufficient to examine the fidelity, .o taken into account. Under the assumption that these
i.e. the transmitted impedance, for one operator, as itas th parameters change simultaneously within one human the
by definition equal to the fidelity of the other. Therefore, 4 iation of the arm impedances can be described,as, =
the transmitted impedance to any operator is denoted;by Zn j2.min +0112(Zn1 j2.man — Znt j2.min) With @ 5 € (05 1].
The lower bound for the impedance is zero, while the upper
bounds, taken from [19], argv, ;mae = 1.2 KG9, by mae =
5 Ns/m, andky, ma. = 60 N/m. In the analysis, the factor

In this section, the analytic expressions from Sec. lll-Aqx = % is varied from zero to one. By testing the system
and 1lI-B for robust stability and fidelity are evaluated foron master site for 1/O-stability, stability boundaries the
the experimental 1-DOF setup used in this paper. Assumirapject mass depending enare obtained as shown in Fig. 6.
computed-torque controllers and, thus, decoupled DOIes, th The results show a positive relation between rigidness
MM control approach presented for this simplified 1 DOFof grasp and minimum displayable object mass. In order
system can be transferred to multi-DOF systems. to guarantee stability for all types of grasp the lowest

C. Numerical analysis



0.1

a first step, a robust stability analysis is conducted fos thi
architecture. The stability boundary for the virtual mass i
the admittance is 40 g for a range of 0 to 50 kg for the
oot UrEEnE object’'s mass. The virtual damping is set to zero. Usingethes
002 parameters, the transparency error curve is calculated and
o2 o 05 o 1 shown in Fig. 7. Furthermore, the transparency e#gt.,,
« as introduced in (11) is calculated for both approaches.
Fig. 6. Stability region of object mass depending on rigignefsoperators  Ag the transparency error for the MM approach is smaller
grasper than the one of the FaFa approach for @Jlthe proposed
architecture leads to an increased bandwidth, i.e. a higher
displayable mass is 75 g. Thus, there exists a lower bound f@egree of fidelity even for negligible time delay in the
the object’s mass to be rendered realistically. The theaet communication channel. The transparency errors for object
results are confirmed on the experimental setup. The Wshly and object and maximum arm impedance are:
master devices were rigidly connected via a common virtual
admittance with constant mass and no damping. For a virtug],, approach:  Zemror(a = 0) = 15623 Zerror(a = 1) = 1.20
mass below 80 g, vibrations were observed. FaFa approach: Zemror(a = 0) = 199.98  Zerpor(a = 1) = 9.71
3) Fidelity: In the following, the fidelity for the proposed
approach is analyzed based on the transparency error. The
ideal environmeng} is hereby chosen as a serial connection
of the impedance of the remote obje€} and the human  The MM control approach is validated experimentally on
arm Zy, i.e. Z} = Z, + aZ,. If a =0, Z} represents an the described setup. The task consisted in connecting the tw
object only. If another operator holds on to the object via @devices and describing sinusoidal motions.
teleoperation system, ideally only his or her arm impedance The mass parameter of the estimation was initialized with
aZp,a # 0, is connected in series with the impedance ofy,(0) = 1 kg. The estimation is activated, if the resulting
the object, while the dynamics of the teleoperation systefiorce and the acceleration on slave site are above a threshol
is canceled out. of 0.1 N and 0.1 mA respectively. Regarding the estimation
results, the important aspects are a fast convergence speed

oosf  stable L 0.075

0.06

mo [kg]

IV. EXPERIMENTAL RESULTS

a=0 a=0.2 . L .
=4 = and an accurate, non-fluctuating estimation. In Fig. 8, the
= 2\ =2 estimated massn, is shown. After 300 ms the estimated
sy s -—-
§ § 11
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S04 e N o I N\ Fig. 8. Estimated object mass
< 02 == N Sorf, -~ v
=~ N - ithi 0, 1
5 65 a0 100 10 e 6 50 100 10 parameter stays within a 5% bound around the final value.

Frequency [rad/s] Frequency [rad/s] This shows a fast convergence speed of the algorithm and a
convergence to an almost constant value. Also, the vaniatio
of the estimated parameter after the convergence time of
the estimation is smaller than the just noticeable diffeeen
(JND) for mass (35% for the arm/forearm, see [21]), such
The transparency error curvéZ;s¢| is shown for that it cannot be felt by the operators. The final estimated
a =10,0.25,0.5,0.75,1] in Fig. 7 for a frequency range of mass of the object is roughly 711 g. The difference between
0.1-20 Hz, which is a suitable range for most teleoperategstimated and true mass of the object is 0.14%, which is
tasks. The mass of the object is chosen as 710 g, whictearly below the JND. Thus, in summary, the estimation is
corresponds to the object's mass used in the experimentary accurate and the operators cannot perceive a differenc
section. In order to make a qualitative statement about thEetween true object and reconstructed object. The immnessi
proposed controller, its fidelity is compared with the fideli of the object during the convergence time of the estimation
of two independent bilateral position-based admittanae cois determined by the initial value of the estimation.
trollers with force-force exchange (FaFa) between mastersFor MOMR teleoperation systems, the most important
and slaves, see [20] for details. This architecture is caspects are robustness and fidelity. The observed behavior
transparent, if, for identical single-user teleoperasetups, was always stable, i.e. moving in free space, establishing
the same control architectures and parameters are used.ctmtact with the object and moving the object did not lead to

Fig. 7. Comparison of transparency error curyg; s ¢| for MM (solid)
and FaFa (dashed) approach dependingron



oscillations or instabilities. A high degree of fidelity rérps

a good position tracking as well as a good force trackingﬂ]
As the desired master velocities are tracked using a high-
gain PD-controller on slave site, only the dynamics of thel?]
underlying master and slave velocity control loops can be

observed when comparing master and slave velocities. Thug]
the tracking error is small. Regarding force tracking, the

; . [4]
z: Zos
—_2
5o o
o, - [5]
-~ -0.5
w54 &
-1
° 6]
& 1 2 3 4 5 % 1 2 3 4 5
t [s] t [s]
Fig. 9. Left: Measured resulting force on slave site (sohdy virtual
resulting force on master site (dashed), right: force error [7]

resulting forcef, measured on slave site and the virtual
resulting forcefrm reconstructed with the estimated object[
mass on master site are compared with each other, sg¢g
Fig. 9. The virtual force fits well with the measurements.-Fur
thermore, the normalized root-mean-square error (NRMS@O]
between measured and reconstructed resulting force

N [11]

NRMSE = 1/(fr,ma:v - fr,min) Z(fr,n - fr,m,n)Q/N

n=1
is 1.76% for the given object and trial. Thus, also the forcd!?!
tracking is good. This shows the practical efficiency of the
model-mediated teleoperation control approach for MOMRL3]
systems.

V. CONCLUSION [14]

In this paper, we presented the extension of the moddlS]
mediated teleoperation approach to multi-user systems. We
propose the coordination of the master devices using omss]
centralized variable position-based admittance comrat
such a way that it mimics the coupling of the teleoperam]
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 show,
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 ndgkgi
time delay. Experimental results show the practical efficie
of the approach. [20]

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/copnese  [21]
a user study needs to be conducted.
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