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Abstract
Thestability andperformanceof telepresencesystemswith
kinesthetic(force) feedback operatedvia a communication
networkmainlydependsonthequality(delay, bandwidth)of
communication.Thecombinedposition/forcecontrol of tele-
operationsystemwith timedelayusingimpedancematching
filters to achieve robust passivityfor the teleoperator/ en-
vironmentand transparency is discussed.The impedance
matchingfilter designis theresultof optimizationin thefre-
quencydomain.An experimentaltelepresencesystemusing
realtimecommunicationnetworkemulationis usedto show
thevalidity of theproposedapproach.

INTRODUCTION
Multi-modal telepresencesystems,which in additionto the
audio-visualimmersionalso implementkinesthetic(force)
feedback,allow a humanoperatorto be active in a distant,
possiblyhazardous,or differently scaled(micro or macro)
remoteenvironment. Telepresenceis a key technologyfor
many applications,e.g. hazardousenviroments,harvest-
ing, tele-medicineand-surgery, tele-diagnosisof industrial
plants,tele-service,tele-manufacturing,and tele-shopping.
Mostly implementedin communicationinfrastructureslike
theInternetthesignalsexperiencesubstantial(varying)time
delay;alsodatalossmayoccur.
Thequalityof communicationdescribedby thenetwork pa-
rameterstimedelay, jitter, packageloss,andbandwidth,im-
pairs stability and kinesthetictransparency. Performance
evaluation studiesof telepresencesystemsrequire a con-
trolled communicationenvironment behaving like a real-
world communicationnetwork, asrealtimecommunication
networkemulationproposedin thispaperprovides.Network
emulationrefersto theuseof anetwork simulator, ase.g. the
Berkeley NetworkSimulator(ns2)in a live network, for fur-
therdetailssee[5] orwww.isi.edu/nsnam/ns. Thelive
traffic generatedbytherealtimeapplicationispassedthrough
thevirtual network andgetsaffectedby othertraffic with re-
spectto link delay, routing policy, or traffic. The topology
and attributesof the virtual network are user-defined,and
freelyconfigurable.
Thispaperproposesanexperimentalsystemfor performance
evaluationand study of bilateral telemanipulationsystems
dependingon communicationquality. A position/forcear-
chitectureusingimpedancematchingfilters is validatedby

experimentsusingrealtimecommunicationnetwork emula-
tion with constanttime delay. Basedon known passivity
argumentsthe position controlledsubsystemof teleopera-
tor togetherwith theenvironmentaremaderobustly passive
by impedancematchingfilters, which are designedby an
optimizationmethodin thefrequency domain.
In [4,11] anoverview of relatedwork is given. Telepresence
systemsareusuallymodeledby a network � -port approach
with forcesaseffort, velocity asflow, andimpedances.Our
approachusespositioncontrolandgeneralizedimpedances
with the advantageof good position tracking in presence
of disturbances.Thepassivation technique,proposedin [1,
10] for the communicationnetwork two-port with constant
delay is appliedhere. The positioncontrolledteleoperator
togetherwith theenvironmentaremaderobustly passive by
appropriatelydesignedimpedancematchingfilters. First
proposedby [3] with an optimization methodintroduced
in [7] theuseof impedancematchingfiltershastheadditional
benefitthattransparency is improved;see[4,6,8,11,12] for
a discussionaboutothermethodslike e.g. the four-channel
architectureto achieve transparency.
For the organizationof the paper: in Section2 the telep-
resencesystemarchitecture,the fundamentalconceptsof
passivity andtransparency arediscussed.Theoptimization
methodfor the impedancematchingfilters in discussedin
Section3. Section4 introducestheexperimentalsystemand
presentsexperimentalresults.

SYSTEM ARCHITECTURE

A telepresencesystemwith forcefeedbackbasicallyconsists
of the humansysteminterface(HSI) with a humanmanip-
ulating it and an executingrobot (teleoperator)interacting
with a remoteenvironment,ideally trackingthepositionof
theHSIwhilethehuman’feels’ theenvironmentalforce.The
basicstructurein network representationis shown in Fig. 1.
Basedon stability argumentsin standardarchitecturesthe
HSI velocity is communicatedto theremotesite. In our ap-
proachtheHSI positionis transmitted,usedasreference� ��
for the positioncontrolledteleoperator. The environmental
force

���
measuredat theremotesiteis reflectedto theoper-

ator, usedasreferencesignal
� �� for theforcecontrolof the

HSI. The input/outputbehavior of the environmentandthe
mechanicalsubsystemsHSI, teleoperatorcanbe described
by their mechanicalimpedance,theratio of effort (force)
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Figure 1. System architecture of telepresence system with force feedbac k.

andflow (velocity) Y . A generalizeddefinitionof impedance

Z\[ �
� (1)

with position � replacingvelocity is appliedhere. The dy-
namicsof the teleoperatortogetherwith the environment
is included in the impedance

Z^]
, the operator’feels’ the

impedance
Z`_

, seeFig. 1.

Passivity
Theconceptof passivity, firstappliedto telepresencesystems
in [1], is a useful framework for analysisandsynthesisof
suchsystems. A passive elementis one for which, given
zeroenergy storageat a [cb , theproperty�

d
egfihgjlknmpoqkr[

�
d
sut jikvmxwyjikvmnoqk{z|b~} a�� b

holds,with
egfihgjlkvm

denotingthepowerdissipatedin thesys-
tem, s jikvm , wyjlknm being the input and output vector. This
definitionequallyappliesfor linearandnon-linearsystems.
For linearsystems() is equivalentto thefollowing condition
in thefrequency domain,wherea strictly stablelinearSISO
systemwith thetransferfunction � j��pm is passiveif, andonly
if }���z|b���� � � ji����m����|��b�� (2)

holds.Henceits Nyquistplot lieswithin theright-halfplane.
A stricter level of passivity is given by the input-output-
strict-passivity(IOSP) condition that is met if thereexist
some� ��� � b for which�

d
egfihgjlkvm�oqk{z

�
d � sut�s|� ��w t w�o�k (3)

holds.A systemsatisfying(3) is calledrobustlypassive, the
Nyquistplot of its transferfunctionthenlies within a circle
with its centerpoint � andradius� with

� [��� � � � [��� ��� � � �¡ \�£¢ (4)

A telepresencesystemcanbemodeledastheinterconnection
of severalenergy exchangingnetwork elements,seee.g.[1].
Thepassivity argumentfor telepresencesystemsis basedon
the fact that a network combinedof only passive elements
is passive itself and therebyimplicitly stable. In classical
telepresencearchitectures,HSI andteleoperatorarevelocity
andforcecontrolled,asthemappingfrom velocity to force
is generallypassive,henceteleoperatorandHSI arepassive
subsystems.The environmentis consideredpassive and it
is assumedthat the (possibly so trained) humanoperator
behavesin acooperative,i.e. passiveway. A communication
network without time delay is passive. Hencethe overall
telepresencesystemis passive.
In caseof timedelayin thecommunicationnetwork thebidi-
rectionalcommunicationchannelcanbemodeledasa time
delayingtwo-port with delays¤¦¥ , ¤ ] in the forward,back-
wardpath,respectively. Applying scatteringtheory(see[1])
it is straightforwardto show thattheeigenvaluesof thescat-
teringmatrixarelargerthan1,hencetheconditionfor passiv-
ity is violated.Thewavevariabletransformationintroduced
in [1] andextendedin [10] passivatesthecommunicationnet-
work by introducingnew, local feedbackpathsasillustrated
in Fig. 1.

Transparenc y and Impedance Matching
Idealkinestheticcoupling,hencetransparency is achievedif
thehumanoperatorfeelsdirectlyconnectedto theremoteen-
vironment.Accordingto [12] this requiresthepositionsand
forcesat theHSI andteleoperatorto beequal.Anotherfor-
mulation,see[8], demandsthefelt impedance

Z _
tobeequal

(or ascloseaspossible)to theenvironmentimpedance
Z �

Z _ [§Z � ¢ (5)

Accordingtonetworktheorytransparency isachievedonly, if
theimpedancesof thenetworkelementsmatch.If theteleop-
erator/environmentimpedance

Z^]
differsfrom thecharacter-

istic impedanceof themodifiedcommunicationline, thenthe
energy receivedfrom thetransmissionline is notcompletely
absorbedby theteleoperatorsystem,wave reflectionsoccur,
which thendeterioratetransparency. Theimpedancematch-
ing technique,introducedin [9], adjuststheimpedanceof the



teleoperator/environmentto thecharacteristicimpedanceof
thepassified¨ transmissionline by appropriatelychosencon-
trollerparametersof thelocalvelocity/forcecontrolloops.A
trade-off betweencontrol loop performanceandimpedance
matchingis usuallynecessary, theoreticallyideal matching
overall frequenciesis generallynotpossible.
The main drawback of a velocity-forcearchitectureis the
non-recoverablepositiondeviationafteradisturbance,which
canbecritical dependingon theapplicationarea.Thecom-
municationof positioninformationinsteadof velocitiesim-
provesthis.

Position-For ce Architecture
The position-forcearchitectureis not necessarilypassive.
In [3] a position-forcecontrol architecturefor telepresence
systemsusingappropriatelydesignedimpedancematching
filters ©�ª , © d , seeFig. 1, is suggested.Thesefilters passify
theteleoperator/environmentsubsystemandaimatmatching
theimpedanceoverabroaderrangeof frequencies,henceim-
prove transparency. With thedesignrule for the impedance
matchingfilters ©�ª , © d accordingto [3]

©�ª j��pm«[ �Z¬]­j��®m � © d j��pm«[ �
©�ª j��®m (6)

the terminatingimpedance
Z ª , describingthe input/output

behavior of thepositioncontrolledteleoperatorin interaction
with acontinuousenvironmentandthefilters ©�ª

Z ª j��®m¯[
� _� j��®m
� � _� j��®m

[ © ]ª j��®mqZ^]qj��®m«[ �
matchesthecharacteristicimpedanceof thecommunication
line

Zn°�±³²y²´[ � .
Assumingthe terminatingimpedanceto be a stablemini-
mumphasestructureit is robustlypassivewith � [µ�µ[cb ¢ ¶ ,
see(3) and (4). The passivity and stability argumentof
theposition-forcearchitectureis thatthepositioncontrolled
teleoperatortogetherwith theenvironment,forming

Z^]qj��pm
,

is robustly passifiedby appropriatechoiceof theimpedance
matchingfilter ©�ª . Then,thecombinationwith thecommu-
nicationnetwork with arbitrary, constanttimedelayremains
alsopassive, i.e.

Z d j��®m is passive. Referringagain to Fig. 1,
thetransmittedimpedancemayberewrittenas

Z ¥ j��®m¯[ © ]d j��pm � �|·¹¸pº�»½¼ t�¾À¿¬t�Á�Â� � ·¹¸ º�»½¼ t�¾À¿¬t�Á�Â
� · [ Z ª j��pm � �Z ª j��pm � � ¢

Applying (6), thefilters © d recovertheimpedance
Z ]

sothatZ ¥ j��®m«[§Z^]­j��®m . Assumingan ideal HSI,
Z _ [§Z ¥ , andan

idealteleoperator,
Z^]Ã[§Z �

, thetransparency condition(5) is
met,thehumanoperatorcanfeeltheenvironmentimpedance.
Theimpedance

Z ¥ is not necessarilypassive becauseof the
possiblenon-passivity of the teleoperator/environment

Z^]
,

however, if desirableapositioncontrollercouldbedesigned
in sucha way that

Z^]
is passive. A decisionwhetherthis is

beneficialor not mainly hasto be basedon humanfactors,
whichis thereasonwhy thisdiscussionisdeferredtoafuture

paperincludingpsychophysicaltaskperformanceevaluation
aspects.
In practicethe ideal filters © ª , © d are not available as it
requiresthe computationof the squareroot of an arbitrary
transferfunctionaccordingto (6),whichcanonly beapprox-
imated. In [3] thefilter wasdesignedheuristically. A filter
designmethodusingoptimization,proposedin [7], isapplied
here.

Filter Optimization in the Frequenc y Domain
Goalof optimizationistodesignthefilter © ª suchthat

Z ª ap-
proximatesthedesiredterminatingimpedance

Z �ª [ � in or-
dertoprovidearobustlypassivefilter/teleoperator/environmentZ ª subsystemsatisfying(3). The filter ©�ª is designedas
lead-lagof e.g. secondorder

©�ª j����ÅÄ¯m¯[§Æ ¥
� ] � ÆÅ]Ç� � Æ³È� ] � ÆÅÉÇ� � Æ³Ê �ËÄÌ[ Æ ¥ Æ ] Æ È Æ É Æ Ê

with the parametervector
Ä

to be optimized. The trans-
fer function of the operatorside locatedfilter © d follows
from (6). Theoptimalfilter designis gainedthroughmini-
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Figure 2. Filter optimization by loopshaping of the termi-
nating impedance

Z ª jl���ë�ÅÄ¯m in the Nyquist plot.

mizationof theobjective function� jxÄvm«[ � � jÀÄ¯m �íì ��î jxÄ¯m�� ì � b�� (7)

thatconsistsof theimpedancematchingobjective
� � jÀÄ¯m and

theby ì scalarweightedpassivity penaltyterm
�ïî jxÄ¯m

.
The impedancematchingobjective penalizesany deviation
of the terminatingimpedance

Z ª ji���ë�ÅÄ¯m from the optimal
solution

Z �ª [ � by

� � jÀÄ¯m¯[ñð
d � � ji��m � ]� ji���ë�ÅÄ¯mÀo��ò� (8)

with thedistance� � ji���ë�ÅÄ¯m«[ Z ª ji���ë�ÅÄ¯m � Z �ª , seeFig. 2,
representinga measureof approximationquality. Thefilter� � jl�óm weighsthefrequency bandsof interest.
Optimizationshouldgeneratepassive solutionsexclusively.



By addingapassivity penaltyterm

��î jxÄvm«[ b~ôÀõ�ö¬� �óZ ª ji���ë�ÅÄ¯m��  ø÷
ðd � î jl��m �

]î jl���ò�³Ävmpoq� õ�ù³úüûïöþýyÿ��³ûÇ� (9)

any solution for which the Nyquist plot of the terminating
impedance

Z ª jl� �ë�ÅÄ¯m leaves the sector
� � ÷ � � ÷�� , repre-

sentedby thewhite areain Fig. 2, is penalized.According
to (2) thissectorshouldexcludethecomplex righthalf plane,
i.e.

b � z ÷ z|��b � . Choosing÷c  �®b � includesa passivity
reserve. Theargument� î ji���ë�ÅÄ¯m¯[ � ��Z ª jl� �ë�ÅÄ¯mÅ� � ÷ isde-
finedastheangulardistancebetweenthephaseof thetermi-
natingimpedance

Z ª jl� �ë�ÅÄ¯m andthe sectorof passivity. A
frequency dependentweightingfilter � î ji��m is incorporated
analogouslyto � � ji��m in (8).
For furtherdetailsof theposition-forcearchitectureandthe
optimizationmethodsee[7].

OPTIMIZATION RESULTS
Thefilter parameteroptimizationis performedin the MAT-
LAB/SIMULINK environmentbasedon themodelof theter-
minating impedance

Z ª shown in Fig. 3. It containsthe
model of the position controlledteleoperator, the environ-
mentusedin experimentsandthefilter ©�ª jxÄ¯m with thepa-
rametervector

Ä
to beoptimized.

The position control is performedby a real PD-controller
accordingto

� °�j��®m«[§e ���
�

¥� � � �
with theparameters

e [���b
, � [ � ¶ and © [ � b�b . Theen-

vironmentis representedby springsthatareconnectedto the
teleoperatorpaddlewith thestiffnesscoefficient 	 [ � b ©�
 �
���
andthedampingcoefficient � [cb ¢ � © � 
 �
��� . Aswetransmit
thesensorsignalsthecorrespondingvaluesof 	 [|b ¢ ¶
��
 �����
and � [|b ¢ b � � � 
 ����� with the gain � [ � ¢ ��¶ adjustingthe
forcesensorsignalto the input signalof themotorareused
for optimization.For evaluationof theobjectivefunction(7)
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Figure 3. SIMULINK bloc kset of teleoperator , envir on-
ment and filter for optimization.

theintegrals(9) and(8) arenumericallysolvedby Euler in-
tegration in the frequency interval

� � b º È � � b È � rad/s. The

valuesof the filter functions � î jl�óm and � � ji��m are speci-
fied heuristicallyandsetaccordingto Tab. 1. Theobjective
function(7) with theweight ì [ � b�b�b is minimizedby the
fminsearch-algorithmof MATLAB.

Table 1. Value of filter functions � î jl�óm , � � ji��m
Frequency band[rad/s] � î jl�óm , � � jl�óm� � b º È � � b º ] m 1000� � b º ] � � b d m 200� � b d � � b ] m 100� � b ] � � b È � 1

Theresultingsecondorderlead-lagfilter ©£ª j����ÅÄ _ m with the
optimalparametervectorÄ _ [ Æ _¥ Æ _] Æ _È Æ _É Æ _Ê
[ � � ¢ �10 � b d � ¢ � 0 � b ]32 ¢ � 0 � b È � ¢ b 0 � b È � ¢ ¶ 0 � b É �

andtheobjective functionvalueof
� jxÄ _ m¯[c� ��¢54 is usedto

validatethedesignmethodexperimentallyin a testbedusing
realtimecommunicationnetwork emulation.

EXPERIMENTAL SYSTEM
Theexperimentalsetup,seeFig.4,consistsof theHSIandthe
teleoperator, eachrepresentedby asingledegreeof freedom
force feedbackpaddleconnectedto a PC.The teleoperator
is in contactwith a spring-damperenvironment,seeSec.
for the parameters.The communicationchannelis repre-
sentedby anemulatedrealtimecommunicationnetwork that
is implementedon a third PC. IP packetscontaininghaptic
andadministrative dataaspacket indicesaretransmittedvia
IP socket connectionon 100MbpsethernetbetweentheHSI
andthe teleoperatorvia thenetwork emulatorPC.TheHSI
herebyactsasserver, theteleoperatorasclient.
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Figure 4. System hardware configuration.

Realtime Comm unication Network Emulation
The basic emulation systemconfigurationis depictedin
Fig. 5. A private network is establishedfor communica-
tion betweentheHSI PC(ethernetadaptereth0- IP address



192.168.0.5),thenetworkemulatorPC(rl1 - 192.168.0.1,rl2
- 192.169.0.1)6 andthe teleoperatorPC (eth0-192.169.0.3).
The emulatorPC herebyactsas gateway. For LAN con-
nectioneachof the threePCsis equippedanextra ethernet
adapter(eth1,rl0).
The Berkeley NetworkSimulator (ns2) runs in emulation
modeunderFreeBSD.Tapagentsinsidetheemulatorareas-
signedto capture(tap1, tap3) live traffic or inject (tap2,
tap4) traffic from thevirtual network into thelivenetwork.
Eachtapagentis attachedto avirtual node.Thetraffic from
theentrynodes(n1,n3) is filteredwith respectto thesource
and destinationaddress. Eachentry nodeis connectedto
anexit nodeby a simplex link with sufficient bandwidthof
100Mbps,theforwardpathof communicationis represented
by the link n1 7 n2 with the link delay ¤98 ¥ j a m , the back-
ward pathby n3 7 n4 with the link delay ¤ 8 ] j a m . For this
paperno additionalvirtual traffic is generated,no dataloss
incorporated.

HSI PC   RTLinux Teleop. PC  RTLinux

eth0
eth1

eth0
eth1LAN

LAN

LAN

192.168.0.* 192.169.0.*

ns (network emulator)

rl2

−> 192.169.0.3

n1 n2

filter 192.169.0.3
−> 192.168.0.5

n4 n3

tap1
tap2

tap3
tap4

rl0

FreeBSD

192.168.0.5 192.169.0.3

192.168.0.1 192.169.0.1
rl1

filter 192.168.0.5

Figure 5. Emulation system configuration.

HSI and Teleoperator Design
The HSI aswell as the teleoperatorforce feedbackpaddle
are connectedto the I/O boardof a PC running underRT
Linux, asshown in Fig. 4. ThepaddleDC motor torqueis
controlledby thePWM amplifier, which operatesin current
controlwith the referencegivenby a voltagefrom theD/A
converteroutputof the I/O board. The forceappliedto the
paddlelever is measuredthroughthe bendingof the lever
by a strain gaugebridge at the bottom of the lever. The
strainis amplifiedandconvertedby anA/D converterof the
I/O board. The positionof the lever, measuredby an optic
pulseincrementalencoderon themotoraxisis processedby
a quadratureencoderon theI/O board. Theoriginal design
of theforcefeedbackpaddlescanbefoundin [2].
In orderto compensatefor unknown dynamicsa modelref-
erencesystemsynthesiswith thereferencesystempresented

by theplant in Fig. 3 is applied. Thecontrol loops,the im-
plementedfriction compensationand the gravity feedback
linearizationare composedof MATLAB/SIMULINK block-
sets;standalonerealtimecodefor RT Linux is automatically
generatedfrom theSIMULINK model.
All controllersoperatewith a sampletime of ¤9: [|b ¢ b�b � s.
For furthercommunicationa numberof samples© is gath-
eredand packed into one IP packet increasingthe overall
communicationdelay ¤ f³j a m«[ ¤98 f³j a m � ¤ î , ; [ � � � by the
packetingdelay¤ î [ ©¡¤9: .

EXPERIMENTAL RESULTS
Thebenefitof theposition-forcearchitecturecomparedwith
thestandardvelocity-forcearchitectureis thata positioner-
ror betweenHSI andteleoperator, causedby slow control,
inputsaturationor time-varyingdelay, is recoveredasshown
in Fig. 6. The HSI position � � j a m«[cb is kept constant;an
artificial disturbancein � � j a m at time a [ � s causesa non-
recoverableposition drift for the standardarchitecturede-
terioratingtransparency, for the position-forcearchitecture
trackingerroris closeto zeroafter a [ ¶ � .
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Figure 6. Tracking error reco very after disturbance in � � .
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To investigatetheconstantdelaycasethepositionandforce
datapacketsareprocessedthroughavirtual link with thelink
delayset to 50ms. Eachdatapacket contains100 samples
payload,causinganadditionaldelayof 100msin eachdirec-
tion, low passfiltering at the teleoperatorsite causessome
additionalphaselag betweenHSI andteleoperatorposition.
The teleoperatorpositionnicely tracksthe HSI positionas



shown in Fig.7delayedbyapproximately220ms.Dueto the
feedback< pathsat theHSI sidewith thefilters © d containing
theapproximatedmodelof theenvironment,theforcefeed-
backis notdelayedwith respectto thepositionchangeat the
HSI.Thehumanoperatorhasatransparentimpression,since
he/shefeelsdirectly connectedto theremoteenvironment.
Time-varying delay is realizedby changingthe link delay
online asdonehere,seeFig. 8. We believe that teleopera-
tion remainsstabledueto the robustly passive terminating
impedance.High delaychangesas in the first 5s result in
oscillatingbehavior, with smoothvariationteleoperationre-
mainstransparent.The proof of stableteleoperationwith
time-varyingdelayremainssubjectof futureresearch.
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CONCLUSIONS
Thedevelopmentof anexperimentaltelepresencesystemus-
ing realtimecommunicationnetwork emulationis a signifi-
cantstepin thestudyandevaluationof hapticteleoperation
systemstowards realworld applications. A position-force
architectureproviding robust passivity andtransparency by
appropriatelydesignedimpedancematchingfilters hasbeen
experimentallyvalidated,showing very good performance
with respectto stability, tracking,andtransparency. In fu-
tureexperimentsmorecomplex virtualnetworkswill beused
to analyzethe influenceof communicationquality on per-
formanceof telepresencesystems,also protocol testing is
possible.
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