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Abstract

The stability and performanceof telepiesencesystemsvith
kinesthetic(force) feedbak& opefatedvia a communication
networkmainlydepend®nthequality (delay bandwidth)of
communicationThecombinedposition/focecontmol of tele-
opemtion systenwith time delayusingimpedancenatding
filters to achieve robust passivityfor the teleopeator/ en-
vironmentand transpaencyis discussed. The impedance
matding filter designis theresultof optimizationin thefre-
guencydomain. An experimentalttelepesencesystemnusing
realtimecommunicatiometworkemulationis usedto show
thevalidity of the proposedapproad.

INTRODUCTION

Multi-modal telepresencsystemswhich in additionto the
audio-visualimmersionalso implementkinesthetic(force)
feedbackallow a humanoperatorto be active in a distant,
possiblyhazardouspr differently scaled(micro or macro)
remoteervironment. Telepresencés a key technologyfor
mary applications,e.g. hazardouserviroments, hanest-
ing, tele-medicineand-suigery, tele-diagnosi®f industrial
plants, tele-service tele-manuécturing,and tele-shopping.
Mostly implementedn communicationinfrastructuredike
theInternetthe signalsexperiencesubstantia{varying)time
delay;alsodatalossmayoccur

Thequality of communicatiordescribedy the network pa-
rameterdime delay jitter, packagdoss,andbandwidth,m-
pairs stability and kinesthetictransparengc Performance
evaluation studiesof telepresenceystemsrequire a con-
trolled communicationenvironment behaing like a real-
world communicatiometwork, asrealtimecommunication
network emulationproposedn this paperprovides. Network
emulatiorrefersto theuseof anetwork simulator ase.g. the
Berkeley NetworkSimulator(ns2)in alive network, for fur-
therdetailssed5] orww. i si . edu/ nsnam ns. Thelive
traffic generatetby therealtimeapplicatioris passedhrough
thevirtual network andgetsaffectedby othertraffic with re-
spectto link delay routing policy, or traffic. Thetopology
and attributes of the virtual network are userdefined,and
freely configurable.
Thispapemproposesnexperimentabystenfor performance
evaluationand study of bilateral telemanipulatiorsystems
dependingon communicatiomquality. A position/forcear-
chitectureusingimpedancamatchindfilters is validatedby

experimentsusingrealtimecommunicatiometwork emula-
tion with constanttime delay Basedon known passiity
argumentsthe position controlled subsystenof teleopera-
tor togethemwith the environmentaremaderobustly passve
by impedancematchingfilters, which are designedby an
optimizationmethodin thefrequeng domain.

In [4,11] anoverview of relatedwork is given. Telepresence
systemareusuallymodeledby a network n-port approach
with forcesaseffort, velocity asflow, andimpedancesOur
approachusespositioncontrolandgeneralizedmpedances
with the adwantageof good position tracking in presence
of disturbancesThe passiationtechnique proposedn [1,
10] for the communicatiometwork two-portwith constant
delayis appliedhere. The position controlledteleoperator
togethemwith the environmentaremaderobustly passie by
appropriatelydesignedimpedancematchingfilters. First
proposedby [3] with an optimization methodintroduced
in [7] theuseof impedancenatchindfiltershastheadditional
benefitthattransparengis improved;see[4,6,8,11,12] for
a discussiommboutothermethoddik e e.g. the four-channel
architecturdo achieve transpareng

For the organizationof the paper: in Section2 the telep-
resencesystemarchitecture,the fundamentalconceptsof
passvity andtransparengarediscussed.The optimization
methodfor the impedancematchingfilters in discussedn
Section3. Sectiond introducegheexperimentabkystemand
present&xperimentakesults.

SYSTEM ARCHITECTURE

A telepresencsystenwith forcefeedbackbasicallyconsists
of the humansysteminterface (HSI) with a humanmanip-
ulating it and an executingrobot (teleoperatorjnteracting
with a remoteervironment,ideally trackingthe position of
theHSIwhile thehumarifeels’ theervironmentaforce. The
basicstructurein network representatiors shavn in Fig. 1.
Basedon stability agumentsin standardarchitectureghe
HSI velocity is communicatedo the remotesite. In our ap-
proachthe HSI positionis transmitted usedasreferencer{
for the positioncontrolledteleoperator The ervironmental
force f. measuredttheremotesiteis reflectedio the oper
ator, usedasreferencesignal f,‘f for theforce control of the
HSI. Theinput/outputbehaior of the ervironmentandthe
mechanicakubsystem#1SI, teleoperatoican be described
by their mechanicalmpedancethe ratio of effort (force) f
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Figure 1. System architecture of telepresence system with force feedback.

andflow (velocity)v. A generalizediefinitionof impedance

z-1 (1)
T

with positionz replacingvelocity is appliedhere. The dy-
namicsof the teleoperatortogetherwith the ervironment
is includedin the impedanceZ,, the operator'feels’ the
impedanceZ*, seeFig. 1.

Passivity

Theconcepbf passiity, firstappliedto telepresenceystems
in [1], is a usefulframework for analysisand synthesisof

suchsystems. A passve elementis one for which, given

zeroenepy storageatt = 0, the property

/t‘ Pon(7) dr = j WT(Py(r) dr >0 V>0

holds,with P;,(7) denotingthe power dissipatedn thesys-

tem, u(7), y(7) beingthe input and output vector This

definition equallyappliesfor linearandnon-linearsystems.
For linearsystems) is equivalentto thefollowing condition

in thefrequeny domain,wherea strictly stablelinear SISO
systemwith thetransferfunctionG(s) is passieif, andonly

if

Vw20, [£G(jw)] <90° )

holds. Henceits Nyquistplot lies within theright-halfplane.
A stricter level of passiity is given by the input-output-
strict-passivity (IOSP) condition that is met if there exist
someaq, v > 0 for which

t t
/Pm(T) dr > / aulu+~yyTydr 3)
0 0
holds. A systemsatisfying(3) is calledrobustly passve, the

Nyquistplot of its transferfunctionthenlies within a circle
with its centerpoint R andradiusr with

1 1
R=—, r=_——-ar<R 4)
2y 2y

A telepresencsystencanbemodeledastheinterconnection
of severalenegy exchangingnetwork elementsseee.g.[1].
Thepassiity agumentfor telepresencsystemss basedn
the factthat a network combinedof only passie elements
is passie itself andtherebyimplicitly stable. In classical
telepresencarchitecturesHSI andteleoperatoarevelocity
andforce controlled,asthe mappingfrom velocity to force
is generallypassie, henceteleoperatoandHSI arepassve
subsystems.The ernvironmentis consideredpbassie and it
is assumedhat the (possibly so trained) humanoperator
behaesin acooperatie,i.e. passveway. A communication
network without time delay is passie. Hencethe overall
telepresencsystemis passie.

In caseof time delayin thecommunicatiometwork thebidi-
rectionalcommunicatiorchannelcanbe modeledasa time
delayingtwo-portwith delaysT}, T» in the forward, back-
wardpath,respectiely. Applying scatteringheory(seg[1])
it is straightforvardto shav thatthe eigervaluesof the scat-
teringmatrixarelargerthanl, henceheconditionfor passi-
ity is violated. Thewave variabletransformatiorintroduced
in [1] andextendedn [10] passvateshecommunicatiomet-
work by introducingnew, local feedbackpathsasillustrated
in Fig. 1.

Transparenc y and Impedance Matching
Idealkinestheticcoupling,hencetransparengis achievedif
thehumanoperatoffeelsdirectlyconnectedo theremoteen-
vironment.Accordingto [12] thisrequireshe positionsand
forcesat the HSI andteleoperatoto be equal. Anotherfor-
mulation,se€[8], demandshefeltimpedance”Z* to beequal
(or ascloseaspossible)o the ervironmentimpedanceZ,

7t = Z.. (5)

Accordingto network theorytransparengis achiezedonly, if

theimpedancesf thenetwork elementsnatch.If theteleop-
erator/emironmentimpedancée’, differsfromthecharacter
isticimpedancef themodifiedcommunicatiorine, thenthe
enegy recevedfrom thetransmissiotine is notcompletely
absorbedy theteleoperatosystemwave reflectionsoccur

whichthendeterioratdranspareng Theimpedancenatch-
ing techniqueintroducedn [9], adjustgheimpedancef the



teleoperator/arironmentto the characteristiémpedanceof
the passifiedransmissiodine by appropriatelychosercon-
troller parametersf thelocal velocity/forcecontrolloops. A
trade-of betweencontrolloop performanceandimpedance
matchingis usually necessarytheoreticallyideal matching
over all frequenciess generallynot possible.

The main drawback of a velocity-forcearchitectureis the
non-rec@erablepositiondeviationafteradisturbancewhich
canbe critical dependingn the applicationarea. The com-
municationof positioninformationinsteadof velocitiesim-
provesthis.

Position-For ce Architecture

The position-forcearchitectureis not necessarilypassie.
In [3] a position-forcecontrol architecturefor telepresence
systemsusing appropriatelydesignedmpedancematching
filters V., Ny, seeFig. 1, is suggestedThesdfilters passify
theteleoperator/enironmentsubsystenandaimatmatching
theimpedanceverabroaderangeof frequencieshencam-
prove transparenc With the designrule for theimpedance
matchindfilters V.., Ny accordingto [3]

1 1
N"L‘ S) = N Nn(s) =
the terminatingimpedanceZ,., describingthe input/output
behaior of thepositioncontrolledteleoperatoin interaction
with a continuousenvironmentandthefilters N,

_ : ;*(éqs)) = N2(s) Zy(s) = 1

matcheghe characteristi¢mpedancef the communication
line Z.omm = 1.
Assumingthe terminatingimpedanceto be a stablemini-
mumphasestructuret is robustly passve with o = v = 0.5,
see(3) and (4). The passvity and stability agumentof
the position-forcearchitecturds thatthe positioncontrolled
teleoperatotogethemwith the ervironment,forming 7 (s),
is robustly passifiecby appropriatechoiceof theimpedance
matchingfilter V... Then,thecombinationwith thecommu-
nicationnetwork with arbitrary constantime delayremains
alsopassve,i.e. Zy(s) is passve. Referringagainto Fig. 1,
thetransmittedmpedanceanayberewritten as

1+ Aes(TiHT2)

Z1(s) = Ng(s)Wa A=

(6)

Z:(8)

Applying (6), thefilters Ny recovertheimpedance?Z, sothat
7Z1(s) = Zy(s). Assuminganideal HSI, Z* = Z;, andan
idealteleoperatqrZ; = 7., thetransparengcondition(5) is
met,thehumaroperatorcanfeeltheenvironmenimpedance.
TheimpedanceZ; is not necessarilypassve becausef the
possiblenon-passiity of the teleoperator/erironment 7,
however, if desirablea positioncontrollercouldbedesigned
in suchaway that Z, is passve. A decisionwhetherthisis
beneficialor not mainly hasto be basedon humanfactors,
whichisthereasorwhy thisdiscussions deferredo afuture

paperlincludingpsychoplgsicaltaskperformancevaluation
aspects.

In practicethe ideal filters IV, Ny are not available asiit
requiresthe computationof the squareroot of an arbitrary
transferfunctionaccordingo (6), which canonly beapprox-
imated. In [3] thefilter wasdesignedheuristically A filter
designmethodusingoptimization proposedn [7], is applied
here.

Filter Optimization in the Frequenc y Domain
Goalof optimizationisto desigrthefilter V,, suchthatZ,, ap-
proximateghedesirederminatingimpedanceZ? = 1 in or-
derto providearobustlypassvefilter/teleoperator/enronment
Z, subsystensatisfying(3). The filter IV, is designedas
lead-lagof e.g. secondorder

52+ s+ q3

N = _— =
+(5,9) D st O i @ @ g

with the parametewvector g to be optimized. The trans-
fer function of the operatorside locatedfilter Ny follows
from (6). The optimalfilter designis gainedthroughmini-

\ ! Re
\‘\Za: (jW, q) !

Non—_ : Passivity\ Passivity

Passivity Reserve

Figure 2. Filter optimization by loopshaping of the termi-
nating impedance Z,(jw, q) in the Nyquist plot.

mizationof the objective function

f(@) = fila) + Bfp(a), B>0, )

thatconsistof theimpedancenatchingobjectie f;(q) and
theby 5 scalarweightedpassvity penaltyterm f,(gq).

The impedancematchingobjective penalizesary deviation
of the terminatingimpedanceZ, (jw, gq) from the optimal
solutionZ? = 1 by

fi(g) = / 0y () 12 (jw, g)dw, ®)

with thedistancer, (jw, q) = | Z.(jw, q) — ZZ|, seeFig. 2,
representingg measureof approximationquality. Thefilter
a(w) weighsthefrequeny bandsof interest.

Optimizationshouldgeneratgassie solutionsexclusively.



By addinga passvity penaltyterm

0 for|£Z;(jw,q)| < @

Ip(@) = )

oo
[ ap(w)r3(jw, q) dw otherwise,
0

ary solutionfor which the Nyquist plot of the terminating
impedanceZ, (jw, q) leaves the sector [—®, +®], repre-
sentedby the white areain Fig. 2, is penalized.According
to (2) thissectorshouldexcludethecomple right half plane,
i.e. 0° > ® > 90°. Choosing® < 90° includesa passvity

resere. Theagumentr,(jw, q) = |£Z,(jw, q)| — ® isde-
finedastheangulardistancenetweerthe phaseof thetermi-

natingimpedanceZ, (jw, q) andthe sectorof passiity. A

frequeny dependentveightingfilter o, (w) is incorporated
analogouslyto oy (w) in (8).

For further detailsof the position-forcearchitectureandthe

optimizationmethodsee[7].

OPTIMIZATION RESULTS

Thefilter parameteoptimizationis performedin the M AT-
LAB/SIMULINK ervironmentbasedon the modelof theter
minating impedanceZ, shawn in Fig. 3. It containsthe
model of the position controlledteleoperatqrthe environ-
mentusedin experimentsandthe filter V. (q) with the pa-
rametervectorq to beoptimized.

The position control is performedby a real PD-controller
accordingto

S
G.(s)=P+ DW
with theparameter®® = 40, D = 15 andN = 100. Theen-
vironmentis representebly springsthatareconnectedo the
teleoperatopaddlewith thestiffnesscoeficientk = 10N/rad
andthedampingcoeficientb = 0.4Ns/rad. Aswetransmit
thesensosignalghecorrespondingaluesof £ = 0.5V /rad
andb = 0.02Vs/rad with the gain ¢ = 2.35 adjustingthe
force sensorsignalto the input signalof the motorareused
for optimization. For evaluationof the objective function(7)

Zy ' Teleoperator

-zt R 52+q(2).5+q(3) 3 3
L ﬁ’ s2+q(4).s+q(s) |1

,,,,,,,,,,,,,,,,,,,

Position Control Loop Tt

4.3246
$+0.1778

s2+q(2).s+q(3)
s2+q(4).s+q(5)

,,,,,,,,,,,,,,,,,,,,

Impedance Matching Filter

Figure 3. SIMULINK blockset of teleoperator , environ-
ment and filter for optimization.

theintegrals(9) and(8) arenumericallysolved by Eulerin-
tegrationin the frequeny interval [10~3,10%] rad/s. The

valuesof the filter functions «,(w) and a;(w) are speci-
fied heuristicallyandsetaccordingto Tah 1. The objectve
function (7) with the weight 3 = 1000 is minimizedby the
f m nsear ch-algorithmof MATLAB.

Table 1. Value of filter functions oy, (w),ou(w)

Frequenyg band[rad/s] | a,(w),a(w)
1073,1072) 1000
1072,10%) 200
10°,10%) 100
102,10°] 1

Theresultingsecondrderlead-ladfilter NV, (s, g*) with the
optimal parametevector

=0 ¢ & 4 6
=[42-10° 2.1-10® 84-10° 1.0-10® 2.5-10%]
andthe objective functionvalueof f(g*) = 93.7 is usedto

validatethedesignmethodexperimentallyin atestbedising
realtimecommunicatiometwork emulation.

EXPERIMENTAL SYSTEM
Theexperimentaketupseerig. 4, consistoftheHSlandthe
teleoperatqreachrepresentedly a singledegreeof freedom
force feedbackpaddleconnectedo a PC. The teleoperator
is in contactwith a spring-dampeervironment, seeSec.
for the parameters. The communicationchannelis repre-
sentedhy anemulatedrealtimecommunicatiometwork that
is implementedon a third PC. IP paclets containinghaptic
andadministratve dataaspaclet indicesaretransmittedvia
IP soclet connectioron 100Mbpsethernebetweerthe HSI
andtheteleoperatowria the network emulatorPC. The HSI
herebyactsassener, theteleoperatoasclient.

PC

| Network Emulator
FreeBSD | W
> VirtuaN(|=
¥ Virtual Link  Router }

f— o -

Socket

E?L. E$L_n environment
inux inux i
s spnng\Q
Matlab/ Matlab/
Simulink %/ilméJlilnk
& Modef o e_ - strain gauge
force position
control control
? ? ‘ encoder
Sensoray Sensoray
$626 10 $626 10
DAC DAC >
ADC ADC | | o \PWM
counter counter motor

Figure 4. System hardware configuration.

Realtime Communication Network Emulation

The basic emulation system configurationis depictedin
Fig. 5. A private network is establishedor communica-
tion betweernthe HSI PC (ethernetadapterethO- IP address



192.168.0.5)thenetwork emulatoPC(rl1 - 192.168.0.1¢12
- 192.169.0.1pandthe teleoperatoiPC (eth0-192.169.0.3).
The emulatorPC herebyactsas gatevay. For LAN con-
nectioneachof the threePCsis equippedan extra ethernet
adapter(ethl,rl0).

The Berleley Network Simulator (ns2) runs in emulation
modeunderFreeBSD Tapagentdnsidetheemulatorareas-
signedto capture(t apl,t ap3) livetraffic orinject(t ap2,
t ap4) traffic from thevirtual network into thelive network.
Eachtapagentis attachedo avirtual node. Thetraffic from
theentrynodegq(n1,n3) is filtered with respecto thesource
and destinationaddress. Eachentry nodeis connectedo
anexit nodeby a simplex link with sufficient bandwidthof
100Mbps theforwardpathof communications represented
by the link n1 n2 with the link delayT';(¢), the back-
ward pathby n3 n4 with thelink delayT »(¢). For this
paperno additionalvirtual traffic is generatedno dataloss
incorporated.

HSI PC RTLinux Teleop. PC RTLinux

ethO ethO
LAN <—> ethl ‘ 192.168.0.5 192.169.0.3 ‘ ethl [«*LAN

192.168. 0. *  —m—

p— 192. 169. 0. *

FreeBSD ri1 2
192.168.0.1 192.169.0.1
LAN <—» | / / / \
tapl tapS

tap4 filter 192.168.0.5 tap filter 192.169.0.3

£ -> 192 169.0.3 ->192. 168 0.5

ns (network emulator)

Figure 5. Emulation system configuration.

HSI and Teleoperator Design

The HSI aswell asthe teleoperatorforce feedbackpaddle
are connectedo the I/O boardof a PC running underRT
Linux, asshavn in Fig. 4. The paddleDC motortorqueis
controlledby the PWM amplifier, which operatesn current
controlwith the referencegiven by a voltagefrom the D/A
corverteroutputof the I/O board. The force appliedto the
paddlelever is measuredhroughthe bendingof the lever
by a strain gaugebridge at the bottom of the lever. The
strainis amplifiedandcorvertedby anA/D corverterof the
I/O board. The positionof the lever, measuredy an optic
pulseincrementakncodeonthe motoraxisis processedy
a quadratureencodemon the I/O board. The original design
of theforcefeedbackpaddlesanbefoundin [2].

In orderto compensatéor unknovn dynamicsa modelref-
erencesystemsynthesiaith thereferencesystempresented

by the plantin Fig. 3 is applied. The controlloops,theim-

plementedfriction compensatiorand the gravity feedback
linearizationare composedf MATLAB/SIMULINK block-

sets;standaloneealtimecodefor RT Linux is automatically
generatedrom the SIMULINK model.

All controllersoperatewith a sampletime of 7' = 0.001s.

For furthercommunicatiora numberof samplesV is gath-

eredand pacled into one IP paclet increasingthe overall

communicationdelay 7;(t) = 7';(t) + T,, = 1,2 by the

pacletingdelayT, = NT' .

EXPERIMENTAL RESULTS

Thebenefitof the position-forcearchitecturecomparedvith

the standardrelocity-forcearchitecturds thata positioner-

ror betweenHSI andteleoperatgrcausedoy slow control,

inputsaturatioror time-varyingdelay is recoreredasshovn

in Fig. 6. The HSI positionz,(t) = 0 is kept constant;an

artificial disturbancen z,(t) at time ¢ = 2s causesa non-

recoserableposition drift for the standardarchitecturede-
terioratingtranspareng for the position-forcearchitecture
trackingerroris closeto zeroaftert = 5s.
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Figure 6. Tracking error recovery after disturbance in z;.
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Figure 7. Position and force for constant delay

To investigatethe constantdelaycasethe positionandforce
datapacletsareprocessethroughavirtual link with thelink
delaysetto 50ms. Eachdatapaclet contains100 samples
payload causinganadditionaldelayof 100msin eachdirec-
tion, low passfiltering at the teleoperatossite causessome
additionalphasdag betweerHS| andteleoperatoposition.
The teleoperatomposition nicely tracksthe HSI positionas



shavnin Fig. 7 delayedby approximately220ms.Dueto the
feedbackpathsatthe HSI sidewith thefilters Ny containing
the approximatednodelof the ervironment,the force feed-
backis notdelayedwith respecto the positionchangeatthe
HSI. Thehumanoperatohasatransparenimpressionsince
he/shefeelsdirectly connectedo theremoteernvironment.
Time-varying delay is realizedby changingthe link delay
online asdonehere,seeFig. 8. We believe thatteleopera-
tion remainsstabledueto the robustly passie terminating
impedance.High delay changesasin the first 5s resultin
oscillatingbehaior, with smoothvariationteleoperatiorre-
mainstransparent. The proof of stableteleoperationwith
time-varyingdelayremainssubjectof futureresearch.

1001

501

Delay [ms]

Position [rad]

Force [N]

Time [s]

Figure 8. Position and force for varying delay

CONCLUSIONS

Thedevelopmenbf anexperimentatelepresencsystenus-
ing realtimecommunicatiometwork emulationis a signifi-
cantstepin the studyandevaluationof hapticteleoperation
systemstowards realworld applications. A position-force
architectureproviding robust passvity andtranspareng by
appropriatelydesignedmpedancenatchingfilters hasbeen
experimentallyvalidated,shaving very good performance
with respecto stability, tracking,andtranspareng In fu-
tureexperimentsnorecomple virtual networkswill beused
to analyzethe influenceof communicationquality on per
formanceof telepresencaystemsalso protocol testingis
possible.
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