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Abstract—One of the crucial factors for the performance of Auditory B Lo (S:Efr;eeah N ‘@
haptic (fc_)rce_ feedback) telepfesen(_:e systems is the quality of Command Head __ o4/
communication. This paper investigates known telepresence " Signal ¢ ‘.
control stability conditions for the application in packet Netlvlzork ‘ L)

switched networks with time varying communication latencies N ! 5 @

and packet loss, as e.g. the Internet, and discusses the impact , 5. 7

of the packet processing protocol on the stability and the Taptic/ ? % Data \0 ‘
performance of telepresence systems with haptic feedback. Feedback 7DpF Arm

In experiments — towards a multimodal telepresence system

over IP with rescue and other applications — the system Fig. 1. Multimodal human rescuing telepresence system.

performance of the standard velocity/force architecture is

compared with the position/velocity/force architecture.

Substantial time varying delays as they occur in the Internet
. INTRODUCTION destabilize the closed loop system resulting in a severe haz-

Th | of muliimodal tel . b?.rd to the safety of the human and the remote environment.
€ goal of multimodal telepresence systems Is 10 enable o g breakthrough to solve this problem of haptic

a human operator to be present and to actively perfong&_lepresence with time delay has been made by applying

co?lwplex Im;mlpule;tlon t‘f"SkS n tp(_)ss'bly dlstfntAor I(,j'ﬁ?.r'the passivity concept guaranteeing stability. The resulting
ently scaled remote environments, see €.g. [4]. PPICANOL, o) methods, as the scattering transformation and the
areas reach from telemanufacturing and telemaintenan

o tel d licati With th NeSmbined velocity/force control of teleoperator/HSI, see [6],
0 lelesurgery and rescue applications. Vv € 0ngoiNgpilize the system for arbitrary but constant delay. Re-
efforts to provideQuality-of-ServicelP-networks become

" o ! cently another breakthrough has been achieved by extending
more and more attractive as communication medium fi

- ) S . %he approach for time varying delays, see [7], [8]. The sta-
sensitive realtime applications as multimodal telepresen%eﬁity conditions though are formulated for the continuous
systems are. Realtime control of robots has been s

Ul ; q the Int ¢ first by 2 _ﬂl:ffr'ne case, hence do not incorporate the effects of a packet
cessfully performed over the Internet, first by [2] wi switched communication network.

visual feedback only, due to best-effort-characteristics of the . ) .
. . In such a network depending on the traffic conditions
Internet and the stability problem very few have considere L
e data packets are randomly delayed, may arrive in

hathfnLelt?ilz)?j:, t‘:: E]s.,ence rescue svstem as bro Osggrmutated order, and packet loss may occur. The choice
P y PTOPOSHLl e packet processing algorithm, hence the treatment of

Itﬂ(a[ét‘]c;rs(,:;?g\elz\l;bg‘clf 'gé 1{;1;'—2eHT:nrr;nSOpsfé?;olrn?;ﬁr;f:I?:'e te and lost packets highly affects the performance of the
P y lepresence system. In [9] for the time varying delay case

thereby commanding the executing robot (teleoperator ' virtual delay is introduced through queueing, so that all

While the teleoperator interacts with the usually unknown .
. . " data experience the worst case delay of the system. As a
remote environment the sensor data (visual, auditory, haptic ; . .
sult the performance is degraded. Packet loss or increasing

. r
T onsor e ety comneben .t o dely may €U i a bufer iderun t e eceer
. P } y . Side. In [10] two different compensation schemes for the

environment; the telepresence system is then transparent, . S
L ) . treatment of the resulting vacant sampling instances are
Considering the visual and auditory feedback as state- i .
roposed: keeping the old value (Hold Last Sample) or

of-the-art-multimedia, this paper focusses on the haptg:enerating a new value with estimated data. Both techniques
feedback subsystem.

have been successfully applied in networked control sys-

The sampled command S|_gnals anq sensor data, bq s (NCS). Packet loss compensation by holding the last
continuously generated realtime mediastreams, are COMLaived sample has also been employed in [11]

municated via a packet switched communication network, __ . ) . -
: This paper investigates the stability and the performance
e.g. the Internet, thereby closing a global control loop. ) : - . N
of packet processing algorithms aiming at their application
This work was partly supported by the DFG Collaborative ResearcH Naptic telepresenc systems communicating over packet

Center SFB453. switched IP-networks. Results stemming from the con-
Both authors’ affiliation: Institute of Automatic Control Engineering, tinuous time considerations as the time varying gain [7]
Technische Universit Miinchen, D-80290 inchen, Germany . . . .
http: //www.lsr.ei tun.de, and position/velocity/force architecture [8] are examined
Sandra.Hirche@ei.tumde  MartinBuss@ei.tum.de for their applicability in packet switched networks. In an
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experiment towards a telepresence rescue system a wall| i " Tt sl hohs i 1
environment is haptically explored. Thereto the Cartesian Scattering _ Scattering 5

e . . & HsI Transfor— Communication Transfor— Tele— £
y-position of the 7 DOF teleoperator arm, described in [12]; mation Network maton | | operdor| 8
is teleoperated by means of a 1 DOF force feedback paddle» < 2t o) - ] < *

h ol r e e

via an emulated realtime communication network, see [13].
The paper is organized as follows: section 2 introducesg. 2.  System architecture for time varying delay with time varying
passivity based stabilization methods and measures of tragains fi(t), f2(t).
parency; in section 3 the passivity of packet processing
algorithms and the benefit of the position/velocity/force |n case of time delay in the communication network the
architecture is analyzed; the last two sections present th@lirectional communication channel can be modeled as
experimental system architecture and the results. a time delaying two-port with time varying delayg(t),
To(t) in the forward and the backward path, respectively,
as shown in the network representation in Fig. 2. The
The human rescuing telepresence system basically cdiocks of the scattering transformation and the time varying
sists of a force feedback capable HSI (variables indgyed gains f1(t), f2(t) are explained below. Applying scattering
and the teleoperator (indg) interacting with an usually theory it is straightforward to show that the eigenvalues of
unknown remote environment (indgxas shown in Fig. 2. the scattering matrix are larger than 1, i.e. the passivity
In bilateral telepresence the human manipulates the H8ondition is violated; the communication line generates
applying the forcef,,. Based on stability arguments in theenergy. The scattering transformation first applied to telep-
standard architecture the HSI velocity i5 communicated resence systems in [6] and extended in [14] passifies the
to the teleoperator where the local velocity control loogommunication two-port forconstantdelays Ty(t) = T,
ensures the tracking of the desired teleoperator velocifip(t) = T2 with the wave variable transformation

Il. THEORETICAL BACKGROUND

Xt (Y denotes desired). The fordg sensed at the remote d e s 1 dn .

site, resulting from the interaction with the environment, is Y = 7ﬁ2b(fh +bx); u = —Tb(fejL bxd);

transmitted back to the HSI serving as reference sigflal 1 s 1 fo— b 2
Vvi=——=(ff —bx); v =—(fe— .

for the local force control. I \/%( h—D%); v \/%( e )

The HSI and the teleoperator are connected through a
communication network closing a global control loop viaUsing the notation of (1) the input vector is given by
the human operator. In case of a packet switched unrelialé = [%, —X] and the output vector by’ = [fd fe]. Disre-
service network, as e.g. the Internet, the data packets, thgarding the blockd1(t), f(t) in Fig. 2, the commun|cat|on
the control signals are afflicted with varying time delay andwo-port now becomes passive, i.e. does not generate energy
packet loss. Without further control measures the closed t t
loop system is unstable. /Pm(f) df:/ (Xn fﬁ _>'<td fo)dr

A. The Passivity Approach 0 0 t
A common approach to analyze and synthesize telepres- } / \/,Z)dr ()
ence system architectures with time delay is the passivity 2 0

concept providing a sufficient condition for stability of the
haptic telepresence system. A cqmplex system of intercon- =5 / uPdr+ = / Vdr>0 V.
nected network elements-ports) is passive if each of the

subsystems is passive. A passive element is one for which,
given zero energy storage aE 0, the property

t—Ty th

If the delay varies over time the passivity condition for

the communication two-port/scattering transformation may
/P'” - / (T)y(r)dr =0 Wt>0 1) be violated depending on the rate of change of the delay as

shown in [7]. At times when the time delay increases, i.e.

holds, with P, (7) denoting the power stored or dissipatedhe rate of change of the time delay is positive

in the systemu(t), y(t) being the input and output vector.

In classical telepresence architectures, as proposed in [6], T-(t) = dTi(t)

|

the appropriately locally controlled HSI and teleoperator dt

exchange velocity and force signals, as the mapping frothe communication line generates energy, thus is not pas-

velocity to force is generally passive, hence the teleoperatsive. At decreasing time delal(t) < 0 the communication

and the HSI are passive subsystems. The environmentlige dissipates energy, hence is passive.

considered passive and it is assumed that the (possibly|n order to preserve passivity the time varying gains

so trained) human operator behaves in a cooperative, i.e.

passive way. f20) <1-Ti(t), i=12 (5)

>0, i=12, @)
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Fig. 3. Transparency orientated system architecture for time varying del
with time varying gainsfi(t), f2(t) and additional position feedforward.

. Time Varying Delay and Packet Loss
The sampled data system may be described as a con-
are inserted shaping the energy output of the communicatiéifiuous time system in which the variables are frozen for

two-port depending on the rate of change of the transmige sampling intervala. In what follows we indicate with
sion delay as shown in Fig. 2. For constant delay the gair¥ék) the value of the discrete variablgt) corresponding

calculate tof, = f» = 1 recovering the results of [6]. to the intervak € [kTa, (k+ 1)Ta]. Discrete scattering trans-
formation is applied at the sender and the receiver side,
B. Transparency see [15], using the transformation equations given by (2)

Ideal kinesthetic coupling expressed in the notion ofh discrete time now with the independent variaklewe
transparencys achieved if the human operator feels directlyassume that the sender as well as the receiver side operate
connected to the remote environment. According to [5] thiith the same sampling intervdly and that the sampled
requires the positions and forces at the HSI and teleoperata packets are sent in equal fixed time intervals over the
to be equal Xo=% A fn=fe ©6) network. For clarity the subsequent discussion on passivity

' refers to the forward path only, but equally applies to the

In the time varying delay case the passifying gain®ackward path. In general a fixed numtteof consecutive
f1(t), fo(t) transform the signals and thereby cause lossamples of the wave variablegk) representing the output
of transparency. Then a position drift between HSI an@f the scattering transformation, are packed into one IP-
teleoperator may occur that is non-recoverable as velocigacketU,(p) and put on the outgoing link.
control cannot guarantee steady state error free positionDuring transmission over the network the IP-padigip)
tracking. In order to overcome this deficiency an additiona#xperiences a load and routing policy dependent time vary-
position feedforward is proposed in [8]. The position erroring link delay of T;(p). In a congested network IP-packets

e(t) = X (t — Ta(t)) —x (1) are dlscarded_ at t_he congested receive queues of intermittent
routers resulting in packet loss. As a result the IP-packets
is weighted by feedforward gain acting as a proportional may arrive at the receiving queue in time varying intervals,
position controller with the (if necessary) saturated contrgtven in permutated order, or they may not arrive at all.

output
freed(t) = lpsab(e(t)) 7 jf;UFS

2 1, =0 lost
with  sa(elt)) — {e(t)fore<t>|<p Y 878 1 1

p otherwise

O
see Fig. 3. The gairhp, and the saturatiorp are chosen 6 hor
so that the non-passivity of the position feedforward is Lo _
compensated by the excess passivity of the teleoperator, for | samplesent™" 5 sample receive

more details see [8]. sender receiver t
[lz]s[+]s]e}——[1]2]5]5]5]¢]

IIl. COMMUNICATION OVER PACKET SWITCHED

NETWORKS Fig. 5. Effect of processing algorithms UFS and HLS on the order of

. the received ) with respect to the sent) packets and thereby on the
We now consider a sampled data system for HSI an@e of Chang?of Overa|f)de|aﬁ_ Xe Y

teleoperator and a dynamically routed multi-path packet

switched network with time varying delay and packet loss, An example is given in Fig. 5, where the sen) énd

as e.g. the Internet, for communication. The communicatioreceived {) packets are depicted with their arrival order.
line is decomposed into the packeting at the sender side, ther simplicity we now consider data packets containing
packet transmission, and the packet processing algorithmatly one samplay (k), thusL = 1. The extension to data
the receiver side, see Fig. 4. The goal of this section is fwackets with more than one sample is straightforward. The
investigate the passivity and transparency of communicatid@¥" packet in Fig. 5 arrives one time interva@k after the
over packet switched networks with the main focus o@" packet, before the' packet. The ¥ packet is lost.
typical packet processing algorithms. The treatment of permutated order arrivals, late, and lost
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packets is determined by the packet processing algorithntHLS algorithm can be verified by the formal computation of
- the energy balance (3) of the communication two-port with
B. Passivity of Use-Freshest-Sample HLS. Due to paper length constraints this proof is omitted.
In a real-time application, as the haptic telepresence sys-For the HLS algorithm simulations are performed based
tem network is, delay plays a key role for performance angn the simulation structure shown in Fig. 6 without the
transparency. The goal is to minimize the delay introduceglosition feedforward extension, hence with the position
by the packet processing algorithm by of buffering. Therefeedforward control gain set th, = 0. The time varying
fore the Use-Freshest-Sample (UFS) algorithm without anyain is set tof; = 1. The HSI is modeled as a pure
buffering of data packets is applied here. Only the youngesgtlocity source providing a sinusoidal velocity signal with
packet is processed next, older packets, arriving too latefrequency of 1 rad/s. The teleoperator moves in free space
are discarded. In Fig. 5 the'packet is discarded in with a small environment dampinke = 0.1. To show the
favor of the younger 8 packet. At the cost of additional effect of the HLS algorithm the delays in the forward and
packet loss the effective communication delay of the packetsickward paths are kept constant= T, = 100ms. A single
is not increased by the UFS strategy. In correspondenef S is applied in the forward path &= 2.5s for a duration
with (4) non-increasing delay preserves the passivity ajf 150ms. The energy generated in the communication two-
the communication two-port, hence the UFS algorithm iport by this single HLS can be seen in Fig. 7, where negative
passive. Additional packet loss is induced by the UFSalues correspond to non-passivity; energy is computed
strategy. from (3). The passivity condition (1) is violated. Without

C. Non-Passivity of Hold-Last-Sample :)I(_pSe([:)tzzswny is preserved for constant time delay case, as

The processing induced packet loss as well as the network
induced loss result in empty sampling instances at tHa- Passivity of the Zeroing Strategy
receiver. The missing data can be estimated. One canlf instead of holding the last sample a value of zero serves
imagine a whole class of estimation algorithms that usas output at empty sampling instances then no energy is
information of previous signal behavior. A very simplegenerated at these instances. For the sketch of a proof a
strategy belonging to this class of algorithms is the Holdsignal outage in the forward path betwegnandt, hence
Last-Sample (HLS) strategy. In case that there is no morg(t) =0 for 7 € [t*,t] is considered. According to (3) the
data packet in the receive queue, the last sample is hadergy stored in the communication with zeroing computes
until the next younger packet arrives, see Fig. 5. In terms "

t t
of the time delay this means, that with every time skgphe
y y time Stgh [Pao(e)de = 1/(u|2+vr2—v|2)d1—%/ur2dr.
0 0

NI

overall delay increases by one time sfBpcorresponding
to the rate of changél(k) =1 indicating that the passivity
condition (4) is violated. The non-passive behavior of thést* <t this expression is clearly larger than the expression
in (3) showing that the output zeroing strategy strictly
passifies the communication two-port. This relates to the
continuous time computation of the time varying gain
during HLS; with Ty =1 applying (5) the time varying

} gain computes td1 = 0 recovering the zeroing strategy. In
VN wnh HLS/(not\plasswe)] W simulations the energy stored in the C_ommunic_atio_n two-
0 5 10 15 port takes strict positive values, see Fig. 7, satisfying the

Time [s] passivity condition (4).

Fig. 7. Energy stored in Communication network without HLS, with HLS ~ The transparency though is decreased with the zeroing
and with zeroing strategy. strategy. In the simulation according to Fig. 6 the gain is

0
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set tof; =0 att = 2.1s for a duration of 500ms, hence a s Tnemoremiaor NS 2
single signal zeroing occurs. For the standard velocity/force | FreeBsD]

(VF) architecture a non-recoverable position error between —" ] vinual

HSI and teleoperator (TO) occurs, see Fig. 8, degrading [ vt Tnk_touter ﬂ
transparency in terms of position tracking. / %,

PC
RTLinux

¥

7 actuated joints

PC -
RTLinux

E. Tracking Improvement by Position Feedforward

The position/velocity/force architecture (PVF) has suc-
cessfully been applied in the continuous time case improv-
ing the position tracking of HSI and teleoperator. Now we
investigate the applicability in a packet switched network,
where the position informatiornx, is transmitted in the
same data packet as the wave varialylelf a packet loss
either due to congestion or the UFS packet processing HSI teleoperator
algorithm occurs, the zeroing strategy is applied to the wave
variable in order to preserve passivity. The HLS algorithm
is applied to the position feedforward signal. Contrary to

the foregoing discussion here the HLS is passive, as thes| acts as the server, the teleoperator as the client. For
feedforward controller output is designed by a saturatiopore details on the experimental setup, see [4]
function guaranteeing passivity, see (7), and [8] for further

details. As the simulation result in Fig. 8 shows, the position V. EXPERIMENTAL RESULTS

error induced by the zeroing strategy converges. The po-The following experiments are performed in order to
sition/velocity/force architecture reveals good performancmvestigate the transparency of the standard velocity/force
in terms of position tracking compared to the standargy/F) architecture and the combined position/velocity/force
velocity/force architecture. (PVF) control approach when the telepresence system is
operated over a packet switched network. Both strategies
are compared in terms of position/force tracking, see the
condition (6). Free space motion as well as contact with a
wall is performed.

The angular position and velocity of the HSI (the paddle)

Matlab/ (| Matlab/
Simulink || Simulink

force position/
velocit
control control

Y|

Sensoray || Sensoray
$626 10 $626 10

DAC DAC
ADC ADC
counter || counter|

Fig. 9. Experimental system architecture.

1.51Zeroing JO (PVF)\TO (VF)

Position

% s 10 > 15 are converted into linear motion variables (scaling fa@or
Time [s] m/rad )X, X and transmitted as set values for the Cartesian
Fig. 8. Position tracking with zeroing strategy with (PVF) and Withoutpf)SItlon and velocny to the tglegpgrator (7 DOF arm)’ see
(VF) position feedforward. Fig. 9. The arm movement is limited to the Cartesian

In summary, the UFS algorithm is found to preservéjirection only. The arm first moves in free space, 0.16 m
passivity of the communication line in a packet switched0-19 m for VF) from the initial position it contacts a
network, whereas the HLS algorithm is not passive. Zeroingooden wall with a 3cm thick sponge attached.
of the output values during signal outage strictly passifies The VF architecture uses velocity-PI control on the slave
the communication two-port but transparency in terms gjide, the PVF applies velocity-P control with position feed-
position tracking is decreased. The position feedforwarfprward. In order to have comparable results the position
architecture with the zeroing strategy applied to the wavieedforward controller (PVF) is assigned the same value as
variable and HLS applied to the position signal preservé§e I-portion of the velocity control (PV). It turns out that
passivity, and increases transparency in terms of positiéhe saturation of the output of the feedforward controller

tracking. is not necessary for this setup. The force measured at the
teleoperator end-effector is fed back as a set value for the
IV. EXPERIMENTAL SYSTEM ARCHITECTURE force controlled paddle.

The experimental setup, see Fig. 9, consists of the HSI, aAll controllers operate with a sampling interval of =
single degree of freedom force feedback paddle, refer to [3], ms. As in all experimentd = 20 sample vectors are
and the teleoperator, a 7 DOF arm, see [12], each connectegcked into one IP-packet an additional de€lgycx= 20 ms
to a PC for control. The communication channel is repis introduced by packeting. The delay in the forward and the
resented by an emulated realtime communication netwobdackward link is varied according to the pattern given by the
Berkeley Network Simulator (ns#)at is implemented on upper plots in Fig. 10, so that the delay resulting from the
a third PC. IP packets containing haptic and administrativeacketing and the communication itself is 30 m3;(t) <
data as packet indices and time stamps are transmitted @0 ms. Network induced loss is not considered. The UFS-
IP socket connection on 100Mbps ethernet link between thél.S packet processing algorithm is applied. Under the as-
HSI and the teleoperator via the network emulator PC. Theumption that there is sufficient damping in the endsystems,



the HLS-algorithm can be applied and the system remaingstigated for their benefits in telepresence over packet
stable throughout the experiment. The passifiying gain switched networks. In experiments being the first steps
chosen rather conservativg (t) = fa(t) = 0.75 for the towards a multimodal telepresence system over IP with
duration of the experiment. The parameter of the scatterirgscue and other applications the system performance of
transformation is set tb = 1. the position/velocity/force architecture is compared with the
standard velocity/force architecture, revealing good perfor-
mance in terms of position tracking and displaying high
stiffness.
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