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Abstract— A new lossy compression method is proposed for accurate sensors>(14bit) and actuators controlled at high
haptic (force, velocity) data as exchanged in bilateral telpres-  sample rates> 1 kHz). Hence, for the bilateral information
ence systems. The method is based on the passive extrapolati exchange between HSI and TO, a large amount of data

compression strategy proposed in [1]. The innovation is thia . . .
the extrapolations do not have a stiff horizon, but are triggered has to be exchanged over the COM. Since bandwidth is

by considerable changes (events) in the target environment Often limited (e.g. existing bus systems) or costly (e.g.
This enables longer average extrapolation horizons and ttsj space communications) the need for effective compression
higher compression. Experiments are conducted using two DR algorithms for haptic data is salient.
Light Weight Robpts. The results indicate that the method In bilateral, kinesthetic-haptic (by now "haptic’) telesence
outperforms older implementations. . .
systems, force and position-based signals are exchanged
. INTRODUCTION between operator and target environment. Thereby, a dontro

. . loop is closed between HSI and TO. Main objectives in
Presence systems allow humans to operate in two kmif?

; ; e control system design are stability and transparency.
of target environmentd/irtual reality systemsllow humans deal transparency means, that the operator does not percei
to immerse in an artificially generated environmerglep-

I h ; . L b the presence-mediating technology (HSI, COM, TO) when
resence _systems_x ow humans FO Immerse in a real, utexperiencing the target environment.

inaccessible environment. The inaccessibility can be due ompression algorithms reduce the amount of data to be
distance, sca]mg ofr J*:vmg conditions. ': bilateral p(;eeen stored, processed, or transmitted. The design of compressi
system consists o uman op.eratorvv 0 commands an algorithms for haptic data raises three main issues. ¥irstl
avatar/'_[eleoperaIOI(TO) N thev_|rtual/ remote (_envwonment high compression ratios are desired. Secondly, the compres
Ar‘] multimodal human systgmhlnt?rréacé-ldSI) is used f(l)r sion should not be observable by the human operator, i.e.
the operator to command the and, concurrently, 1 qpo19 pe transparent. Thirdly, the compression should

display the tgrgethenvwoncgnentéSlgngls afre exc.rlllanged_a)vehot destabilize the telepresence system. While the first two
communication channéCOM). See Fig. 1 for an illustration. issues are typical for all compression problems, the third

issue does only arise in compression problems for hapta dat
in bilateral systems, such as telepresence- and VR-systems
Several compression methods for haptic data can be reviewed
in the literature. The method proposed in [2] results in a
trade-off between compression efficiency and delay reduire
for compression. Differential pulse code modulation (DPCM
together with a fixed rate quantization has been proposed
in [3]. Adaptive DPCM together with Huffman coding has
Avatar/ VRR been considered in [4]. General considerations about hapti
teleope‘;ator (TO) envimi“;f;tjt lossy compression methods and perceptual performance have
been presented in [5]. The first approach that assures the
Fig. 1. Multimodal bilateral presence system: A virtual @mote  stability of the overall system including delayed commuanic
environment is mediated via technological equipment, tion) is deadband controintroduced in [6], [7]. The method
o . ~can achieve large average compression ratios. However, an
Presence systems that enable realistic, immersive exjpese important drawback of the algorithm is its inability to main
are usually equipped with highly dexterous facilities tqain an upper bandwidth limitation. If force or velocity sig
perform and display kinesthetic-haptic stimuli. In such &ajs are subject to fast changes the compression savings can
system HSI an TO are equipped with haptic devices th@fecrease to zero. The first fix-data-rate compression method
have several degrees of freedom 20) each using highly for haptic data with stabilization for delayed communioati
. . . _ were proposed in [1]. The compression methods are based
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(event) in the environment occurs. Simulations and expenvhere P, is the power input of the system. For the COM
ments indicate that the method outperforms the extrapelatiof a presence system in velocity-force architecture, tpetin
downsampling method, proposed in [1], while maintaining apower is defined as the scalar product of force and velocity
upper bandwidth limit.

The remainder is organized as follows: In Sectionll back- P = Voff — VG, )
ground information is given about compression, stabilitywhere v, is the velocity commanded by the operatuf,
transparency, and extrapolative compression. In Sedtionis the commanded velocity on teleoperator sidiejs the

the new algorithms are explained. Simulations are providegrce reflected by the teleoperator, afl is the reflected

in Section V. Experimental results are shown in Section Vforce on operator side. The power entering the system is

A conclusion is drawn in Section V. counted positive and the power leaving the system is counted
[I. THEORETICAL BACKGROUND negatve.
; ; In many applications the COM of a presence system, espe-
A. Data Compression Ratio cially in telepresence architecture, is afflicted with comm

The data compression ratio is defined by the ratio of theication delay (due to delay in the communication networks
original data rate [bit/s] to the reduced data rate yielding like the Internet, etc.). Delays are active elements. Tioeze

Uncompressed Data passivity measures for the COM are mandatory. Usually,

CR= Compressed Data (1) the Scattering transformation is applied to passivate the
. ) ) ] COM in presence of constant communication delay (varying
High compression ratios are desirable €R 1. delays are buffered to yield a constant delay) mapping power
B. Transparency variables (velocity, force) into wave variables
A presence system is callédhnsparentif the human op- | = bvo + ff h = by, — f
erator cannot distinguish between the target and the nesbiat V2b v2b ' (5)
environment. For haptic presence systems objective ieriter b+ h by — ¢
like the synchronicity of positions and forces on operatat a G = V2b T V2b
teleoperator side [8] Thereby,g;, hy € R denote the incident wave amgd, hy € R
X=X and f=fe (2) denote the reflected wave (also calledve reflections The

indices denote the waves on the right or on the left side.
give advice whether a certain system is transparent or ngthe parameteb (wave impedance) is a positive constant
See Fig.2 for an illustration of the impedance structure ghat can be chosen arbitrarily. The transformatiobijisctive
a telepresence system @enotes positionv velocity, andf  j e unique and invertible. Hence, no information is lost or
force). Residuals are caused by all involved subsystems. gained by encoding power variables into wave variables or
In data compression the residuals are cadledacts Hence, \yave variables into power variables. The passivated COM is
a lossy data compression (LDC) algorithm is calteahs-  gepicted in the lower diagram of Fig. 2.
parentif it does not cause any artifacts. Artifacts have twoapplying the Scattering transformation Eq. (5) to the power

origins. Firstly, they can be caused by the loss of inforovati input of a telepresence system Eq. (4) yields the power input
leading to reconstruction failuresygproximation artifacts  expressed in Scattering variables

Secondly, artifacts can be caused by the delay introduced by 1
the compression algorithnpltase artifacts Pn= > (7 — g?+h?—h?), (6)

C. Passive Haptic Compression where the index indicates the wave variables on the right and
In contrast to audio and video compression, haptic conon the left hand side. Latter equation can be divided into a

pression algorithms are applied within an energy-exchangi passivity condition for systems in the command path of the

closed control loop between operator and environment. V&cattering domain

locity and force signals are exchanged. The dynamics of the t, t,

compression algorithm within this control loop can render /o gr(r)dr Z/O or(1)dt (7)

the presence system instable. To assure stability theviigissi

paradigm can be deployed. The argumentation is that a s X X

tem comprised of passive subsystems remains passive if #sNe Scattering domain

i t t

:srlrJ]bs)/ster_ns are connected in pa_lrallel or feedback structure / h,z(r)dr S/ h2(1)dr. (®)

e passive subsystems of a bilateral presence system are 0 0

illustrated in the upper diagram of Fig. 2. , This equation illustrates that waves carry their own power
A reachable dynamic system in velocity-force archnecturamit of measuremenyW). Hence, systems in wave domain
with zero initially stored energy is passive if remain passive if the output wave does not carry more energy
t than the input wave.
/Pm dr >0, vt >0, (3) Since the passivation of the COM is mandatory in haptic
0 telepresence, LDC-methods should also retain the passivit

y'%‘!d a passivity condition for systems in the reflection path
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Fig. 2. Presence system in two-port, velocity-force aethitre: (Upper diagram) If the subsystems [operator-HSOM, and [TO- environment] are
passive and connected in parallel or feedback connecti@npterall system is passive, i.e. stable, as well. If sedainections occur the system is not
passive but remains stable. Sensor dynamics in HSI and T@raited. (Lower diagram) Structure of the COM for passive pogssion: Encoder and

decoder are applied in Scattering domain, which assuresivjigsfor arbitrary constant delays. Furthermore, encoaled decoder have to be passive
themselves.

of the COM. Hence, the compression algorithm has to bis
. . . . t] tj+T ti+Ten+T

passive in Scattering domain. / g|2dt—/ gt 2/ gPdt, (10)

Additional measures to passivate delay caused by the LDC- 0 0 G+

algorithm are not necessary since the Scattering transfd¥ith tj representing the time when a new extrapolation is

mation already passivates constant communication delaygrformed anden as the length of the extrapolation horizon.

which includes possible delay introduced by the compred-ne compression ratio is

sion. The passivation causes phase artifacts. According to ken

[9], [10] these phase artifacts also depend on the dynamics CR= dim(p)’

of the target environment.

The amplitude change caused by compressing the signalfigansparency is influenced only by approximation artifacts
not passive and not passivated by the Scattering transforn?gsumng from the extrapolation. The advantages of the
tion. Hence, it has to be passivated by additional measaresdytrapolative compression are:

obey the passivity conditions in wave domain Egs. (7), (8).

(11)

1) A constant, freely adjustable data rate. Hence, any

D. Extrapolative Compression Strategy communicati_on bandwidth limits can be satisfied._

2) No strategy-inherent delay. Hence, no phase artifacts
will deteriorate transparency.

3) Arbitrary algorithms are possible, as long as condition

Eq. (10) is satisfied.

The extrapolative strategy as proposed in [1] estimates
future samples to a certain extent, calledtrapolation
horizon Ey. The encoder works as follow&gy samples
are estimated and a signal is constructed based on certain
assumptions resulting in the parameter ve@dransmitted E. Extrapolative Downsampling

over the network and reconstruc_ted by the decoder. An implementation using the extrapolative compression
Everyken samples an extrapolation of the négh samples strategy proposed in [1] ipassive extrapolative downsam-

is perf?rrtned. The duration of the extrapolation horizomying (eDSs). The main idea is to extrapolate the future signal
amounts to

ken by a single value within a stiff extrapolation horizday.
Ten = < (9) The extrapolation is based on a hold last sample (HLS)
S procedure that was modified to satisfy the passivity coteri
The compression principle is depicted in Fig. 3. for the extrapolative compression strategy Eq. (10),

The amplitude changes introduced by the extrapolation pro-

cedure depends on the energy difference between originai”- PASSIVE EVENT-BASED EXTRAPOLATIVE
signal and estimated signal. According to conditions Egs. ( COMPRESSION

(8) passivity of the amplitude change can be assured by The quality of extrapolations is limited by constraint
forcing the extrapolated wave to contain equal or less gnergnformation about the dynamics of the target environment,
than the difference between the original wave and the pree. by constraint information about the future. The longer
ceding extrapolations starting from the beginning. Hettoe, the algorithm extrapolates the future, the less accurate it
passivity criterion for the extrapolative compressioragtgy will be, if the environment changes. Hence, a transparent



m ??}F\Q to be zero, if no packet arrived at the decoder
= Enc = T =1 Dec =

g Py, Pg.r Or gt)=0 VvVt < T. (12)
Reconstructed For the sample instants at which an extrapolation takeplac
Passive Passive Samples, the reconstructed signal is calculated according to
Extrapolation Original  Extrapolation Delayed by T g(t—T) if (10) holds
(Old) Samples ) g (t) _
: a and such that (10) holds  (13)

ift>T vt—T=KkTeny, k € N.

To account for considerable changes in the environment an
additional packet, which contains information represemti
the actual environment, can be sent within every extrapola-
tion horizon. This packet is callegivent Events are defined

Old Extrapolation New Extrapolation . i
Horizon Horizon, Ten by the following rules:
o The absolute difference between the last transmitted
_Fig[-l]& TrF]’rinC_ipIelof _Eﬂ_e et>r<]trap0tlativel ipmprzeS_Sion _S"ﬁ;zgi p(ZOPO?ed sample and the most recent original sample must exceed
In . e signal within e extrapolation horizon Is al eda using .y
the residual energy difference between precedent exatpos and its real a positive constant threshom
correlates.
lai(tj) —ai(t)| > ng, ng>0. (14)

« Only a single event is allowed per extrapolation horizon.

« The extrapolation is updated by the new value, which
must fullfill the passivity condition Eq. (10).

?fr an event has taken place, the updated extrapolationiid val

r_Hptil the stiff extrapolation horizon ends. These requieats

are summarized in the following equation:

parametrization results in a rather short extrapolatiaizba

to account for sudden changes in the environment. But if
the environment changes slowly, the horizon could be larg
resulting in higher compression ratios. Algorithms withf st

extrapolation horizons, such as eDS, lack an environme
depending extrapolation horizon and are therefore, ineffic

if the environment changes slowly, e.g. in free space. g (t—T) if (10) holdsv (14),

To account for considerable changes in the environment, ad- 9 (t) = { or(t—ts) otherwise (15)
ditional information about the target environment can ki fe i nejther Eq. (12) nor Eq. (13) are valid

back modulating the length of the extrapolation horizorisTh

is the main idea of th@assive event-based extrapolation Wherets denotes the sampling time. The basic principle
is illustrated in Fig.4. As can be seen, the algorithm can

A. Event-Based Extrapolative Compression (eEB) generate a chattering effect. A chattering effect occutisaf

The algorithm is based on a stiff extrapolation horizonénergy of the updated extrapolation leaves too little energ
which can be changed if an event occurs. Thereby, the md8f @ properly updated extrapolation.
recent value is used as extrapolation value, if it fullfitet Event-based extrapolation allows for a lower limit of the
passivity conditon Eq. (10). Otherwise a value is calcdatecompression ratio. Therefore, it is assumed that the COM can

to fullfill this equation. The reconstructed value is chapsetransmit packets at the sampling frequency of the presence
system. This compression algorithm differs from exclusive

stiff extrapolation, as there is not a single possible caspr
sion ratio, but a certain upper and lower limit. The limits

1,0 — B Events of the compression ratio are G = 2CRy;if and CRps=
. CRsyiff, if the event packets are not discernable from normal
0,5 — packets (CRif denotes compression algorithms with stiff

§ | extrapolation horizon and single parameter extrapolation

E 00 Chattering In the worst case scenario an event is triggerd within every
g effect extrapolation horizon. Whereas, in the case no events are
e0 T R{ triggered the compression ratio equals the stiff compo@ssi

-0,5 4| Normal ratio.

| extrapolation For communcation environments with specially tailored
Lo horizon 7, protocolls, in which compression schemes with fixed upper
=1, T T

I I

data rates are especially sensible, like realtime space com
0,0 0,2 0,4 0,6 0,8 1,0

munciation, a much better worst case compression rate is to
Time t [s] be expected. Event packets can by their nature be dragticall
Fig. 4. Operation mode of eEBn — 0.1, f. — 1 kHz): The algorithm red_uc_ed in terms of quantization, as Fhey only need_ to featgr
generates a chattering effect if an event-based extrapolEaves too lile @ limited range and a low resolution. By reducing their
energy for a proper succeeding extrapolation. (Networkydé T = 0.) guantization by half, limiting their range from thresholn t



half a full change, both with respect to normal packets, arjd Human System coM Teleoperator
. . . . Interface (HSI) (TO)
transmitting only the difference, the compression ratiout

. PC, Linux,
increase to an overhead of a fourth, Matlab,
F VxWorks, | pgg.
CReeg= 1-25CReDS- (16) DAC =Orce Force/ +{DAC
Force|  Velocit Force
B. Extended eEB (eEBext) ADCI—o~ PO | ADC
. . . Pos.‘ ? Pos.
To avoid the chattering effect of the eEB, the requiremen ENC || Compression «— ENC

for an event are extended. In comparison to eEB, a certain

amount of energy must be left available. This amount |§|g 6. Presence system: The telepresence system conefstedaptic
HSI, a haptic TO, and a real-time processing unit that eradlthe COM.

|nversely propor'uonal to the remammg eXtrapOIat'ommn' For the HSI and the TO high fidelity DLR Light Weight Robots ifth

according to generation) were used. Positions and forces were measndeexahanged.
The COM was passivated for constant delays.
tJ +T
\/fo grdt— fo gedt

2Ten — (t _tj) chosen asymmetric, since the incident wave in our simuiatio
The eEBext is illustrated in Fig. 5. The chattering behawviouhad a greater average amplitude than the reflected wave.
is avoided since no events are triggered, if too less energyTherefore, the threshold for events on the incident wave was
available to update the remaining extrapolation horizatwi ny = 0.5, for events on the reflected wave the threshold was
the new value. nh=0.3. The criterion to evaluate transparency was based on
IV. SIMULATIONS the cri_terion Eq. (2). Hen_ce, the ftr_ansparency criteriors wa
comprised of the normalized position and force errors

> gf(t)(Ten—t+t).  (17)

A. Method A
A simulation was conducted to unveil the basic per- Tv= >_(|_° ?7 Ts = _;_ ft. (18)

formance of compression algorithms eEB and eEBext in sim’s sim’s

comparison to eDS. B. Results and Discussion

The operator was modeled as a velocity source using a sUNMThe results of the transparency analysis are summarized
of a step at 3B27s of size—1 and a chirp signal with in Tablel. The position error of eEB is smaller than eDS,
frequencies from001 Hz to 1 Hz an amplitude of 1, starting even though the extrapolation horizon was chosen to be
with the simulation and reaching the final frequency at halfyice as high. The position error of eEBext was greater than
the simulation time. Simulation parameters ag = 100s, the position error using eDS. The force errors are smaller
and fs = 1kHz. The force- controlled HSI was modeled byin both new algorithms eEB, eEBext compared to eDS.
a transfer function ofGpjs = %1 (s denotes the complex By choosing different thresholds that govern the genematio
frequency). The TO and environment were modeled by g events in the reflected and in the incident wave, the
transfer functionZ, = 5 with an external force step results could vary, but the general tendency is obvious: The
of size —1 at 11345s. The compression algorithms werenew algorithms provide higher performance compared to
parametrized to obey the minimal compression ratio 1gxtrapolative downsampling (eDS).

10. The extrapolation horizon of eEB and eEBext was 20

samples. The extrapolation horizon of eDS was 10 samples. V. EXPERIMENTS

The threshold to trigger the events for eEB and eEBext was Method

1) Presence SystemA telepresence system was used
in velocity-force architecture (Fig.2) that provided hapt

1,0 command and feedback signals at high accuracy. The sys-
| B Events tem consisted of two DLR Light Weight Robots of the
0.5 third generation and is illustrated in Fig.6. The DLR Light

Weight Robot (LWR) is a light-weight, flexible, revolute fai
robot, which by its overall sensoric equipment is especiall
dedicated to work in human-robot interaction scenarios. A
detailed description of the robot is provided in [11]. The
COM was emulated by a PC that also hosted the real-

g [sqrt(W)]
vO
(e
|

to avoid chattering

-0,5 : : :
effect time processing environment (VxWorks) to perform the force
i and velocity control as well as the compression algorithms.
-1,0 — T TABLE |
0,0 0,2 0.4 0,6 0.8 1,0 SIMUALTION RESULTS
Time t [s] [ Criterion || uncompressed eDS [ eEB [ eEBext |
Ty 103 033]001] 081
Fig. 5. Operation mode of eEBexigy = 0.1 s, fs = 1kHz): Chattering T 0.02 011 | 0.04 0.04

effects are avoided. (Network delay Ts= 0.)



f (reflected force)

—f°, (displayed force)

f, shifted scales

eDS

thereby, obeying the passivity condition Eq.(10). Since

eEB generated a chattering effect, we developed a version
(eEBext) that suppressed event-triggered extrapolations
when chattering could occur.

Using event-based (eEB, eEBext) instead of stiff (eDS)

extrapolation horizons, a more efficient coding is possible

since slow changing environments can be encoded with a
higher compression ratio. The simulations showed that both
algorithms outperform a compression algorithm with stiff

extrapolation horizon (eDS). The new algorithms enable
constant, freely adjustable upper bandwidth limitations,

while reducing the mean used bandwidth. For a final

evaluation of the proposed algorithms a psychophysical
study is necessary to identify the perceptual transparent
compression ratio and a useful values for considerable

! I ! I ! |

94,4 94,6 94,8 95,0

Time t [s]

Fig. 7. Experiment: Stable telepresence was performed thigh new
compression algorithms applied. The chattering effecteggied by eEB
became salient in the force data. The extension of the #goreEBext
successfully suppressed this effect and approximatiofaeg were similar
to eDS.

changes in the environment.
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Communication time was set to one sample time step, in
order to start with a high fidelity system. 1

2) Participants, Stimuli, and Procedurefhe experiment
was conducted with a single participant operating the pres-
ence system in three different environments. The stiff envil
ronment had a compliance of 2 mm/N, the soft environment
had a compliance of 14 mm/N, the third environment was
free space having infinite compliance. The operator arbill
trarily commanded the teleoperator to the different envi-
ronments. The experiment was designed to analyze the two
algorithms (eEB, eEBext) objectively, i.e. for each algjom
a certain trial was conducted and objective velocity anddor
information was recorded. 5
B. Results and Discussion

Stable telepresence could be performed with our comis]
pression algorithms applied. A cutout of the experimental
trajectory showing force data is depicted in Fig.7. The
chattering-effect generated by eEB is reduced using thé&l]
extended event-based extrapolation eEBext. Descrigtivel
nearly no difference between the old eDS and eEBext could
be registered, despite the overall increase of compressidfl
ratio. Since the operator’s command signal was different in
each trial, an objective comparison between the algorithmgy)
was not possible with this experiment, but the main features
could be illustrated. [10]

VI. CONCLUSIONS AND FUTURE WORKS 11

Based on the passive, extrapolative compression strategy
proposed in [1], we developed new algorithms that perform
passive, extrapolative compression with an environment-
depending extrapolation horizon. The first algorithm (eEB)
starts a new extrapolation each time an event is triggered,
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