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Summary. Transparency — in the sense that the technical systems and commumitettio
work should not be felt by the human — is one of the key issues in telershmtittrol design.
The communication characteristics is one of the crucial factors for thievable transparency
level in bilateral telerobotic control architectures. Especially time delaysiting from the
communication network between the operator site and the tele-robot iodates the realis-
tic (transparent) perception of the remote environment. The quantitatalgsis of the time
delay influences on transparency is the major goal of this chaptemitatimeasures along
with human haptic perception characteristics play a key role when evaluedimgparency.
The guiding questions for this chapter are: how does constant time deldifyrthe mechan-
ical properties displayed to the human, and can the human perceivéstioididn or not. The
mass, spring, and damper characteristics as displayed to the humderiaesl as function
of the time delay and the environment parameters. Known psychophyaats are applied
to analyze and interpret the results from a human perception point of Viesvresults are
validated in simulations, experiments, and human user studies.

1 Introduction

The communication between the operator side with the mudtital human system
interface and the remote side with the telerobot typicalkes place over a commu-
nication network as depicted in figure 1. As a result the nmotad force signals

arrive delayed at the corresponding receiver side. Ingtt8aletelerobotics applica-
tion the transmission time delay is typically in the rangesofme milliseconds up
to several hundred milliseconds depending on distance amineinication infras-

tructure; in space application the data transmission maiyydake several seconds.
Time delay in the haptic feedback loop represents one ofdlgeckallenges in con-
trol design with respect to stability and transparency.hélit appropriate control
measures even small time delay may destablize the telécatysttem [1] resulting

* This research has been performed while the first author was with ttierfe®f Automatic
Control Engineering, Technische Unive&iMiinchen, D-80290 Munich, Germany.
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Fig. 1. Telerobotic system with transmission time delay.

in a severe hazard to the safety of the human and the remdtemment. The wave

variable (scattering) transformation introduced in SBtf®? represents one of the
most prominent control approaches to stabilize the tetwrolsystem with time de-

lay, see also [2, 3]. Stability is guaranteed for arbityaldirge constant time delay.
Nevertheless, the time delay value has a significant infeeendransparency.

Transparency — in the sense that the technical systems amahwoication net-
work should not be felt by the human, i.e. the operator shfadtas if directly being
present and active in the remote environment — is aside ftahilisy one of the key
issues in telerobotic systems. Ideally, the human opefatds as if directly inter-
acting with the (remote) task [4]. This is expressed in fpamnsncy criteria requiring
that mechanical properties of the environment are exacthsmitted to the human
operator, motion and forces at the master and the slaveadshi@muld be equal [5, 6].
Naturally, there is a trade-off between transparency ahdstostability in all control
schemes, i.e. ideal transparency is not achievable inystdss [6—8]. Transparency
further deteriorates in telerobotic systems with time gela the bandwidth of the
closed loop system has to be severely reduced in order teacktability [9]. If
the time delay between operator action and the correspgtdiptic feedback is too
large the telerobotic systems becomes inoperable. N&lesth direct haptic feed-
back is still beneficial for task completion even with a sfgint time delay of up
to one second as experimentally validated in [10, 11]. Otyygcal communication
effects like time-varying delay and the loss of data addailty influence stability
and transparency, but are beyond the scope of this chaptetoRtrol architectures
considering time-varying delay refer to [12—-17] and for ketdoss to [18-21]. A
transparency analysis considering communication effeotse found in [22].

Main focus in this chapter is ohow constant time delay and the tuning of the
control influence the human perception of the remote enmient. Thefeel of the
human is essential, hence, the consideration of humanréaitan important is-
sue for transparency evaluation. The transparency mesaknosvn from the litera-
ture, such as the maneuverability index [5], impedancer erooms [23], or the Z-
width [24] are well-suited for the comparison of control eofes in technical terms.
However, the interpretation considering human factordfficdlt. One of the main
contributions of this chapter is a time delay transparemahesis from a human hap-
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tic perception point of view using methods and results fraycpophysics. Humans
may not discriminate arbitrarily small differences in a picgl quantity, expressed
by thejust noticeable differenc€IND). Numerous psychophysical studies on the
JND of mechanical impedance parameters, such as stiffaés26], inertia [27],
and viscosity [27, 28], exist. These results are applietiénttansparency evaluation
on the basis of a comparison between the mechanical pananoéténe impedance
transmitted to the human operator and of the real envirohingmedance. Exem-
plarily, the widely used wave (scattering) variable cohéqoproach, see Secti®?
and [2, 3] for details, is considered in the analysis. Forragarison of other control
schemes using a similar approach refer to [29]. Using a leguency approxima-
tive analysis based on a Rafirst order model for the time delay it is shown that
environment mechanical parameters are distorted by corication time delay and
the wave (scattering) variable approach, i.e. a) in freeepaotion communication
time delay introduces artificial inertia; b) stiff enviroemts are displayed softer; c)
displayable stiffness is upper bounded; d) environmeffnetis discrimination is
limited; e) as a result there is a detection threshold fatied changes in time delay.
The results are analyzed from a human perception point ef usgng psychophys-
ical insights of JNDs for mechanical parameters; designeissare discussed. The
results are validated in experiments and human user stuttesremainder of this
chapter is organized as follows: in Section 2 transpareregsures and psychophys-
ical aspects are reviewed. Section 3 provides the objetimsparency analysis fol-
lowed by a perception oriented analysis in Section 4 andyddssues in Section 5.
Experimental validation results are presented in Section 5

2 Background

In the following the state of the art in transparency analgsid the psychophysical
results, related to this work are briefly reviewed. Furthex assumptions for the
subsequent analysis are clarified.

2.1 Transparency

The telerobotic system design goal is that the human carietihguish between
direct interaction with an environment and teleoperatéeraction with an remote
environment. Then the system is callednsparent Ideally the human feels as if
directly performing the task in the (remote) environmerjt fccording to [5] a
system is transparent if the positions and forces at masteslave device are equal,
i.e.xp = z. andf, = f.. The derived transparency measure, called maneuveyabilit
comprises two values based on the integral norm in the fremudomain for the
transfer functions in operator force to position error apdrator force to force error,
respectively. Small values indicate a good level of trarspay. Alternatively, in [6]
for transparency the equality of the impedance transmittétte human operator and
the environment impedance is required

Zt = Ze7 (1)
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see figure?? for a visualization of these impedances. Measures derirad this
criterion are integral impedance error norms in the fregyestomain as applied
in [23] and the Z-width [24], which expresses the dynamigeanf the impedance
transmitted to the operator. It is quantified for the two exte values of environ-
ment impedanceZ, = 0 (free space motion) and. — oo (infinitely stiff wall).
Accordingly, transparency is good #; — 0 and Z, — oo, respectively. All men-
tioned transparency measures are well-suited for thetqtieé comparison of con-
trol schemes, however, a direct relation of the obtainedesto psychophysical
findings and such the interpretation using human hapticepgicm characteristics is
difficult.

2.2 Human Haptic Perception

The level of transparency, according to the transpareniiyitien, can be interpreted
as the human perceived performance of the telerobotical®ystem. Hence thieel
of the human is essential for transparency evaluation. Tasome thiseeldepending
on physical stimuli is the goal of psychophysics, which is bianch of psychology
concerned with the quantitative relation between physitiaduli and the sensations
and perceptions evoked by these stimuli, see [30] for a cehgorsive introduction.

It is well known that the human cannot discriminate arbityamall differences
in a physical quantity, expressed by {bst noticeable differenc@ND), the smallest
difference in a sensory input that is perceivable by a hunedamgb For many sensory
modalities the JND is an increasing function of the basel lef/énput. For most
force-related physical properties the ratio of the two isgtdly constant over a large
range [31] and can therefore be represented by Weber’s 2w [3

Ao @

where/ is the original intensity of stimulationA! is the addition to it required for
the difference to be perceivable, anis the Weber fraction. Discrimination thresh-
olds for mechanical parameters such as stiffness, inaniyiscosity are typically
given as the percentual change with respect to the origmahsity of stimulation.
Accordingly, we will refer to the percentual discriminatithreshold as JND in this
chapter. Some of the most relevant JNDs for haptic telerolsgstems are summa-
rized in Table 1.

Table 1. Perceptual discrimination thresholds (JND) for haptics related propertie

[Physical propertyJND [%]  [Experimental conditions |
Stiffness 23 + 3 [25]|arm/forearm, cross-limb-matching

8 [26]|pinch-fingers, work/maximum force applied
Viscosity 34+ 5 [28]|arm/forearm, cross-limb-matching, 20 Ns/m

13.6 + 3 [27]|pinch-fingers, at 120 Ns/m
Inertia 21 £ 3.5 [27]|pinch-fingers, at 12 kg
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Remark 11t is well known that the experimental conditions have a gigant influ-
ence on the results gained in psychophysical experimehts.ekplains the in some
cases wide variation for JINDs. Additionally, some paramsets e.g. inertia, are sus-
pected of not [33] following Weber’s law given by (2). As ttesults are empirically
obtained, they generally represent a statistical quantéy individual differences
exist.

2.3 Assumptions

For discussion simplicity the following assumptions aredmdor the subsequent
transparency analysis:

Al A telerobotic system with one degree of freedom (1DoF)sisuaed, with the
master and the slave device being kinematically similar.eXtension of the
proposed approach to the more general case is straightfibifvene cartesian
directions in the master and the slave device are dynamidattoupled which
can be achieved by appropriate local control.

A2 The slave device is assumed to be controlled such thaivitsdynamics is neg-
ligible, i.e. the slave device velocity is equal to the dedislave device veloc-
ity v, = v, = v?, see figure??. The same assumption is made for the master
device, such that the force displayed to the human is equbEtdesired master
force f, = f{. The extension to the case with non-negligible master aaeesl
dynamics is discussed later in this chapter for the 1DoF.cHse extension to
multi-DoF devices with non-negligible dynamics is strafghward in the case
of decoupled cartesian directions which can be achievedpbyoariate local
control.

A3 Assume that the environment impedangg can be approximated by a linear
time-invariant (LTI) system, which is valid for most consiéd environments.
The environment impedance can then be represented by thefergunction
Z.(8) = fe(s)/ve(s) with s = o + jw denoting the Laplace variable.

A4 The time delaydl, T> in the forward and backward path, respectively are as-
sumed to be constant and arbitrarily large.

A5 The wave (scattering) variable control approach is &gl stabilize the overall
telerobotic system in the presence of constant time dedaySectior?? and [2,3]
for details.

3 Transparency Analysis

The existence of IND results for mechanical impedance pteamsuch as stiffness,
damping, and inertia encourage a transparency evaluagisedbon the comparison
of the parameters of the impedance displayed to the humathamdal environment
impedance. Another advantage is that the analysis can ci@miyy be performed

in the frequency domain. The goal is to derive the display#ithess, damping and

inertia depending on the time delay value. Therefore thelayged impedanc#; is
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expressed as function of the round-trip time délay: T + T5 and the environment
impedanceZ. . Straightforward manipulation of the equations for the gvéscatter-
ing) variable transformatior?®) with f,, = fx, v, = v, Using assumptions A1-A5
yields
1+ R(s)e T Ze(s)—b
2) =R et Zo(s) + 0’ )
whereb > 0 represents the wave impedance, the parameter of the waatte(sc
ing) variable transformation. Note that for zero time del@y= 0 the displayed
impedance is equal to the environment impedance, meargadjtidinsparency in the
sense of (1). For non-zero time delay the displayed and@mvient impedance dif-
fer in general. Due to the delay element the transfer fundiims an infinite number
of poles and zeros rendering the interpretation of the djsgd impedance as sim-
ple mass-spring-damper system difficult. Therefore, thesfer function from (3) is
approximated by a lower order system.

with  R(s) =

3.1 Analytical Low Frequency Approximation

The approximation of the displayed impedance transfertiondgs derived employ-
ing the commonly used Paderies of finite order to approximate the delay transfer
functionse=*7 in (3). The order of the displayed impedance approximatigmetids

on the orderV of the Pa@ approximation. A Pa&approximation of ordeV is valid

for frequenciess < N/(3T). In order to simplify the analysis the time delay element
is approximated here by a first order, ifé.= 1, Pac series

T
—sT,\,lifs
~ T -
1+§S

(4)

This comes at the cost that for large round-trip time dela&yapproximation valid-
ity range does not fully cover the frequency range of humampiporeceptive and
kinesthetic perception (up to approximately 60 Hz). Iriggr{4) in (3) yields the
approximated displayed impedance

2Z.(s) + bT's
2b+TsZ.(s) ®)

In accordance to the limited frequency range of approxiomatialidity for further
analysis this transfer function is split into a low frequgmomponentZ;7% and a
high frequency componeidt, ¢

Z™(s) = Z{7(s)Fny (s) (6)
with the high frequency component having approximateltyugain at lower fre-
guencies. The componeut, ’l’p represents a good approximation of the low fre-
quency behavior of the dlsplayed impedance. The mechapa@meters of the
approximated displayed |mpedan(Z§"pp can be derived analytically as a func-
tion of the round-trip time delay’, the wave impedancg, and the environment
impedanceZ., which is exemplarily carried out in detail for the protoiygl cases
free space motioandcontact with a stiff wall

Zy(s) = Z;™(s) =
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Fig. 2. Amplitude/frequency characteristics of the exact and the approximaspthged
impedance iriree space motian

3.2 Analysisfor Prototypical Environment | mpedances
Free Space Motion

In free space motion, no environment force is exerted ondleedbotf, = 0, i.e. the
environment impedance &. = 0. The exact displayed impedance (3) is

1—e 5T

@)

Inserting the environment impedance into (5) gives the @ppration of the dis-
played impedance valid for low frequencies

1

Z™M(s) = : 8
) = mes ®)
with W

The lefthand partsm, in (8) represents the dominant low frequency compo-
nentZ;h; from (6). The righthand factor is the high frequency compuri, ; sat-
isfying |F},(0)| = 1. The similarity of the exact and the approximated displayed
impedance for low frequencies can also be observed fromftiegjuency responses
for a simulated example, see figure 2. The displayed impediaran inertia with the
massm; (9). A similar result is presented for the static case in [34]validity is
extended here to a low frequencies.

Contact with a Stiff Wall Environment

In contact with a stiff wall, a force proportional to the walkknetration depth with
the stiffness:, acts on the teleoperator; the environment impedance isideddy
the transfer functiol. = k./s. The exact displayed impedance (3) is

ke +bs+ (ke — bs)e*T

Zu(s) = .
) = b s = (ke —b)e—T

(10)
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Fig. 3. Amplitude/frequency characteristics of the exact and the approximaspthyged
impedance ircontact with a stiff wall

The approximation (5) of the displayed impedance for lowfiency is analogously
computed to théree space motionase

k bT
7Py = 2 (1 2 11
t (S) S + 2ke S ( )
with ) ) T

The lefthand factoZ:" = k, /s is the low frequency component from (6). The right
hand factor in (11) exhibits high pass behavior satisfyifg (0)| = 1. A simulation
example in figure 3 shows the frequency responses for the exacthe approx-
imated displayed impedance, which are similar at low fregies. The displayed
impedance ircontact with a stiff walkexhibits a springlike behavior at low frequen-
cies, however, with a lower stiffnegs than the environment stiffness, see also
figure 3. As observable from (12), the communication sulesgshcluding the wave
(scattering) variable transformation can be interpreted eod with a stiffness coef-
ficient2b/T in mechanical series connection with the environment.

4 Perception oriented Time Delay Transparency Analysis

On the basis of the above analysis and taking into accouativelhuman perception
limitations we obtain the following insights along with dgs guidelines for bilateral
telerobotic systems.

4.1 Communication Induced I nertia Perception

In free space motioan inertia is displayed to the human operator even though no
inertia is contained in the environment. The inertia chizrdstics is induced by the
wave (scattering) variable transformation and the comuaiitn delay. With in-
creasing round-trip time delay and wave impedanck the displayed inertian,
proportionally grows (9) as shown in a simulation examplédare 4. Given a time
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Fig. 4. Displayed inertiam; in free space motiodepending on round-trip time deldy and
wave impedancé.

delayT > 0, free space motion is transparent in the sense of (1)yi;e= 0, only
if b = 0 which is unfeasible in terms of the tuning requiremént 0. Considering
human perception, an inertia is not perceivable if it is tietbe absolute human
perception threshold\m for inertia.

Example 1Lets assume free space motion of the slave device, a comatiamic
round-trip delayT = 200 ms, typical for the communication over the Internet,
and the wave impedance tuned #te= 1 Ns/m. Then the operator feels an iner-
tia m; = 0.1 kg. If the wave impedance is chosen to be- 1000 Ns/m then the
displayed mass is already increasedtp= 100 kg.

4.2 Communication Induced Stiffness Reduction

If the environment exhibits spring characteristics a satlly reduced stiffness is
displayed to the human. The environment feels softer thagalty is. The displayed
stiffness coefficient (12) nonlinearly depends on the comipation time delay as
shown in figure 5 for different environment stiffness valuleeal transparency in
the sense of (1), i.&; = k., is not achievable for non-zero time delay. Considering
the human haptic perception limits, however, a transpardagradation should not
be perceivable if the displayed stiffness is within the JMbDge of the environment
stiffnessk; > (1 — INDy)k. with 0 < JND; < 1 the stiffness JIND. Accordingly, a
stiff environment appears transparent to the human evarofoizero round-trip time

delay as long as it satisfies
IND, 2b
T< ————— 13

< 1_JINDy ke (13)
which follows from inserting (12) in the previous equatidtote, that increasing
environment stiffness reduces the allowable time delaygimatn contrast, a high
value of the wave impedandeincreases the delay margin, and reduces the impact
of the time delay on stiffness reduction as observable frb®), (i.e. increases the
transparency of stiff environments. This, however, cdlitia the design rule for
free space motion. Good transparency in free space motidrfaararbitrary stiff
environments is not achievable at the same time.
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Fig. 5. Displayed stiffnes&: in contact with a stiff waldepending on round-trip time del&dy
and environment stiffneds..

Example 2Consider a stiff wall withk. = 30000 N/m, and the wave impedance
tuned tob = 1 Ns/m. Already a very small round-trip delay ®f= 1 ms substan-
tially decreases the displayed stiffnesskto= 1875 N/m, a reduction by 94%. At

a delay of T'= 200 ms the operator perceives only a stiffnessipf= 10 N/m,
hence 0.03% of the environment stiffness. Contacting a sofironment with

ke = 10 N/m, see figure 5, the displayed stiffnes§’at 1 msis stillk; = 9.95 N/m,
atT = 200 ms stillk; = 5 N/m. Increasing the wave impedance for the hard wall to
b = 1000 Ns/m atT = 200 ms the displayed stiffness i = 7500N/m. Note the
increased inertia in free space from the previous exampletivese values.

4.3 Communication Induced Stiffness Bound

The displayed stiffness (12) cannot exceed

Fumax= Jim_ky = o
This result is also indicated by the asymptotic behavior hed tlisplayed stiff-
ness for increasing environment stiffness shown for a sitrarl example in fig-
ure 6. Considering the psychophysical fact that the humals f& wall to be rigid
for k; > 24200 N/m [35] it becomes clear that only for a very small time dedag a
very large wave impedandea rigid wall can be realistically displayed with this con-
trol architecture. For large time delay the stiffness, eggly in case of hard walls, is
not transparent. Appropriate tuning (high values) of theenimmpedance increases
the transparency in terms of the maximum displayable s&fn

(14)

Example 3Assuming a communication deldy= 200 ms with a wave impedance
tuned tob = 1 Ns/m the maximum displayable stiffness is o&ly,,q. = 10 N/m.
Any stiff environment feels very soft.

4.4 Bounded Displayable Stiffness Difference

In some tasks not only the absolute value of the displayéfdess is important but
also the possibility to distinguish between various stiff’ieonments. This is es-
pecially important for e.g. tele-surgery applications enddifferent characteristics
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Fig. 6. Displayed stiffnes&; depending on environment stiffneksand wave impedande

have to be distinguished. As indicated by the asymptoti@biehn of the displayed
stiffness in figure 6 at higher values of the environmenfretgs, a stiffness differ-
ence in the environment results in a smaller difference endilsplayed stiffness.
However, a difference between a reference vafiand a valuek, of the environ-
ment stiffness is perceivable by the human only if the cpwasging percentual dif-
ference in the displayed stiffness

Sky = |ky — K| /KD (15)
is larger than the stiffness JND

2b6k,

Ok = % 1 Th > IJNDy (16)
with the percentual difference in the environment stifgws. defined analogously
to (15) and the displayed reference stiffné$s= k; (k) according to (12). The per-
centual differencék;, of the displayed stiffness and the environment stiffridssis
equal only for the marginal cases of zero délay: 0 or infinite wave impedande— oo.
At high delay and high environment stiffness, a large diffexe in the environment
stiffness may result in a non-perceivable difference ofdlsplayed stiffness. Ac-
cording to (16) the appropriate tuning (high values) of thevevimpedance in-
creases the transparency in terms of the range of envirarstifness where a dif-
ference is perceivable by the human.

Example 4Lets assume a communication dela¥'is= 200 ms and the wave impedance
tuned tob = 1 Ns/m. If the environment stiffness coefficientiis > 40 N/m than a
difference taanylarger environment stiffness is not perceivable under 8%-dND
assumption.

4.5 Just Noticeable Difference for Time Delay

So far the distortion induced by the absolute value of thetdalay has been in-
vestigated. This section discusses when a relative inerefighe time delay can
be perceived by the human operator. Assuming that the deéffgyeshce is hapti-
cally perceived only by the difference in the mechanicapprties of the displayed
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impedance, the just noticeable difference for time delaylmderived from the re-
sults from Section 3.2 and the well known JND’s for mechangraperties. This
result is interesting with respect to the design of controhaectures for telerobotic
sytems over the Internet coping with time-varying delayevedata buffering strate-
gies, as e.g. in [19], introduce additional delay. If the iiddal delay results in
a distortion below the human perception threshold then mmgé in transparency
should be perceived.

The inertiam? = m,(T°), see (9), and the stiffnegd = k,(7°), see (12), rep-
resent the displayed mechanical properties at the referéme delay®. An addi-
tional time delayAT = T — T° > 0 results in a further increased displayed inertia
in free space motioand further reduced displayed stiffnessciontact with a stiff
wall. The further distortion due to the time delay differenceust jnoticeable by
the human if the corresponding percentual difference ofdibplayed mechanical
property is equal to the JND

(@) 0my(T°, AT) = IND,, (b) 6ki(T°, AT) = IND,,,  (17)

where §m; denotes the percentual difference of the displayed indetimed similar
asdk, in (15), and JND), the inertia JIND. The just noticeable time delay difference
is computed straightforwardly using (9) and (12) in (17H4a)l (b), respectively. In
free space motioa time delay difference is expected to be just perceivablthby

human if AT
Obviously, the just noticeable time delay difference irefepace motion follows a
linear law similar to Weber’s law, see Section 2.2cbntact with a stiff wall time

delay difference is expected to be just perceivable by thmeamuif

gi JIND, (2b +1>
70  JIND + 1 \ k70 ’

(19)

In contrast to the free space motion case, the just notiegabk delay depends on
the environment stiffness., the wave impedandeand the reference time del&sy.

In both cases, the absolute just noticeable differeti€¢ancreases with the reference
time delay. Accordingly, any additional time delay shoulddyvoided in the haptic

telerobotic system, especially if the reference time dedamall. At high reference

time delay an additional delay may not further perceivatdgrdde transparency. In
consequence, if buffering strategies in telerobotic systevith time varying delay

induce an additional time delay below the just noticeabfteince, then human

perceived transparency is not further degraded. For furdsults on the influence
of communication effects on transparency refer to [22].

Remark 2For the transparency analysis in this chapter the envirohiseassumed
to be constant. Dynamic transitions between differentrenvnents, e.g. from free
space motion to contact with a stiff wall, also have an infageon the perceived
transparency as indicated in [36]. The analysis requirferdit techniques and is
beyond the scope of this chapter.
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Remark 3The displayed impedance parameters in (9) and (12) areedefir the
wave (scattering) variable approach. Consequently, sliltgin equations (14), (16),
(18), and (19) are valid only for this specific control arebture. A perception ori-
ented transparency analysis of other control architestigrstraightforward by using
the corresponding expressions for the parameters of tiptagiesd impedance, e.g.
from [29].

5 Perception oriented Design Aspectsin Real Telerobotic Systems

The tuning of the wave impedanéehas a high impact on the transparency of the
communication subsystem as observed in the previous secfithe transparency
criterion (1) requires for free space motibr- 0 as observable from (9). In contact
with a stiff environment, time delay has no influence on tpamency ifb — oo,
see (12), (14), (16). These are contradicting design rtifeg,can be relaxed by
considering human haptic perception and a real telerokgttem as shown in the
following.

In real telerobotic systems with limited control input atbustly designed con-
trollers the dynamics of the master and the slave deviceriergdly not negligible.
As a result, even without time delay transparency in theesehgl) is not achievable.
In the following, master and slave dynamics refers to thallgaontrolled device
dynamics.

In free space motion, at least the inettig, induced by the master dynamics is
displayed to the human. If the wave impedance is chosen

2
b < TJNDmmm, (20)

then the displayed overall inertia, the sum of the masterth@dommunication in-
duced inertia, is within the JND range of the master inertia< (1 + JND,,,)m,,
as straightforward derivable from (9). No additional conmigation induced trans-
parency degradation should be perceivable by the human Ttnenoriginal design
requirement — 0 is relaxed.

In order to avoid contact instability or oscillations, tHave device is typically
compliance controlled. The resulting stiffnéss,. of the slave device together with
the environment computes from the environment stifffiesand the stiffness:,
of the compliance controlled slave device according to teak connection of
springsk, . = k-1 + k; L. If the wave impedance is chosen to be

T —1

b> §(JNDk —Dkgye, (21)
then the communication induced reduction is within the Jidbge of the combined
slave device/environment stiffnegs > (1 — JNDk)ks/e. The upper bound of the
slave device/environment stiffnessp,_ £, . = limg, .o ks/e = ks, 1.€. the slave
device compliance, determines the lower bound of a traesgigrdesigned wave
impedance (21). Clearly, the original transparency requirementgtiercommuni-
cation subsystem design— oo are relaxed by (21).
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Example 5The haptic input device ViSHaRD10 [37] displays without ¢irde-

lay an inertia of at leasin,, = 8 kg. With a for the Internet realistic round-trip
time delay of 7" = 160 ms and a inertia JND assumption of IND= 21% [27]

for communication transparent design in free space motienvtave impedance
shouldb < 21 Ns/m (20). In contact with a stiff wall, assuming a slave deviom-
pliance ofk, = 900 N/m as in [38] and a stiffness JND of 23% [25], the wave
impedance should fe> 241 Ns/m (21). The gap between the design requirements
for the wave impedandefor free space motion and contact with a stiff wall derived
from the strict transparency criterion (1) become smaljecdnsidering human per-
ception aspects and the real telerobotic system.

6 Experiments

In the first experiment the dependency of the displayed irapeel parameters on
the round-trip time delay obtained in Section 3 by (9), (KYalidated. In the sec-
ond one, a human user study is conducted on how a relativeaserof time delay
further degrades the human perceived transparency. Indspiriments, the proto-
typical cases ofree space motioandcontact with a stiff wallstiffness coefficient

k. = 12.5 kN/m) are investigated.

6.1 Experimental Setup

The experimental setup, see figure 7, consists of a singledag-freedom force
feedback paddle, refer to [39] for more details, conneabteal PC. The paddle DC
motor torque is controlled by the PWM amplifier. The force agplto the paddle
lever is measured by a strain gauge bridge, the positionefdber by an optic
pulse incremental encoder. A virtual environment is ussted of a real slave de-
vice/environment in order to seperately consider the pyptoal environment sce-
narios, especially in the human user studies. The virtuar@mment, the control
loops, the model of the communication subsystem with diffieconstant delay and

Master device PC RT Linux
M Virtual environment
’ (free space or

Strain
gauges

" bilateral stiffness)
| 1y

Communication line

Pwrg with constant time delay
o and wave variable
transformation

Sensoray
S626 10 Y

y ADC
Encoder —®| Counter

=N

>3

O
-
E
im

Fig. 7. Experimental system architecture with a 1DoF telerobotic system.
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B Free space motion =

experimental result =

0 50 100 150 200 250 300 350 400
(@

Contact with a stiff wall | Specific results:

N |ke=12.5kN/m ® k;(2ms) = 6.1kN/m

\ ® j,(100ms) = 1.6kN /m

Fig. 8. Experimentally obtained displayed inertia: (a) and stiffness: (b) depending on
round-trip delayl” compared to theoretical results.

the wave (scattering) variable transformation with a wawpédanceé = 125 Ns/m
are composed of MrLAB/SIMULINK blocksets; standalone realtime code for RT
Linux is automatically generated from that. All experimentere performed with a
sample time interval’y = 0.001s.

6.2 Objective Measurements

The displayed inertian, in free space motion and the displayed stiffnkgsn con-
tact with the wall are determined depending on the roungtitmie delay that is varied
within the intervalT € [5, 400] ms. The parameters; andk; are determined by a
least squares identification from the measured slave postid slave force signals.
The results for the displayed inertia in free space motiesaown in figure 8 (aj,
and for the displayed stiffness in contact in figure 8 (b). Theoretically obtained
dependencies of these parameters on the round-trip tirag deden by (9) and (12)
are convincingly validated. The slightly reduced stiffnesd the higher inertia in
the experiments result from the limited bandwidth of thesmwmatively tuned force
control loop at the slave.

6.3 Human User Study

The hypothesis to be validated is that at low reference timaydthe relative
time delay increase detection threshold is smaller tharight feference time de-

3 The inertia results fof” < 100 ms are missing because of numerical unreliabilities in the
least squares estimation.
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lay, see Section 4.5. Four experiments with 7 subjects (29e®0, 3 female, 4
male) were performed for two different reference roung-tiine delaysr® = 2ms
andT° = 100 ms for each of the considered prototypical cases space motion
andcontact with a wallusing the same parameters as in the foregoing experiment.
The subjects were told to operate with their preferred hammy were equipped
with earphones to mask the sound the device motors genélateisual feedback

of the virtual environment was provided. The subjects werterefunded. During a
familiarization phase subjects were told to feel operafiwrthe reference round-trip
delay configuration. As soon as they felt familiar with thetseyn the measurement
phase began.

Procedure

In order to determine the detection thresholds for the tiglayddifference the three
interval forced choice (3IFC) paradigm has been appliedchvis a common ex-
perimental tool in psychophysics to determine detectioesimolds in human haptic
perception [30]. The main feature is that the subjects agsgmted three consecu-
tive time intervals, 20s duration each, two with the refesemalueT™® of the time
delay, one - randomly chosen which - with a different timeagtelalueT’. The sub-
ject has to tell which of the intervals felt different. Stag from a non-perceivable
delay differenceAT this value is increased after every incorrect answer umtie
consecutive correct answers on the same valifeare given. No feedback on the
correctness of the answer was given. Three of these passperéormed, the mean
value over the passes is considered the subject specifitngiisation threshold. The
experiment started with a delay ®%ms = 3 ms ({10oms = 103 ms), i.e. a delay dif-
ference ofAToms = 1 ms (ATigoms= 3 Ms), where value§),msindicate a reference
round-trip delay ofl;, = 2ms, and accordingly:)10omsrefers toTy = 100 ms.

Results

The results for all four experiments are shown in figure 9, neh&7" denotes the
average over all subjects, see also the first row in Table 2exfsected from the
theoretical results in Section 4.5, in both scenarios, Wieeaaye detected delay differ-
ence is smaller for low reference time deldf5ms < AT 100ms. The Student’s test is
performed giving a statement about the statistical siganifie of the discrimination
thresholds differenc€AToms — ATi00ms). Even with this rather small number of
subjects, forcontact with a stiff walthe mean discrimination threshold for low ref-
erence delay is statistically significant (95%) smallentfa high reference delay.
For free space motioit is not significant (90%) in a statistical sense: As expécte
time delay is more crucial for the transparency degradatiovery stiff environ-
ments. For a cross check the percentual differences (16gdafisplayed inertiém.
and stiffnessik; corresponding to these just noticeable time delay diffegsrare
computed using the results from the previous experimemtekample, the average
discrimination threshold\T»,ms = 10 ms forcontact with a stiff waltorresponds to
a percentual difference in the displayed stiffness/of oms = 20 %. The percentual
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Fig. 9. Results of human user study: discrimination thresholds for time d&l&t reference
time delaysTy = 2ms (a), (b) andly = 100ms (c), (d) for free space motion (a), (c) and
contact with a stiff wall (b), (d).

differences, see Tablé 2are all in the range of the JNDs reported in literature (for
stiffness: 8% [26](23 &+ 3)% [25], for inertia(21 +3.5)% [27]), see also Table 1 for
comparison.

In summary, the results indicate, that the discriminatfaeshold for time delay
is lower for low round-trip delay as predicted in Section.4A&cordingly, any ad-
ditional time delay should be avoided if the communicatiehas is very low. For
high communication delay some additional delay does nahéurdegrade human
perceived transparency.

Table 2. Results of human user study: Average detected delay differenceamdponding
percentual parameter differences for different reference tirtasy/si&;.

Free spaceFree space| Contact| Contact
To = 2ms|Tp = 100ms|| Ty = 2ms{Tp = 100ms|
AT ms]| 14 [ 19 [ 10 15
[m? —my| [kg]] n.al 0.048
Sme [%]]] n.al 17
[EY — k| [KN] 1.2 0.16
Okt [%] 20 10

4 As the inertia forT, = 2ms could not be identified from the sensor signals in the fore-
going experiment, the corresponding percentual difference in inagtiavailable (n.a.) in
Table 2.
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7 Conclusions

The consideration of human factors is important for the giesind evaluation of
telerobotic systems. In this chapter a method for the tramsy analysis of haptic
telerobotic systems is presented with the goal to quartiéydegradation induced
by communication time delay from a human perception poini@f. Therefore the
effect of constant time delay and of the wave (scatteringpiste control approach
on the mechanical properties displayed to the human is 2@@ly he interpretation
of the results using known psychophysical facts revealomapt insights with im-
plications for the control design and the range of teledapfibns depending on the
communication time delay: a) in free space motion time dét&pduces artificial
inertia; b) stiff environments are perceived softer; cptigable stiffness is upper
bounded; d) environment stiffness discrimination is ledite) there is a detection
threshold for relative changes in time delay. Nevertheleesl transparency requir-
ing the displayed impedance to be exactly equal to the emviemt impedance is not
necessary for the telerobotic system to be perceived taa@spby the human. The
consideration of human haptic perception limits leads kel design requirements
still guaranteeing human perceived transparency. Psysisigally motivated design
guidelines for the wave impedance as well as upper time dsdayds for human
perceived transparency are derived in this chapter. Thepikeable difference for
time delay gives implications for the design of telerobsiistems with time-varying
delay. The obtained results are validated in experimerd$aman user studies.

The approach in this chapter constitutes a first step towaardsnan perception
oriented analysis of the time delay on the transparencyitiBgachallenges incor-
porate the systematic human perception oriented transpammnalysis of general
communication unreliabilities, and a rigorous human patioe oriented design of
multimodal, multi-DoF telerobotic systems.
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