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Summary. Transparency — in the sense that the technical systems and communication network
should not be felt by the human — is one of the key issues in telerobotics control design. The com-
munication characteristics is one of the crucial factors for the achievable transparency level in
bilateral telerobotic control architectures. Especially time delay — resulting from the communica-
tion network between the operator site and the tele-robot — deteriorates the realistic (transparent)
perception of the remote environment. The quantitative analysis of the time delay influences on
transparency is the major goal of this chapter. Technical measures along with human haptic per-
ception characteristics play a key role when evaluating transparency. The guiding questions for
this chapter are: how does constant time delay modify the mechanical properties displayed to the
human, and can the human perceive this distortion or not. The mass, spring, and damper charac-
teristics as displayed to the human are derived as function of the time delay and the environment
parameters. Known psychophysical facts are applied to analyze and interpret the results from a
human perception point of view. The results are validated in simulations, experiments, and human
user studies.

12.1 Introduction

The communication between the operator side with the multi-modal human system
interface and the remote side with the telerobot typically takes place over a commu-
nication network as depicted in Fig. 12.1. As a result the motion and force signals
arrive delayed at the corresponding receiver side. In terrestial telerobotics application
the transmission time delay is typically in the range of some milliseconds up to sev-
eral hundred milliseconds depending on distance and communication infrastructure; in
space application the data transmission may easily take several seconds. Time delay in
the haptic feedback loop represents one of the key challenges in control design with
respect to stability and transparency. Without appropriate control measures even small
time delay may destablize the telerobotic system [1] resulting in a severe hazard to
the safety of the human and the remote environment. The wave variable (scattering)
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Fig. 12.1. Telerobotic system with transmission time delay

transformation introduced in Sec. 10.4 represents one of the most prominent control
approaches to stabilize the telerobotic system with time delay, see also [2, 3]. Stabil-
ity is guaranteed for arbitrarily large constant time delay. Nevertheless, the time delay
value has a significant influence on transparency.

Transparency — in the sense that the technical systems and communication network
should not be felt by the human, i.e. the operator should feel as if directly being present
and active in the remote environment — is aside from stability one of the key issues in
telerobotic systems. Ideally, the human operator feels as if directly interacting with the
(remote) task [4]. This is expressed in transparency criteria requiring that mechanical
properties of the environment are exactly transmitted to the human operator, motion
and forces at the master and the slave device should be equal [5, 6]. Naturally, there is
a trade-off between transparency and robust stability in all control schemes, i.e. ideal
transparency is not achievable in real systems [5, 7, 8]. Transparency further deterio-
rates in telerobotic systems with time delay as the bandwidth of the closed loop system
has to be severely reduced in order to achieve stability [9]. If the time delay between
operator action and the corresponding haptic feedback is too large the telerobotic sys-
tems becomes inoperable. Nevertheless, direct haptic feedback is still beneficial for
task completion even with a significant time delay of up to one second as experimen-
tally validated in [10, 11]. Other typical communication effects like time-varying delay
and the loss of data additionally influence stability and transparency, but are beyond
the scope of this chapter. For control architectures considering time-varying delay refer
to[12, 13, 14, 15, 16, 17] and for packet loss to [18, 19, 20, 21]. A transparency analysis
considering communication effects can be found in [22].

Main focus in this chapter is on how constant time delay and the tuning of the control
influence the human perception of the remote environment. The feel of the human is es-
sential, hence, the consideration of human factors is an important issue for transparency
evaluation. The transparency measures known from the literature, such as the maneu-
verability index [6], impedance error norms [23], or the Z-width [24] are well-suited
for the comparison of control schemes in technical terms. However, the interpretation
considering human factors is difficult. One of the main contributions of this chapter
is a time delay transparency analysis from a human haptic perception point of view
using methods and results from psychophysics. Humans may not discriminate arbitrar-
ily small differences in a physical quantity, expressed by the just noticeable difference
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(JND). Numerous psychophysical studies on the JND of mechanical impedance param-
eters, such as stiffness [25, 26], inertia [27], and viscosity [27, 28], exist. These results
are applied in the transparency evaluation on the basis of a comparison between the
mechanical parameters of the impedance transmitted to the human operator and of the
real environment impedance. Exemplarily, the widely used wave (scattering) variable
control approach, see Sec. 12.4 and [2, 3] for details, is considered in the analysis. For a
comparison of other control schemes using a similar approach refer to [29]. Using a low
frequency approximative analysis based on a Padé first order model for the time delay it
is shown that environment mechanical parameters are distorted by communication time
delay and the wave (scattering) variable approach, i.e. a) in free space motion communi-
cation time delay introduces artificial inertia; b) stiff environments are displayed softer;
c¢) displayable stiffness is upper bounded; d) environment stiffness discrimination is
limited; e) as a result there is a detection threshold for relative changes in time delay.
The results are analyzed from a human perception point of view using psychophysical
insights of JNDs for mechanical parameters; design issues are discussed. The results
are validated in experiments and human user studies. The remainder of this chapter is
organized as follows: in Section 2 transparency measures and psychophysical aspects
are reviewed. Section 3 provides the objective transparency analysis followed by a per-
ception oriented analysis in Section 4 and design issues in Section 5. Experimental
validation results are presented in Section 5.

12.2 Background

In the following the state of the art in transparency analysis and the psychophysical
results, related to this work are briefly reviewed. Further the assumptions for the subse-
quent analysis are clarified.

12.2.1 Transparency

The telerobotic system design goal is that the human cannot distinguish between di-
rect interaction with an environment and teleoperated interaction with an remote envi-
ronment. Then the system is called transparent. Ideally the human feels as if directly
performing the task in the (remote) environment [4]. According to [6] a system is trans-
parent if the positions and forces at master and slave device are equal, i.e. z;, = @,
and f;, = f.. The derived transparency measure, called maneuverability, comprises
two values based on the integral norm in the frequency domain for the transfer func-
tions in operator force to position error and operator force to force error, respectively.
Small values indicate a good level of transparency. Alternatively, in [5] for transparency
the equality of the impedance transmitted to the human operator and the environment
impedance is required

Zy = Ze, (12.1)

see Fig. 12.2 for a visualization of these impedances. Measures derived from this crite-
rion are integral impedance error norms in the frequency domain as applied in [23] and
the Z-width [24], which expresses the dynamic range of the impedance transmitted to the
operator. It is quantified for the two extreme values of environment impedance Z, = 0



194 S. Hirche and M. Buss

(free space motion) and Z, — oo (infinitely stiff wall). Accordingly, transparency is
good if Z; — 0 and Z; — oo, respectively. All mentioned transparency measures are
well-suited for the qualitative comparison of control schemes, however, a direct rela-
tion of the obtained values to psychophysical findings and such the interpretation using
human haptic perception characteristics is difficult.

12.2.2 Human Haptic Perception

The level of transparency, according to the transparency definition, can be interpreted
as the human perceived performance of the telerobotic control system. Hence the feel
of the human is essential for transparency evaluation. To measure this feel depending
on physical stimuli is the goal of psychophysics, which is the branch of psychology
concerned with the quantitative relation between physical stimuli and the sensations
and perceptions evoked by these stimuli, see [30] for a comprehensive introduction.

It is well known that the human cannot discriminate arbitrarily small differences
in a physical quantity, expressed by the just noticeable difference (JND), the smallest
difference in a sensory input that is perceivable by a human being. For many sensory
modalities the JND is an increasing function of the base level of input. For most force-
related physical properties the ratio of the two is roughly constant over a large range [31]
and can therefore be represented by Weber’s law [32]

;=6 (12.2)
where [ is the original intensity of stimulation, A is the addition to it required for the
difference to be perceivable, and c is the Weber fraction. Discrimination thresholds for
mechanical parameters such as stiffness, inertia, and viscosity are typically given as the
percentual change with respect to the original intensity of stimulation. Accordingly, we
will refer to the percentual discrimination threshold as JND in this chapter. Some of the
most relevant JNDs for haptic telerobotic systems are summarized in Table 12.1.

Remark 1. 1t is well known that the experimental conditions have a significant influence
on the results gained in psychophysical experiments. This explains the in some cases
wide variation for JNDs. Additionally, some parameters, as e.g. inertia, are suspected of
not [33] following Weber’s law given by (12.2). As the results are empirically obtained,
they generally represent a statistical quantity, i.e. individual differences exist.

Table 12.1. Perceptual discrimination thresholds (JND) for haptics related properties

Physical property JND [%] 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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12.2.3 Assumptions

For discussion simplicity the following assumptions are made for the subsequent trans-
parency analysis:

Al A telerobotic system with one degree of freedom (1DoF) is assumed, with the mas-
ter and the slave device being kinematically similar. An extension of the proposed
approach to the more general case is straightforward if the cartesian directions in
the master and the slave device are dynamically decoupled which can be achieved
by appropriate local control.

A2 The slave device is assumed to be controlled such that its own dynamics is neg-
ligible, i.e. the slave device velocity is equal to the desired slave device veloc-
ity vy = v = v%, see Fig. 12.1. The same assumption is made for the master
device, such that the force displayed to the human is equal to the desired mas-
ter force fr, = fg. The extension to the case with non-negligible master and slave
dynamics is discussed later in this chapter for the 1DoF case. The extension to
multi-DoF devices with non-negligible dynamics is straightforward in the case of
decoupled cartesian directions which can be achieved by appropriate local control.

A3 Assume that the environment impedance Z. can be approximated by a linear
time-invariant (LTI) system, which is valid for most considered environments.
The environment impedance can then be represented by the transfer function
Ze(s) = fe(s)/ve(s) with s = o 4 jw denoting the Laplace variable.

A4 The time delays 77, 15 in the forward and backward path, respectively are assumed
to be constant and arbitrarily large.

A5 The wave (scattering) variable control approach is applied to stabilize the overall
telerobotic system in the presence of constant time delay, see Sec. 12.4 and [2, 3]
for details.

12.3 Transparency Analysis

The existence of JND results for mechanical impedance parameters such as stiffness,
damping, and inertia encourage a transparency evaluation based on the comparison
of the parameters of the impedance displayed to the human and the real environment
impedance. Another advantage is that the analysis can conveniently be performed in the
frequency domain. The goal is to derive the displayed stiffness, damping and inertia de-
pending on the time delay value. Therefore the displayed impedance Z; is expressed as
function of the round-trip time delay 7" = T + 7% and the environment impedance Z..
Straightforward manipulation of the equations for the wave (scattering) variable trans-
formation (10.12)with f,,, = f#, v, = vy, using assumptions A1-AS yields

1+ R(s)e T
1—R(s)e—sT

Z.(s)—b

Zy(s) =0 Zo(s) + b

with  R(s) = (12.3)
where b > 0 represents the wave impedance, the parameter of the wave (scattering)
variable transformation. Note that for zero time delay 7" = 0 the displayed impedance is
equal to the environment impedance, meaning ideal transparency in the sense of (12.1).

For non-zero time delay the displayed and environment impedance differ in general.
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Due to the delay element the transfer function has an infinite number of poles and zeros
rendering the interpretation of the displayed impedance as simple mass-spring-damper
system difficult. Therefore, the transfer function from (12.3) is approximated by a lower
order system.

12.3.1 Analytical Low Frequency Approximation

The approximation of the displayed impedance transfer function is derived employing
the commonly used Padé series of finite order to approximate the delay transfer func-
tions e*T" in (12.3). The order of the displayed impedance approximation depends on
the order N of the Padé approximation. A Padé approximation of order N is valid for
frequencies w < N/(3T). In order to simplify the analysis the time delay element is
approximated here by a first order, i.e. N = 1, Padé series

T
_sr 1= 58

L gs’ (12.4)
This comes at the cost that for large round-trip time delay the approximation validity
range does not fully cover the frequency range of human proprioreceptive and kines-
thetic perception (up to approximately 60 Hz). Inserting (12.4) in (12.3) yields the ap-
proximated displayed impedance

2Z.(s) +bT's
VA ~ ZMP(s)=b_"""¢ 12.5

+(s) ¢ (s) % + TsZe(s) ( )
In accordance to the limited frequency range of approximation validity for further anal-
ysis this transfer function is split into a low frequency component prl‘} and a high
frequency component F}, ¢

Z,%(s) = Z5(8) Fny (s) (12.6)

with the high frequency component having approximately unity gain at lower frequen-
cies. The component prl‘} represents a good approximation of the low frequency be-
havior of the displayed impedance. The mechanical parameters of the approximated
displayed impedance Z;" can be derived analytically as a function of the round-trip
time delay 7, the wave impedance b, and the environment impedance Z., which is ex-
emplarily carried out in detail for the prototypical cases free space motion and contact
with a stiff wall.

12.3.2 Analysis for Prototypical Environment Impedances
Free Space Motion

In free space motion, no environment force is exerted on the telerobot f. = 0, i.e. the
environment impedance is Z, = 0. The exact displayed impedance (12.3) is

1—esT

Zis)=b, o (12.7)
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Fig. 12.2. Amplitude/frequency characteristics of the exact and the approximated displayed
impedance in free space motion

Inserting the environment impedance into (12.5) gives the approximation of the dis-
played impedance valid for low frequencies

1
ZP(s) = . 12.8
¢ (s) ey Ty (12.8)
with

T
my= _ . (12.9)

2
The lefthand part s, in (12.8) represents the dominant low frequency component Z; f}[}.

from (12.6). The righthand factor is the high frequency component Fj,; satisfying
|Frr(0)|= 1. The similarity of the exact and the approximated displayed impedance
for low frequencies can also be observed from their frequency responses for a simulated
example, see Fig. 12.2. The displayed impedance is an inertia with the mass m; (12.9).
A similar result is presented for the static case in [34], its 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 wall penetration depth with the
stiffness k. acts on the teleoperator; the environment impedance is described by the
transfer function Z. = k. /s. The exact displayed impedance (12.3) is

ke +bs 4 (ke — bs)e T
ke +bs — (ke — bs)e=sT’

The approximation (12.5) of the displayed impedance for low frequency is analogously
computed to the free space motion case

Zy(s) (12.10)

. ke T
app _ 2
Z"(s) =" <1+ ok’ ) (12.11)
with ) . T
= . 12.12
ke ke T 2b (12.12)

The lefthand factor Z,"f; = k; /s is the low frequency component from (12.6). The right
hand factor in (12.11) exhibits high pass behavior satisfying | F}, ;(0)| = 1. A simulation
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Fig. 12.3. Amplitude/frequency characteristics of the exact and the approximated displayed
impedance in contact with a stiff wall

example in Fig. 12.3 shows the frequency responses for the exact and the approximated
displayed impedance, which are similar at low frequencies. The displayed impedance
in contact with a stiff wall exhibits a springlike behavior at low frequencies, however,
with a lower stiffness k; than the environment stiffness k., see also Fig. 12.3. As ob-
servable from (12.12), the communication subsystem including the wave (scattering)
variable transformation can be interpreted as a rod with a stiffness coefficient 2b/T in
mechanical series connection with the environment.

12.4 Perception Oriented Time Delay Transparency Analysis

On the basis of the above analysis and taking into account relative human perception
limitations we obtain the following insights along with design guidelines for bilateral
telerobotic systems.

12.4.1 Communication Induced Inertia Perception

In free space motion an inertia is displayed to the human operator even though no inertia
is contained in the environment. The inertia characteristics is induced by the wave (scat-
tering) variable transformation and the communication delay. With increasing round-trip
time delay 7" and wave impedance b the displayed inertia m; proportionally grows (12.9)
as shown in a simulation example in Fig. 12.4. Given a time delay 7" > 0, free space mo-
tion is transparent in the sense of (12.1), i.e. m; = 0, only if b = 0 which is unfeasible
in terms of the tuning requirement b > 0. Considering human perception, an inertia is
not perceivable if it is below the absolute human perception threshold Am for inertia.

Example 1. Lets assume free space motion of the slave device, a communication round-
trip delay 7" = 200 ms, typical for the communication over the Internet, and the wave
impedance tuned to b = 1 Ns/m. Then the operator feels an inertia m; = 0.1 kg. If the
wave impedance is chosen to be b = 1000 Ns/m then the displayed mass is already
increased to m; = 100 kg.

12.4.2 Communication Induced Stiffness Reduction

If the environment exhibits spring characteristics a substantially reduced stiffness is
displayed to the human. The environment feels softer than it really is. The displayed
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Fig. 12.4. Displayed inertia m; in free space motion depending on round-trip time delay 7" and
wave impedance b

stiffness coefficient (12.12) nonlinearly depends on the communication time delay as
shown in Fig. 12.5 for different environment stiffness values. Ideal transparency in the
sense of (12.1), i.e. k; = ke, is not achievable for non-zero time delay. Considering
the human haptic perception limits, however, a transparency degradation should not
be perceivable if the displayed stiffness is within the JND range of the environment
stiffness k; > (1 — INDg )k, with 0 < INDy, < 1 the stiffness IND. Accordingly, a stiff
environment appears transparent to the human even for non-zero round-trip time delay

as long as it satisfies
JND, 2D
T < 12.13

1 —JNDy, k. ( )
which follows from inserting (12.12) in the previous equation. Note, that increasing en-
vironment stiffness reduces the allowable time delay margin. In contrast, a high value
of the wave impedance b increases the delay margin, and reduces the impact of the
time delay on stiffness reduction as observable from (12.12), i.e. increases the trans-
parency of stiff environments. This, however, contradicts the design rule for free space
motion. Good transparency in free space motion and for arbitrary stiff environments is
not achievable at the same time.

Example 2. Consider a stiff wall with £, = 30000 N/m, and the wave impedance tuned
to b = 1 Ns/m. Already a very small round-trip delay of 7" = 1 ms substantially de-
creases the displayed stiffness to k; = 1875 N/m, a reduction by 94%. At a delay
of T'= 200 ms the operator perceives only a stiffness of k; = 10 N/m, hence 0.03%
of the environment stiffness. Contacting a soft environment with k. = 10 N/m, see
Fig. 12.5, the displayed stiffness at 7" =1 ms is still k; = 9.95 N/m, at 7" = 200 ms
still £, = 5 N/m. Increasing the wave impedance for the hard wall to b = 1000 Ns/m at
T = 200 ms the displayed stiffness is k; = 7500N/m. Note the increased inertia in free
space from the previous example with these values.

12.4.3 Communication Induced Stiffness Bound

The displayed stiffness (12.12) cannot exceed

2b
kumax = lim k=

fm T (12.14)



200 S. Hirche and M. Buss

10 ; . . .
b=1N
8t k. =10 N/m s/m
E 9 k.=5N/m ]
Z. ab i
< —_—
% 200 : : 800 1000

400 600
T ms]

Fig. 12.5. Displayed stiffness k: in contact with a stiff wall depending on round-trip time delay 7'
and environment stiffness k.

This result is also indicated by the asymptotic behavior of the displayed stiffness for in-
creasing environment stiffness shown for a simulation example in Fig. 12.6. Considering
the psychophysical fact that the human feels a wall to be rigid for k; > 24200 N/m [35]
it becomes clear that only for a very small time delay and a very large wave impedance b
a rigid wall can be realistically displayed with this control architecture. For large time
delay the stiffness, especially in case of hard walls, is not transparent. Appropriate tun-
ing (high values) of the wave impedance b increases the transparency in terms of the
maximum displayable stiffness.

“ I ' T ————————
T=100ms &
- b= 2NS,{1TI asymiptotic behavior \ il
b= 1Ns,hn/ |
0 600 800 1000
ke [Nf’{[]l]

Fig. 12.6. Displayed stiffness k; depending on environment stiffness k. and wave impedance b

Example 3. Assuming a communication delay 7' = 200 ms with a wave impedance
tuned to b = 1 Ns/m the maximum displayable stiffness is only k, ;e = 10 N/m. Any
stiff environment feels very soft.

12.4.4 Bounded Displayable Stiffness Difference

In some tasks not only the absolute value of the displayed stiffness is important but
also the possibility to distinguish between various stiff environments. This is especially
important for e.g. tele-surgery applications, where different characteristics have to be
distinguished. As indicated by the asymptotic behavior of the displayed stiffness in
Fig. 12.6 at higher values of the environment stiffness, a stiffness difference in the envi-
ronment results in a smaller difference in the displayed stiffness. However, a difference
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between a reference value k° and a value k. of the environment stiffness is perceivable
by the human only if the corresponding percentual difference in the displayed stiffness

Sky = |ky — k2| /K (12.15)
is larger than the stiffness JND
2bok
Okt = ° >IND 12.16
YT 24Tk T " (12.10)

with the percentual difference in the environment stiffness k. defined analogously
to (12.15) and the displayed reference stiffness kY = k; (k%) according to (12.12). The
percentual difference dk; of the displayed stiffness and the environment stiffness 0k,
is equal only for the marginal cases of zero delay T' = 0 or infinite wave impedance
b — oo. At high delay and high environment stiffness, a large difference in the envi-
ronment stiffness may result in a non-perceivable difference of the displayed stiffness.
According to (12.16) the appropriate tuning (high values) of the wave impedance b
increases the transparency in terms of the range of environment stiffness where a dif-
ference is perceivable by the human.

Example 4. Let us assume a communication delay is 7" = 200 ms and the wave impe-
dance tuned to b = 1 Ns/m. If the environment stiffness coefficient is k., > 40 N/m than
a difference to any larger environment stiffness is not perceivable under the 23%-JND
assumption.

12.4.5 Just Noticeable Difference for Time Delay

So far the distortion induced by the absolute value of the time delay has been investi-
gated. This section discusses when a relative increase of the time delay can be perceived
by the human operator. Assuming that the delay difference is haptically perceived only
by the difference in the mechanical properties of the displayed impedance, the just no-
ticeable difference for time delay can be derived from the results from Sec. 12.3.2 and
the well known JND’s for mechanical properties. This result is interesting with respect
to the design of control architectures for telerobotic sytems over the Internet coping
with time-varying delay, where data buffering strategies, as e.g. in [19], introduce addi-
tional delay. If the additional delay results in a distortion below the human perception
threshold then no change in transparency should be perceived.

The inertia m¢ = m,(T°), see (12.9), and the stiffness kY = k;(7°), see (12.12),
represent the displayed mechanical properties at the reference time delay 7. An ad-
ditional time delay AT =T — T° > 0 results in a further increased displayed inertia
in free space motion and further reduced displayed stiffness in contact with a stiff wall.
The further distortion due to the time delay difference is just noticeable by the human if
the corresponding percentual difference of the displayed mechanical property is equal
to the JND

(@) émy(T°, AT) = IND,, (b) 6k (T°, AT) = INDy, (12.17)

where ¢m; denotes the percentual difference of the displayed inertia defined similar
as 0k in (12.15), and IND,,, the inertia JND. The just noticeable time delay difference is
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computed straightforwardly using (12.9) and (12.12) in (12.17)(a) and (b), respectively.
In free space motion a time delay difference is expected to be just perceivable by the

human if AT
70 = IND,,,. (12.18)

Obviously, the just noticeable time delay difference in free space motion follows a linear
law similar to Weber’s law, see Sec. 12.2.2. In contact with a stiff wall a time delay
difference is expected to be just perceivable by the human if

AT JNDy (26 +1)_ (12.19)

T0 ~ INDy + 1 \k,T0

In contrast to the free space motion case, the just noticeable time delay depends on the
environment stiffness k., the wave impedance b and the reference time delay 7°. In
both cases, the absolute just noticeable difference AT increases with the reference time
delay. Accordingly, any additional time delay should be avoided in the haptic telerobotic
system, especially if the reference time delay is small. At high reference time delay an
additional delay may not further perceivably degrade transparency. In consequence, if
buffering strategies in telerobotic systems with time varying delay induce an additional
time delay below the just noticeable difference, then human perceived transparency is
not further degraded. For further results on the influence of communication effects on
transparency refer to [22].

Remark 2. For the transparency analysis in this chapter the environment is assumed to
be constant. Dynamic transitions between different environments, e.g. from free space
motion to contact with a stiff wall, also have an influence on the perceived transparency
as indicated in [36]. The analysis requires different techniques and is beyond the scope
of this chapter.

Remark 3. The displayed impedance parameters in (12.9) and (12.12) are derived for
the wave (scattering) variable approach. Consequently, all results in (12.14), (12.16),
(12.18), and (12.19) are valid only for this specific control architecture. A perception
oriented transparency analysis of other control architectures is straightforward by us-
ing the corresponding expressions for the parameters of the displayed impedance, e.g.
from [29].

12.5 Perception Oriented Design Aspects in Real Systems

The tuning of the wave impedance b has a high impact on the transparency of the
communication subsystem as observed in the previous sections. The transparency cri-
terion (12.1) requires for free space motion b — 0 as observable from (12.9). In con-
tact with a stiff environment, time delay has no influence on transparency if b — oo,
see (12.12), (12.14), (12.16). These are contradicting design rules, that can be relaxed
by considering human haptic perception and a real telerobotic system as shown in the
following.

In real telerobotic systems with limited control input and robustly designed con-
trollers the dynamics of the master and the slave device is generally not negligible.
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As a result, even without time delay transparency in the sense of (12.1) is not achiev-
able. In the following, master and slave dynamics refers to the locally controlled device
dynamics.

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

2
b< L INDp i, (12.20)

then the displayed overall inertia, the sum of the master and the communication in-
duced inertia, is within the JND range of the master inertia m; < (1 4+ JND,,,)m,,
as straightforward derivable from (12.9). No additional communication induced trans-
parency degradation should be perceivable by the human then. The original design re-
quirement b — 0 is relaxed.

In order to avoid contact instability or oscillations, the slave device is typically
compliance controlled. The resulting stiffness k. of the slave device together with
the environment computes from the environment stiffness k. and the stiffness ks of
the compliance controlled slave device according to the serial connection of springs
ks_/le = k! + k; 1. If the wave impedance is chosen to be

T
b > ) (IND; ' — 1)k, (12.21)

then the communication induced reduction is within the JND range of the com-
bined slave device/environment stiffness k; > (1 — JINDy, )k, /.. The upper bound of
the slave device/environment stiffness supy,_ ks/e = limg, oo ks/e = ks, i.€. the slave
device compliance, determines the lower bound of a transparently designed wave
impedance b (12.21). Clearly, the original transparency requirements for the commu-
nication subsystem design b — oo are relaxed by (12.21).

Example 5. The haptic input device ViSHaRDI10 (see chapter 2) displays without
time delay an inertia of at least m,, = 8kg. With a for the Internet realistic round-
trip time delay of 7"= 160ms and a inertia JND assumption of JND,, = 21%
[27] for communication transparent design in free space motion the wave impedance
should b < 21 Ns/m (12.20). In contact with a stiff wall, assuming a slave device
compliance of ks = 900 N/m as in [37] and a stiffness IND of 23% [25], the wave
impedance should be b > 241 Ns/m (12.21). The gap between the design requirements
for the wave impedance b for free space motion and contact with a stiff wall derived
from the strict transparency criterion (12.1) become smaller by considering human per-
ception aspects and the real telerobotic system.

12.6 Experiments

In the first experiment the dependency of the displayed impedance parameters on the
round-trip time delay obtained in Sec. 12.3 by (12.9), (12.12) is validated. In the second
one, a human user study is conducted on how a relative increase of time delay further
degrades the human perceived transparency. In both experiments, the prototypical cases
of free space motion and contact with a stiff wall (stiffness coefficient k. = 12.5 kN/m)
are investigated.
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Fig. 12.7. Experimental system architecture with a 1DoF telerobotic system

12.6.1 Experimental Setup

The experimental setup, see Fig. 12.7, consists of a single degree-of-freedom force feed-
back paddle connected to a PC. The paddle DC motor torque is controlled by the PWM
amplifier. The force applied to the paddle lever is measured by a strain gauge bridge,
the position of the lever by an optic pulse incremental encoder. A virtual environment
is used instead of a real slave device/environment in order to seperately consider the
prototypical environment scenarios, especially in the human user studies. The virtual
environment, the control loops, the model of the communication subsystem with dif-
ferent constant delay and the wave (scattering) variable transformation with a wave
impedance b = 125 Ns/m are composed of MATLAB/SIMULINK blocksets; standalone
realtime code for RT Linux is automatically generated from that. All experiments were
performed with a sample time interval 74 = 0.001s.

12.6.2 Objective Measurements

The displayed inertia m; in free space motion and the displayed stiffness ky, in contact
with the wall are determined depending on the round-trip time delay that is varied within
the interval T’ € [5, 400] ms. The parameters m; and k; are determined by a least squares
identification from the measured slave position and slave force signals. The results for the
displayed inertia in free space motion are shown in Fig. 12.8 (a) !, and for the displayed
stiffness in contact in Fig. 12.8 (b). The theoretically obtained dependencies of these
parameters on the round-trip time delay given by (12.9) and (12.12) are convincingly
validated. The slightly reduced stiffness and the higher inertia in the experiments result
from the limited bandwidth of the conservatively tuned force control loop at the slave.

12.6.3 Human User Study

The hypothesis to be validated is that at low reference time delay the relative time delay
increase detection threshold is smaller than at high reference time delay, see Sec. 12.4.5.

! The inertia results for T < 100 ms are missing because of numerical unreliabilities in the least
squares estimation.
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Fig. 12.8. Experimentally obtained displayed inertia m; (a) and stiffness k; (b) depending on
round-trip delay 7" compared to theoretical results

Four experiments with 7 subjects (aged 20-30, 3 female, 4 male) were performed for
two different reference round-trip time delays 70 = 2ms and 7° = 100ms for each
of the considered prototypical cases free space motion and contact with a wall using
the same parameters as in the foregoing experiment. The subjects were told to operate
with their preferred hand. They were equipped with earphones to mask the sound the
device motors generate. No visual feedback of the virtual environment was provided.
The subjects were not refunded. During a familiarization phase subjects were told to
feel operation for the reference round-trip delay configuration. As soon as they felt
familiar with the system the measurement phase began.

12.6.4 Procedure

In order to determine the detection thresholds for the time delay difference the three
interval forced choice (3IFC) paradigm has been applied, which is a common experi-
mental tool in psychophysics to determine detection thresholds in human haptic per-
ception [30]. The main feature is that the subjects are presented three consecutive
time intervals, 20s duration each, two with the reference value 7° of the time de-
lay, one - randomly chosen which - with a different time delay value T'. The subject
has to tell which of the intervals felt different. Starting from a non-perceivable delay
difference AT this value is increased after every incorrect answer until three consec-
utive correct answers on the same value AT are given. No feedback on the correct-
ness of the answer was given. Three of these passes are performed, the mean value
over the passes is considered the subject specific discrimination threshold. The exper-
iment started with a delay of Thns = 3ms (Tipoms = 103 ms), i.e. a delay difference
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Fig. 12.9. Results of human user study: discrimination thresholds for time delay AT at reference
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with a stiff wall (b), (d)

Table 12.2. Results of human user study: Average detected delay differences and corresponding
percentual parameter differences for different reference time delays 7To

Free space Free space  Contact Contact
To = 2ms Top = 100ms T = 2ms Tp = 100ms

AT [ms] 14 19 10 15

|m§ —my| [kg] na' 0.048

Smy [%] nal 17

|k — k| [kN] 1.2 0.16
bk [%] 20 10

of AThms = 1 ms (ATjpoms = 3 ms), where values (-)ams indicate a reference round-trip
delay of Ty = 2ms, and accordingly (+);oms refers to 7o = 100 ms.

Results

The results for all four experiments are shown in Fig. 12.9, where AT denotes the aver-
age over all subjects, see also the first row in Table 12.2. As expected from the theoretical
results in Sec. 12.4.5, in both scenarios, the average detected delay difference is smaller
for low reference time delay AT < AT19oms- The Student’s test is performed giv-
ing a statement about the statistical significance of the discrimination thresholds differ-
ence (AToms — AT 00ms)- Even with this rather small number of subjects, for contact
with a stiff wall the mean discrimination threshold for low reference delay is statistically
significant (95%) smaller than for high reference delay. For free space motion it is not
significant (90%) in a statistical sense: As expected time delay is more crucial for the
transparency degradation in very stiff environments. For a cross check the percentual
differences (12.15) of the displayed inertia dém, and stiffness 6k; corresponding to these
just noticeable time delay differences are computed using the results from the previ-
ous experiment. For example, the average discrimination threshold AT'5;,s = 10 ms for
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contact with a stiff wall corresponds to a percentual difference in the displayed stiff-
ness of 8k oms = 20 %. The percentual differences, see Table 12.22, are all in the range
of the JNDs reported in literature (for stiffness: 8% [26], (23 + 3)% [25], for iner-
tia (21 & 3.5)% [27]), see also Table 12.1 for comparison.

In summary, the results indicate, that the discrimination threshold for time delay
is lower for low round-trip delay as predicted in Sec. 12.4.5. Accordingly, any addi-
tional time delay should be avoided if the communication delay is very low. For high
communication delay some additional delay does not further degrade human perceived
transparency.

12.7 Conclusions

The consideration of human factors is important for the design and evaluation of
telerobotic systems. In this chapter a method for the transparency analysis of haptic
telerobotic systems is presented with the goal to quantify the degradation induced by
communication time delay from a human perception point of view. Therefore the effect
of constant time delay and of the wave (scattering) variable control approach on the me-
chanical properties displayed to the human is analyzed. The interpretation of the results
using known psychophysical facts reveals important insights with implications for the
control design and the range of tele-applications depending on the communication time
delay: a) in free space motion time delay introduces artificial inertia; b) stiff environ-
ments are perceived softer; c) displayable stiffness is upper bounded; d) environment
stiffness discrimination is limited; e) there is a detection threshold for relative changes
in time delay. Nevertheless, ideal transparency requiring the displayed impedance to be
exactly equal to the environment impedance is not necessary for the telerobotic sys-
tem to be perceived transparent by the human. The consideration of human haptic per-
ception limits leads to relaxed design requirements still guaranteeing human perceived
transparency. Psychophysically motivated design guidelines for the wave impedance as
well as upper time delay bounds for human perceived transparency are derived in this
chapter. The just noticeable difference for time delay gives implications for the design
of telerobotic systems with time-varying delay. The obtained results are validated in
experiments and human user studies.

The approach in this chapter constitutes a first step towards a human perception ori-
ented analysis of the time delay on the transparency. Exciting challenges incorporate
the systematic human perception oriented transparency analysis of general communi-
cation unreliabilities, and a rigorous human perception oriented design of multimodal,
multi-DoF telerobotic systems.
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