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Abstract: There is, practically, imperfect communication network (e.g., time delay and packet loss/switching) in haptic
interaction (or teleoperation) systems. It is well known that such imperfect communication degrades teleoperator’s perfor-
mance as well as stability. We hypothesis that as an imperfectness level in the communication network is increasing, the
teleoperator’s performance is decreasing monotonically. In this paper, we verified the hypothesis via a human-centered
evaluation of the teleoperator’s perceptual performance in terms of just noticeable difference (JND), point of subject
equality (PSE), and perception time using two psychophysical experiments: experiment of packet separation time and
experiment of packet loss. In the experiment of packet separation time, there were significant increases of JND and PSE
as the packet separation time was increased. However, interestingly, there was no significant decrease of teleoperator’s
perceptual performance in the experiment of packet loss although the packet loss rate was increased until 75 %. The
experimental results clearly shows that the packet separation time affects on the teleoperator’s perceptual performance
more than the packet loss rate.

Keywords: Haptic interaction, human-centered evaluation, human performance, imperfect communication, psy-
chophysics

1. INTRODUCTION
In haptic interaction (or teleoperation) systems, human

operator explores and interacts with remote environment
via a haptic control over a communication network. The
haptic interaction systems is networked control systems
where system components (e.g., haptic device, haptic
control, and remote environment) are spatially distributed
through the shared communication network [1].

There are, practically, limitations in the communi-
cation channel, such as time delay between the hap-
tic device and the remote environment, and packet loss
(dropout) and switching [1], [2]. An imperfect communi-
cation network in the haptic teleoperation shown in Fig.1.
Information from the remote environment, y

k

is distorted
to y0

k

due to the imperfect communication. And it is com-
mon understanding that the communication limitations
degrade the teleoperator’s performance such as position
and force tracking, transparency, and perception of the
remote environment and system stability. There are nu-
merous research to deal and solve this deterioration in
both performance and stability in the haptic teleoperation
system.
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Fig. 1 Information transmission for haptic interaction
with remote environment via communication net-
work. Remote information y

k

is transmitted as y0
k

through the communication network.

1.1 Literature Review
Results in estimation, analysis, and controller synthe-

sis for networked control systems with network delay and
packet loss were extensively reviewed in [2]. A stabiliz-
ing control for networked systems with packet loss was
proposed via H1 control in [3].

For bilateral teleoperation system, linear quadratic
Gaussian (LQG) control and linear matrix inequality
(LMI) control approaches were employed to stabilize the
system in [4] and [5], respectively. To estimate the trans-
mitted signals y0

k

, a Smith-type predictor was proposed
in [6], [7]. Chopra et al. developed a simple packet-
loss-compensator not only to preserve stability but also to
improve tracking performance [8]. In [9], packet loss ef-
fects were theoretically analyzed. Rodrı́guez-Seda et al.
experimentally compared various bilateral teleoperation
controls on transparency performance as well as stabil-
ity [10].

Recently, from a human perception viewpoint, haptic
communications was throughly reviewed in [11]. Hin-
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terseer et al. proposed a perception-based data transmis-
sion approach to reduce packet rate [12]. Effects of com-
munication delay and packet loss on human operator’s
perception were studied via psychophysical tests in [13]
and [14], respectively. For a better multimodal feedback,
in a recent study, visual-haptic asynchronies in haptic in-
teraction, caused by different delays of visual and force
feedback, was well investigated [15].

1.2 Objective
In this paper, we aim to study a fundamental per-

formance limitation of the haptic teleoperator over the
imperfect communication network. To claim this, it
is hypothesized that as an imperfectness level in the
communication network is increasing, the teleoperator’s
performance is decreasing monotonically. We general-
ize the imperfectness in the communication network as
two parameters: packet separation time and packet loss
rate. Then, the hypothesis is verified through a human-
centered evaluation of the teleoperator’s perceptual per-
formance via two psychophysical experiments of each
imperfect communication parameter: namely, experiment
of packet separation time and experiment of packet loss.

The structure of the paper is as follows. General exper-
imental method is presented in Section 2. In Section 3 ef-
fects of packet separation time on human operator’s per-
ception performance is tested. And effects of packet loss
is studied in Section 4. Finally, this paper ends with con-
clusion and some remarks on future research directions
in Section 5.

2. GENERAL METHOD
2.1 Participants

Nineteen subjects (17 men and 2 women) of differ-
ent backgrounds and gender were chosen to maintain the
generality of the experiments. Eight subjects took part
in two experiments while the rest took part in one exper-
iment. The experiments were conducted in accordance
with the requirements of the Helsinki Declaration.

2.2 Apparatus
The experimental setup is shown in Fig. 2(a). Hu-

man subject manipulates Omega 3 haptic device through
a ball-type handle using his/her hand. The Omega 3 is a
3 degree-of-freedoms (DOFs) haptic device with 3 trans-
lational actuated axes. The haptic update rate is about
1 kHz for the Omega haptic device in order to achieve
high-fidelity haptic feedback. Graphical user interfaces
(GUIs) are made to test discrimination ability while in-
teracting with two virtual walls s as shown in Fig. 2(b).

2.3 Procedure
2.3.1 Discrimination task

Discrimination ability test was conducted to measure
the human operator’s perceptual performance. There
were two virtual walls (i.e., reference and test models
shown in Fig. 2(b)), and the subjects were asked to de-
termine which of two walls has larger stiffness, relying

virtual environment

haptic device

(a)

reference model test model

end-effector

contact region of interest

trial information

(b)
Fig. 2 Experimental setup. (a) Virtual environment and

Omega haptic device. (b) Screen shot of the exper-
iment. The reference and test models are invisible
during the experiment.

on the haptic information that is fed back to them in two-
alternative forced-choice (2AFC) protocol. Participants
indicated the larger of the two walls by using a keyboard
to type one of two number keys that are 1 (for the left
wall) and 2 (for the right wall).

Remark 1: Note that deformations of the virtual wall
were not rendered during the experiments to eliminate
any visual cue. A visual cue about movements of the
haptic device, however, was provided. In addition to this,
there were two contact regions of interest (represented
as dotted circle) in left and right virtual walls, respec-
tively (see Fig. 2(b)). The subjects should explored only
these regions to minimize any effect of exploring region
on his/her stiffness perception. The color of the virtual
walls changes from grey to red when subjects explored
the walls to notice which wall he/she is exploring.

2.3.2 Virtual environment
Without loss of general applicability, the experiments

were implemented using virtual stiff objects instead of
real (physical) objects due to the large number of ones
with varied stiffness needed to effectively perform the
psychophysical experiments to find human operator’s dis-
crimination threshold.

Throughout the experiments, one object (i.e., refer-
ence model) had a constant stimulus (i.e., stiffness) level
while the other (i.e., test model) differed from this refer-
ence model across 6 levels of relative stimuli, from 50 %
to 150 % in equal steps (i.e., 50 %, 70 %, 90 %, 110 %,
130 %, and 150 %).

The reference cylinder had stiffness of 100 N/m.
The force feedback was computed as follows: for t 2
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where x
k

, v
k

2 <3 are sampled position and velocity
of the haptic device; O

i

, i 2 {R, T}, O
R

and O
T

are
the reference and test virtual objects, respectively; yi

k

is
the contact point of x

k

on the surface of O
i

; ?? is the
normal component of ? w.r.t. the surface of O

i

. And
K, B 2 <3⇥3 are the positive definitive stiffness and
damping matrixes of the virtual object, the cylinder. In
the experiments, K = 100 N/m and B = 5 Ns/m were
chosen.

Remark 2: Numerical differentiation of the position
measured by the encoders of the haptic device was used
to determine velocity. A simple low-pass filter was de-
signed to filter the noise in the numerical differentiation.

2.3.3 Imperfect communication network
Imperfect communication network was, in the paper,

simulated as two cases: i) packet delay and switching and
ii) packet loss. Effects of imperfection level in each case
on haptic performance were studied as separated psy-
chophysical experiments; namely, experiment of packet
separation time and experiment of packet loss, respec-
tively.

2.3.4 Procedure
The full experiments were separated into 4 tests of 4

cases each. Each test of the experiments was defined by
depending on whether the imperfect communication is
applied to the haptic display (i.e, feedback) of both mod-
els (i.e., the reference and test models, and hereafter re-
ferred this test as test of practical performance) or the
haptic display of only test model (hereafter referred this
test as test of fundamental performance). These tests
were conducted to study effects of the imperfect com-
munication on fundamental and practical performances
separately.

Each case of the tests was defined by the imperfec-
tion levels (i.e., packet separation time and packet loss
rate which are defined as �sep and �loss in Sections. 3.1
and 4.1, respectively) of the communication. On each
case, participants performed 60 trials (6 test stimulus ⇥
10 trials). In each test, therefore, there were 240 trials.
These trials were fully randomized within the case and
the stimuli for their presentation order. The positions of
the objects (i.e., test and reference models), finally, rela-
tive to each other, were counterbalanced throughout the
test.

Prior to the experiments, the subjects were given a
detailed instruction about the tests. And a training ses-
sion was provided to get the subjects familiarized with
the haptic device and the procedure.

2.4 Data Analysis
The haptic performance is quantified by three metrics:

just noticeable difference (JND), point of subject equality
(PSE), and perception time (T

p

).
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Fig. 3 Psychometric function of one subject with perfect
communication network.

Method of stimuli [16] is employed as psychophysi-
cal experiment method. Psychometric functions are fitted
by Weibull logistic function, then, to measure each par-
ticipant’s discrimination sensitivity as JND. They are de-
rived using the psignifit toolbox for Matlab which imple-
ments the maximum-likelihood method described in [17].
Discrimination sensitivity is measured as the difference
of stiffness values between the 25th and 75th percentile
of the psychometric function. A smaller value indicates
greater sensitivity in discrimination; that is, better envi-
ronmental awareness. A psychometric function is shown
in Fig. 3 with perfect communication network as a ref-
erence. The PSE1 is, finally, used for the haptic perfor-
mance, which was calculated from the fitted psychomet-
ric function.

Finally, perception time is measured the time until sub-
ject answered after the subject begins the task, defined as

T
p

:=

Z
te

ts

dt (2)

where t
s

, t
e

are the exploration starting and ending times,
respectively.

Three performance metrics were submitted to a one-
way repeated-measures analysis of variance (ANOVA).
An alpha level of 0.05 was taken to indicate statistical
significance.

3. EXPERIMENT 1: PACKET
SEPARATION TIME TEST

3.1 Method
3.1.1 Packet separation time simulation

The force feedback is computed as follows: for t 2
[t

k

, t
k+1),

f
k

=

(
K
⇥
x

k

� yi

k��Tk

⇤?
+ Bv

k

if x
k

2 O
i

0 otherwise
(3)

1this is value of relative stimulus intensity for which the test model is
perceived to be equally intensity to the reference model
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with packet delay and switching, which are simulated as
�T

k

2 <. Here, �T
k

is the random variable embedding
the uncertainty defined s.t.,

�T
k

:= �sep

j

⇥ [µx

k

, µy

k

, µz

k

]
T (4)

where �sep

j

2 {0, 30, 60, 90} ms is a uniformly-
distributed (discrete) random variable for each trial num-
ber j, while µ?

k

2 [0.8, 1.2] is a uniformly-distributed
(continuous) random variable for each time-index k (with
sampling rate about 1 kHz). With this perturbation �T

k

,
the human subject will receive the delayed haptic force
for the trial j, if �sep

j

6= 0. The generated haptic force
will also be normal w.r.t. contact surface due to ? opera-
tor.

From this construction, we can then easily compute
the mean �T̄ := E [�T

k

] and the covariance C [�T
k

] :=
E
⇥
(�T

k

� �T̄ )(�T
k

� �T̄ )T

⇤
s.t.,

E [�T
k

] = ↵sep

j

Z 1

�1
µ

k

dµ
k

= 0 (5)

C [�T
k
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)2
Z 1

�1
µ
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µT

k

dµ
k

= ↵sep

j

diag[1, 1, 1]

(6)

where µ
k

:= [µx

k

, µy

k

, µz

k

]
T . This implies that, although

�T
k

2 <3, we can control the variation of �T
k

by the
scalar standard deviation �sep

j

.

3.1.2 Procedure
At the beginning of each trial, one of the 4 packet

separation times was selected with uniformly-distributed
probability. Each participant was required to perform the
discrimination task for each trial under the influence of
packet separation time.

Each trial was prolonged until the participant thinks
their virtual object discrimination cannot be made any
better by further exploration. At that time, the subject
inputed his/her response and the perception time T

p

is
recorded. After that, the subject continued the task the
next trial.

3.2 Result and Discussion
Experimental results are summarized in Fig. 4(a) and

(b) for the test of fundamental performance and the test of
practical performance, respectively. Three performance
metrics were independently analyzed for the two tests.

3.2.1 Test of Fundamental Performance
There was no significant effect of the packet separa-

tion time (i.e, �sep) on JND (F3,52 = 0.62, p > 0.05)
and T

p

(F3,52 = 0.24, p > 0.05). On the other hand,
there was a significant effect of �sep on PSE (F3,52 =
11.43, p < 0.001). Between any two �sep in the case
of PSE, moreover, there were a significant effect of the
packet separation time (p < 0.05).

This result represents that there was no decrease of
the teleoperator’s discrimination ability (i.e., JND and

qNL qL

�loss

j

�loss

j

1 � �loss

j

1 � �loss

j

Fig. 5 Packet loss model represented as two-state au-
tomaton with the packet loss probability �loss

j

. qNL

and qN represent the no packet loss and packet loss
states, respectively.

T
p

) although the packet separation time was monotoni-
cally increased if haptic display of only one model (here,
the test model) is influenced by the packet separation
time. However, PSE was monotonically increased as
the packet separation time was increased (see Fig. 4(a)).
This means that the displayed stiffness of the test model
was decreased as compared with the original one of the
test model due to the imperfect communication while the
displayed stiffness of the reference model was not de-
creased. This finding also coincides with previous stud-
ies [18], [19]. Finally, please note that there was the sig-
nificant increase of PSE even with small packet separa-
tion time (i.e, 30 ms).

3.2.2 Test of Practical Performance
In the test of practical performance, the packet sep-

aration time significantly increased the value of JND
(F3,52 = 2.84, p < 0.05), but not PSE (F3,52 =
1.29, p > 0.05) and T

p

(F3,52 = 0.48, p > 0.05). How-
ever, interestingly, JND was not increased significantly
(p > 0.05) until �sep = 90 ms (p < 0.05).

As discussed in the Sec. 3.2.1, there is the decrease
in the displayed stiffness when there are packet separa-
tion time in haptic teleoperation. In the case of the test of
practical performance, therefore, the displayed stiffness
for both reference and test models were decreased (i.e.,
the quality of haptic display was decreased). As a result,
only JND was significantly increased (i.e, worse percep-
tual performance) with the increase of �sep while PSE
and T

p

were not affected by �sep significantly. It is no-
ticeable, finally, that JND was not increased significantly
until there was enough large packet separation time (in
this test, 90 ms).

4. EXPERIMENT 2: PACKET LOSS TEST
4.1 Method
4.1.1 Packet loss simulation

Let us defined the automaton A = {Q, ⌃, �, q0} to
simulate packet loss. In A, Q =

�
qNL, qL

 
is the

state set; ⌃ =
�
yi

k

| 8k, i 2 {R, T}
 

is the event set;
� : Q ⇥⌃ ! P(Q) is the probabilistic state transi-
tion function with the probability function �loss

j

2 P;
q0 = qNL is the initial state (see Fig. 5).

With A, ŷi

k

2 <3 is defined as the random variable
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Fig. 4 Experimental result of Experiment 1. (a) Test of fundamental performance. (b) Test of practical performance.

embedding the level of packet loss defined s.t.,

ŷi

k

=

⇢
yi

k

if �(q
k�1) 2 qNL

yi

k�1 otherwise (7)

In this test, �loss

j

2 {0, 25, 50, 75} % is defined as a
uniformly-distributed random variable for each trial num-
ber j.

Finally, the force feedback is computed as follows: for
t 2 [t

k

, t
k+1),

f
k

=

⇢
K
⇥
x

k

� ŷi

k

⇤?
+ Bv

k

if x
k

2 O
i

0 otherwise
(8)

4.1.2 Procedure
Procedure was mostly the same as one of the packet

separation time test, but this time, the haptic rendering
was under the influence of �loss not �sep.

4.2 Result and Discussion
Experimental results are summarized in Fig. 6(a) and

(b) for the test of fundamental performance and the test of
practical performance, respectively. Three performance
metrics were independently analyzed for the two tests in
the following subsections.

4.2.1 Test of Fundamental Performance
Regardless of the level of packet loss rate, �loss did

not significantly differ on any metrics for the haptic per-
formance, JND (F3,52 = 0.09, p > 0.05), PSE (F3,52 =
2.34, p > 0.05), and T

p

(F3,52 = 0.02, p > 0.05).
It is very interesting that packet loss did not affect on

the teleoperator’s perceptual performance unlike packet
separation time did. This could be explained from the fact
that human’s perceptual bandwidth for force and stiff-
ness is about ⇠ 100 Hz [20]. Although �loss = 75%,
the average rate of the haptic feedback in the experiments
could be about 250 Hz because the system sampling rate
is 1 kHz, which is still enough large for human operator’s
stiffness perception.

4.2.2 Test of Practical Performance
For this test, as we could expect, there was no ef-

fect of packet loss on any perceptual performances, JND
(F3,52 = 0.34, p > 0.05), PSE (F3,52 = 0.12, p > 0.05),
and T

p

(F3,52 = 0.07, p > 0.05). This result also could
be explained based on human’s perceptual bandwidth dis-
cussed in Sec. 4.2.1.

5. CONCLUSION
In this paper, we studied a fundamental performance

limitation of haptic teleoperator over the imperfect com-
munication network. For this, we proposed two kinds
of experiment to perform a stiffness discrimination task
with simulated imperfect communication networks (i.e.,
the packet separation time and the packet loss). In the ex-
periments, three metrics, JND, PSE, and perception time,
were measured and analyzed for the teleoperator’s per-
ceptual performance.

In the experiment of packet separation time, there was
a significant increase of PSE for the test of fundamen-
tal performance which the imperfect communication was
applied to only test model. There was, however, a signifi-
cant increase of JND for the test of practical performance
which the imperfect communication was applied to both
reference and test models. It is noticeable that there was
the significant decrease of performance even with a small
packet separation time in the test of fundamental per-
formance but, in the test of practical performance, an
enough large packet separation time was needed to de-
crease the perceptual performance significantly. On the
other hand, in the packet loss experiment, packet loss did
not affect on any teleoperator’s perceptual performance
significantly. The main reason for this could be that hu-
man’s perceptual bandwidth for stiffness (⇠ 100 Hz) is
very low compared with usual haptic sampling rate (1 ⇠
kHz) even with a large packet loss rate.

We will further this study by theoretically proving the
experimental result, the existence of fundamental perfor-
mance limitation of the haptic teleoperator over the im-
perfect communication network.
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Fig. 6 Experimental result of Experiment 2. (a) Test of fundamental performance. (b) Test of practical performance.
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