
  

  

Abstract— In bilateral teleoperation, the performance 
measure has significant considerations: control objective, 
quantitativeness, time delay and human haptic perception, but 
no suitable performance measure exist. Therefore this paper 
investigates extended transparency as a performance measure in 
bilateral teleoperation. First, through an analysis based on 
control objective, extended transparency has two independent 
control objectives: trackability and immersivity. Second, we 
develop the performance measure for each control objective of 
extended transparency by using both the transmission delay 
constant and the error vector magnitude for the effect of time 
delay, and both the meaningful perception bandwidth and the 
compliance just-noticeable-difference for human haptic 
perception. Finally, extended transparency is applied to two 
kinds of control architecture in a one-DOF LTI teleoperation 
system. The case study and simulations demonstrate the ease of 
application and the validity of the proposed method. 

I. INTRODUCTION 
HIS paper deals with a major issue associated with 
bilateral teleoperation: performance measure. Our 

particular aim is to develop extended transparency as a 
performance measure in bilateral teleoperation. Provided 
below is the background and context for our research. 

Whenever new control architecture is developed, the 
developer wants to show the performance improvement 
compared with other control architecture. And the engineers 
of bilateral teleoperation system need a standard of judgment 
about the question; which control architecture (or control gain 
set) has better performance? These problems are important, 
and the solution is obviously the performance measure. 

Performance measure is a quantitative evaluation tool 
based on the attaining degree of the control objective, so 
control objective and quantitativeness become essential 
features. However, the performance in bilateral teleoperation 
is hard to quantify because of the debatable control objective 
and the peculiar character in bilateral teleoperation; time 
delay and human haptic perception. 

After all, in bilateral teleoperation, a performance measure 
should be developed based on the valid control objective, 
have quantitative feature, and consider both time delay and 
human haptic perception. However, such a measure has yet to 
be developed. Typically, transparency [1], the most well 
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known research about performance measure in bilateral 
teleoperation, is insufficient for the following reasons [1]. 

First, transparency proposes novel control objectives of 
bilateral teleoperation, but transparency focuses on only one 
control objective in developing performance measure, so the 
measure of transparency cannot satisfy all needs of bilateral 
teleoperation. Second, as the performance comparison 
method, transparency uses eye comparison based on the bode 
plot of the measure of transparency which is not a quantitative. 
Lastly, human haptic perception is not considered. 

There has been much research to improve transparency. 
Transparency transfer function [5], similar to the measure of 
transparency, is a quantitative performance measure which 
use bandwidth concept. Impedance error measure [9] based on 
the measure of transparency is proposed as a quantitative 
performance measure. In addition, a transparency study 
considering human haptic perception is reported [4]. 

Beside, there has been much research based on control 
objective which is different from transparency. Ideal response 
[2] is a well known control objective in bilateral teleoperation. 
From ideal response, performance index of maneuverability 
[2] is proposed as a quantitative measure. Fidelity [8] is 
proposed as a control objective for telesurgery, and a 
quantitative performance measure. Z-width [3] is introduced 
as a control objective to maximize achievable dynamic range. 
Force-reflection ratio [6], [7] presents the force ratio of the 
master force to the slave force, which is limited by stability. 

In reviewing the literature, to our knowledge, no suitable 
performance measure exists in bilateral teleoperation from the 
viewpoint of control objective, quantitativeness, time delay 
and human haptic perception. 

Accordingly, this paper first defines extended transparency 
which has two independent control objectives: trackability 
and immersivity. Second, from these two control objective, 
each performance measure is developed. In this regard, we 
define the trackability and immersivity functions and use the 
error vector magnitude to consider time delay. For human 
haptic perception, meaningful perception bandwidth and 
compliance just-noticeable-difference [10] are introduced. 
Finally, a case study is presented to show both the ease of 
application and the validity of the extended transparency. 

In our endeavor, we have employed two assumptions. First, 
one-DOF linear time invariant bilateral teleoperation model 
without scale factor is used for the sake of simplicity. Second, 
to focus on the performance measure of bilateral teleoperation, 
this paper treats stability as a primary constraint. 
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II. DEFINITION OF EXTENDED TRANSPARENCY 

A. Formulations 
It has been stated in [14] that bilateral teleoperation system 

can be modeled by using a general two-port network model. 
Hence this paper uses this model, which can be represented by 
a two-port network hybrid matrix [14]: 
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where Fh (s) denotes the operator force exerted on the master; 
Fe (s) the environment force exerted on the slave; Vh (s) the 
operator velocity; Ve (s) the environment velocity; and hij (i, 
j=1,2) the hybrid parameters that are the functions of the 
master, the slave dynamics, and their control parameters. 
 From [2] and [8], a relation in Laplace domain is found as: 

( ) ( ) ; ( ) ( )h h e esX s V s sX s V s= = .        (2) 
where Xh (s) and Xe (s) denote the position of the operator and 
the environment respectively. 

Here each hybrid parameter is expressed as follows [15]: 
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where Zcm=Zm+Cm; Zcs=Zs+Cs; D=(1+C6)Zcs−C3C4; Zm denotes 
the master impedance; Zs the slave impedance; Ck (k=1~6), Cm, 
and Cs the control parameters in general bilateral control 
architecture (Fig. 1). 

Fig. 1 shows general bilateral control architecture, the 
modified version of [1]. This architecture represents all 
bilateral teleoperation systems to appear, by suitable selection 
of the control parameters. Hence this formulation is suitable 
for the ease of application. 

B. Control Objective of Bilateral Teleoperation 
In this section, this paper decides upon the control objective 

of bilateral teleoperation. Bilateral teleoperation was 
introduced for the human to operate the manipulator from a 
remote area, and to simultaneously sense the interaction 
between the manipulator and the environment. 

Hence bilateral teleoperation systems generally have two 
independent control objectives, the transmission of command 
from the human and the transmission of perception from the 
environment. The former control objective allows the human 
to operate the manipulator from a remote area, and the latter 
helps the human as the operator to perform the remote task 
well. These control objectives are most famous and supported 
by transparency [1]. 

For simple expression, the former control objective is 
defined trackability, and the latter immersivity in this paper. 

C. Extended Transparency Condition 
The condition of control objective can be defined as an 

equation when the control objective in bilateral teleoperation 
is perfectly attained. In this procedure, an extended 

transparency condition is defined based on trackability and 
immersivity, the control objectives of bilateral teleoperation, 
mentioned above. 

First, in bilateral teleoperation, the slave manipulator in a 
remote area is moving at a position Xe to follow the command 
Xh from the human. When the motion of the slave is equal to 
the command motion of the human, perfect attainment of 
trackability, trackability condition, is defined as follows: 

 ( ) ( )e hX s X s= .               (4) 
Next, immersivity is analyzed from the viewpoint of the 

human. Owing to a focus on the perception, we assume the 
command from the human is fixed in Xh. In bilateral 
teleoperation, the human perceives force information Fh from 
the master; this Perception I case is illustrated in Fig. 2(a). In 
Perception II, shown in Fig. 2(b), the human directly perceives 
force information Fh_target from the environment. If Perception 
I is equal to Perception II, immersivity is perfectly attained: 

 _ target( ) ( )h hF s F s= .              (5) 
From Fig. 2(b) and (2), two impedance relationships are 

obtained: 
 _ target( ) ( ) ( ), ( ) ( ) ( )h t h h e hF s sZ s X s F s sZ s X s= = .  (6) 

where Zt (s) denotes the transmitted impedance perceived by 
the operator, and Ze (s) the environment impedance. Note that 
from (1) and (6), the transmitted impedance is expressed as: 

11 12 21 22( ) [ /(1 )]t e eZ s h h h h Z Z= + − + .       (7) 
Combining (5) with (6), immersivity condition is defined: 

 ( ) ( )t eZ s Z s= .               (8) 
Since each control objective has been identified, the 

extended transparency condition is easily defined by 
combining the trackability condition (4) with the immersivity 
condition (8): 
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Fig. 1. General bilateral control architecture 
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Here (8) is equal to the transparency condition in [1], so (9) 
means the extended version of transparency condition which 
includes trackability condition. 

III. PERFORMANCE MEASURE OF EXTENDED TRANSPARENCY 

A. Effect of Time Delay 
Since two independent control objectives of extended 

transparency, trackability and immersivity, are proposed, the 
development of a performance measure is a matter of great 
concern. Especially, the effect of time delay is significant and 
the performance effect caused by time delay is still an open 
problem in bilateral teleoperation. 

In transparency research [1], the attaining degree of 
transparency is determined as the ratio of the transmitted 
impedance to the environment impedance from transparency 
condition. If we follow this method, from (1) and (4), the 
attaining degree of trackability is obtained as: 
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−
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+
.              (10) 

For example, under time delay (0.5sec) and well known 
bilateral control architecture (scattering transformation [11]), 
the bode plot of (10) is represented like Fig. 3(a). 

From Fig. 3(a), we discover that the effect of time delay is 
revealed as the performance by two components: the 
transmission delay and the distortion. Due to the former, the 
command of the human is transmitted to the slave with 
transmission delay, and this component is only revealed as the 
continuous phase shift in bode plot like Fig. 3(b). Beside, the 
command of the human is distorted at the slave because of the 
latter, and in bode plot, this component is appeared as both the 

magnitude and the phase information like Fig. 3(c). 
 To divide the transmission delay component from the effect 
of time delay, using (10), trackability function is defined as: 
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where T denotes the time delay in bilateral teleoperation; Xh
* 

the operator position with transmission delay and α the 
transmission delay constant of trackability. 
 If the phase range of (11) is from –π to π for any T, no 
transmission delay exists between the input and the output of 
(11). Therefore, α is an integer when the phase of GT(s) has the 
range from –π to π for any T. 
 From (11), if the transmission delay constant of trackability 
is found, this constant means the degree of the transmission 
delay component among the effect of time delay in trackability. 
Hence other component, the distortion component among the 
effect of time delay, can be analyze by using (11). 
 Likewise, from (7) and (8), immersivity function is defined: 
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where β denotes the transmission delay constant of 
immersivity, and Ze

* the environment impedance with 
transmission delay. Likewise, β is an integer when the phase of 
GI(s) has the range from –π to π for any T. 
 Therefore, to develop the performance measure for 
considering time delay, we find α and β for the transmission 
delay effect of time delay, and make indices for the distortion 
effect of time delay by using (11) and (12). 

B. Error Vector Magnitude 
Now, we analyze the information in the bode plot of 

trackability and immersivity function to consider the 
distortion effect of time delay. For example, the input/output 
relation in the bode plot of trackability function (11) is as: 

* sin( )
( )sin[ ( )]

h

e t t

X wt
X A w wt wθ

=
= +

.          (13) 

where At (w) denotes the magnitude and θt (w) the phase 
information in the bode plot of trackability function (11). 

Equation (13) represents the bode plot of trackability as the 
information of position distortion between the position of the 
master and the position of the slave in bilateral teleoperation. 
Hence if we regard the teleoperation interface as a 
communication channel, the performance of trackability can 
be interpreted the position distortion, in detail, At (w) means 
the magnitude distortion, and θt (w) the phase distortion. 

Since in combination, both the magnitude and the phase 
distortion affect the performance of each control objective, 
combining with these two distortions is needed to make the 
indices for performance measure. However, this combination 
is not simple because the unit of magnitude and phase are 
different, so the physical meaning of combination is liable to 
be unclear. In spite of this difficulty, Error Vector Magnitude 
(EVM) can be a suitable solution for this combination. 

EVM is a figure of merit for the accuracy of the modulated 

 
(a) Attaining degree of trackability 

 
(b) Transmission delay component               (c) Distortion component 

Fig. 3. Effect of time delay (0.5sec) 
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signal and is widely used in mobile communication research 
[13]. From EVM, combining the magnitude distortion with 
the phase distortion is easily accomplished and has the clear 
physical meaning for the performance measure. 

Here, we present a brief review of EVM. A more complete 
exposition is found in [13]. To explain EVM, the in-phase and 
quadrature component of the periodic signal are introduced: 

( ) sin[ ( )]
( )cos[ ( )]sin( ) ( )sin[ ( )]sin( / 2)
( )sin( ) ( )sin( / 2)

A w wt w
A w w wt A w w wt
I w wt Q w wt

θ
θ θ π

π

+
= + +
= + +

. (14) 

where A(w) denotes the magnitude and θ(w) the phase of the 
signal; I(w) the in-phase, and Q(w) the quadrature component. 

Owing to (14), the signal can be projected as a vector in the 
I-Q (In-phase and Quadrature) plane, as shown in Fig. 4(a). 
Hence, the error vector is defined as presented in Fig. 4(b), 
and EVM is defined as the magnitude of the error vector: 

 2 2EVM ( ) ( )meas ref meas refI I Q Q= − + − .     (15) 

where Imeas and Qmeas denote the I and Q components of a 
measured signal, and Iref and Qref  the I and Q components of a 
reference signal, respectively. 
 From (15) and Fig. 4(b), EVM presents the effects of the 
magnitude and the phase distortion, and this conclusion is 
supported by the mobile communication study [13]. After all, 
the physical meaning of EVM is clear; the magnitude of the 
error between the reference signal and the measured signal. 
 To evaluate the performance regardless of the reference 
signal, we define normalize EVM for performance measure. 
When θ = ±π, EVM is maximized as the sum of the reference 
and measured vector magnitude. Hence, the normalized EVM, 
which is in a range from 0 to 1, is defined: 

N 2 2 2 2

EVMEVM
ref ref meas measI Q I Q+ + +

.     (16) 

C. Trackability Index 
In this subsection, a trackability index is proposed. First, a 

target frequency range (wmin~wmax) of the performance 
measure is decided according to the designer’s purpose. To 
decide wmax, the meaningful perception bandwidth becomes a 
guideline from the viewpoint of the human operator. 

From human haptic perception, the maximum bandwidth 
which the human finger can apply force and motion 
commands comfortably is known about 5~10 Hz [10]. Since 
the output frequency cannot be different from the input 

frequency under LTI bilateral teleoperation model, the 
bandwidth of the perception caused by the input of the human 
operator, meaningful perception bandwidth, is also 5~10 Hz. 

Second, EVM of trackability is obtained. To obtain EVM 
from the definition (15), the reference and the measured 
signals should be decided. In trackability, from (11), the 
reference signal becomes Xh

* and the measured signal 
becomes Xe. Since, we can use the information in the bode plot 
of (11) instead of the measurement of signal, case (13) is 
applicable: A(w)=1 and θ(w)=0 in the reference signal, and 
A(w)=At(w) and θ(w)=θt (w) in the measured signal. Therefore, 
from (14), the terms in (15) are expressed: 

1, 0
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ref ref

meas t t meas t t

I Q

I A w w Q A w wφ φ
= =⎧⎪

⎨ = =⎪⎩
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From (15) and (17), EVM of trackability is obtained as: 
2EVM ( ) ( ) 2 ( ) cos[ ( )] 1t t t tw A w A w wθ= − + .    (18) 

Note that the physical meaning of (18) is the magnitude of the 
error between Xh

* and Xe, so (18) is suitable for developing an 
index as a performance measure. 

Third, to evaluate the performance regardless of Xh
*, 

normalized EVM (16) is used. Combining (16) with (17) and 
(18), normalized EVM of trackability is obtained as follows: 

N
EVM ( )

EVM ( )
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t
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w
w

A w
=

+
.           (19) 

Finally, a trackability index is proposed by using (19) and a 
target frequency range as follows: 

max

min

N
max min

1 EVM ( )
u

T t
u

Q w du
u u− ∫ .        (20) 

where u=log10 w, umin=log10 wmin, and umax=log10 wmax 
To weight the low frequency contents, log scale u is used to 

integrate normalized EVM. Quantitatively, smaller is better 
on the index (20) which range is from 0 to 1, and the index 
(20) includes the distortion effect of time delay. 

D. Immersivity Index 
Developing an immersivity index is similar to that for the 

trackability case, except we consider human haptic perception 
because a control objective, immersivity, originates from the 
need of immersive perception, which is closely related to the 
perception ability of the human operator. 

From (12), the input/output relation in the bode plot of 
immersivity function is as follows: 

* sin( )
( ) sin[ ( )]

e

t i i

Z wt
Z A w wt wθ

=
= +

.           (21) 

where Ai (w) denotes the magnitude information and θi (w) the 
phase information in the bode plot of immersivity function. 

First, an immersivity index use same target frequency range 
as the case of trackability. Second, similar to trackability, the 
EVM of immersivity is obtained from (21): 

2EVM ( ) ( ) 2 ( ) cos[ ( )] 1i i i iw A w A w wθ= − + .    (22) 
Third, human haptic perception is considered. Compliance 

( )wθ

( )A w
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( )wθ
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( ( ), ( ))I w Q w

          (a) Projection as a vector                      (b) Error vector [13] 
Fig. 4. Error vector magnitude (EVM) 
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Just-Noticeable-Difference (JND) is well known as the 
compliance (impedance) resolution of the human [10]:  

/JND jn ex exZ Z Z Z= − .           (23) 

where ZJND denotes compliance JND; Zex the magnitude of 
compliance that already exists, and Zjn the magnitude of just 
noticeable compliance based on the human perception ability. 

From (21) and (23), the magnitude of Ze
* is matched with 

Zex and Ai (w), the magnitude of Zt, is matched with Zjn. Hence, 
when |Ai(w)−1|<ZJND, the human cannot discern the magnitude 
difference of compliance (impedance). To consider this 
human effect, the altered EVM of immersivity is defined: 

2EVM ( ) ( ) 2 ( )cos[ ( )] 1i i i iw A w A w wθ− + .    (24) 

where 
1 if ( ) 1

( )
( ) if ( ) 1

i JND
i

i i JND

A w Z
A w

A w A w Z

⎧ − <⎪
⎨

− ≥⎪⎩
. 

Note that a compliance JND is given as 20~23% in [10]. 
Fourth, similar to (19), normalized and altered EVM of 

immersivity is obtained as follows: 

 N
EVM ( )

EVM ( )
( ) 1

i
i

i

w
w

A w
=

+
.           (25) 

Finally, an immersivity index is proposed: 

 
max

min

N
max min

1 EVM ( )
u

I i
u

Q w du
u u− ∫ .       (26) 

Quantitatively, smaller is better on the index (26) which 
range is from 0 to 1, and the index (26) includes the distortion 
effect of time delay and human haptic perception. 

Since both trackability and immersivity are essential 
control objectives of bilateral teleoperation, each performance 
measure is developed separately. To evaluate trackability 
performance, both the transmission delay constant of 
trackability α of (11) and a trackability index (20) is used, and 
both β of (12) and (26) is used to evaluate immersivity. 

IV. CASE STUDY 

A. Quantitative Comparing with Control Gain Sets 
Now, proposed extended transparency concept is applied to 

well-known control architecture: scattering transformation 
[11]. To apply scattering transformation, from (1), (3), Fig. 1 
and [11], we obtain the following hybrid parameters: 
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where Zmm = Mms+Bm−n2; Zss = Mss+Bs2; Css = Bs1+Ks/s, and 
ξ = (1−e−2Ts)ZssCss+n2(1+e−2Ts)(Zss+Css). 

To perform a quantitative comparison with control gain sets, 
we choose the case setup and the control gains only consider 
stability because this paper treats stability as a primary 
constraint. Three case setups are represented in Table I. 

First, to evaluate the transmission delay effect of time delay, 
each transmission delay constant of trackability and 

immersivity is found by using (11) and (12). Since the control 
architecture of all cases is scattering transformation, all three 
cases have the same transmission delay constant: α=1; β=0, so 
the performance can be evaluated by the indices QT and QI. 

From (11), (12), (20) and (26), a quantitative performance 
comparison by proposed extended transparency is obtained as 
given in Table II. These results show that Case III has the best 
trackability, and next, Case II has better trackability than Case 
I. On the other hand, in immersivity, Case I is the best, and 
next, Case II has better immersivity than Case III. The 
judgment is physically clear and definite owing to the control 
objective and quantitativeness of extended transparency. 

In order to assure the validity of the extended transparency, 
simulations have been made according to the case setups in 
Table I. Simulation results according to Table I is displayed in 
Fig. 5. From Fig. 5(a), with respect to QT, the trackability 
performance (Xe and Xh) are correspondent, as evidenced by 
the position error plot. Likewise, the immersivity performance 
(Zt and Ze) are correspondent with respect to QI in Fig. 5(b), 
and the error plot support the result clearly. Note that since Vh 
is fixed in this simulation, the force ZeVh and ZtVh mean the 
impedance Ze and Zt respectively, and the error (Ze−Zt)Vh 
means the impedance error Ze−Zt in Fig. 5(b). Therefore, the 
validity of extended transparency according to control gain set 
is shown. 

B. Quantitative Comparing with Control Architectures 
The comparison with control architectures is also important 

to use the performance measure. To investigate this possibility, 
extended transparency is applied to other well known control 
architecture: PD-type bilateral control [12]. From (1), (3), Fig. 
1, and [12], hybrid parameters are obtained as:  

2 2/ /
/ 1/

Ts Ts
mm m s ss m ss

Ts
s ss ss

Z e K K s Z e K sZ
e K Z Z

− −

−

⎡ ⎤−
= ⎢ ⎥−⎣ ⎦

H .      (28) 

where Zmm=Mms+Bm+Dm+Km/s; Zss=Mss+Bs+Ds+Ks/s. 
 A control gain set Case IV which is guaranteed stability, is 
represented in Table III. Other case setup is identical to Table 
I because of the comparison. Due to the inherent property of 
PD-type bilateral control, α=1; β=0, which is identical to Case 
I of scattering transformation, so the performance can be 
evaluated by the indices QT and QI. 
 From (11), (12), (20) and (26), the comparison result is 

TABLE I 
CASE SETUP AND CONTROL GAIN SETS 

Case I Case II Case III 
αf =2 αf =1 αf =5.5 

T=500 (ms), Wmin=10-4 (Hz), Wmax=10 (Hz), compliance JND=22 (%) 
Mm=Ms=2.0, Bm=Bs=0.5, Ze(s)=0.0087s+7.4+1225/s 

n=35, Bs1=500, Bm=19.5, Bs2=19.5, Ks=10000 
 

TABLE II 
PERFORMANCE MEASURE OF EXTENDED TRANSPARENCY 
 Case I Case II Case III 

Transmission 
Delay constants  Trackability α=1, Immersivity β=0 

QT 0.6169 0.4814 0.4130 
QI 0.3034 0.3204 0.3580 
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given in Table III which results show that Case IV has better 
trackability than Case I, and Case I has better immersivity than 
Case IV. Note that the best performance cannot be guaranteed 
by Case I and Case IV; hence from this case study, we cannot 
say which control architecture is better. 

Simulation results of Cases I and IV are displayed in Fig. 6. 
From Fig. 6, the result corresponds with each performance 
measure in Table II and III, so the validity of extended 
transparency with respect to control architecture is shown. 

V. CONCLUSION 
This paper proposes a new performance measure in 

bilateral teleoperation, extended transparency. Based on 
independent control objective, two performance measures, 
trackability and immersivity, are proposed separately. Due to 
the separated evaluation, quantitativeness and the 
consideration of time delay and human haptic perception, 
extended transparency can be an effective and clear method to 
evaluate the performance in bilateral teleoperation. 
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(a) Trackability 

 
(b) Immersivity 

Fig. 5. Simulation result of Case I, II and III 
 

 
Fig. 6. Simulation result of Case I and IV 

TABLE III 
CONTROL GAIN SET AND PERFORMANCE MEASURE IN CASE IV 

 Case IV 
Control gain set Dm=Ds=3000, Km=Ks=6000 

Transmission delay constants Trackability α=1, Immersivity β=0 
QT 0.3194 
QI 0.4958 
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