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Quantitative Absolute Transparency for Bilateral
Teleoperation of Mobile Robots
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Abstract—This paper proposes a new criterion, called absolute
transparency, to design control schemes applied to bilateral
teleoperation of mobile robots with time-varying delay. The
absolute transparency measures how and how fast the human
operator and the remote system interact with each other through
a teleoperation system. The absolute transparency of different
control schemes is analyzed and tested through teleoperation
experiments where a human operator drives a mobile robot and
receives both visual and force feedback.

Index Terms—Human-Robot Interaction, mobile robot, teleop-
eration, time-varying delay.

I. I NTRODUCTION

T ELEOPERATION systems allow human operators to
perform tasks in remote environments including many

different applications, such as telemedicine, exploration, en-
tertainment, tele-manufacturing, tele-service, aerial vehicles,
and many more [1], [2]. In teleoperation systems, a human
operator interacts with a remote environment through a ma-
chine, typically a robot, in order to do physical work at a
distance [3]. The signals between the human operator and
the remote system (machine and environment) are exchanged
through a communication channel. However, time delay limits
the quantity of applications of teleoperation systems, since
the operator perceives (visually, haptically, etc.) the interaction
between the robot and the environment (objects, people, other
robots, etc.) some time later than the actual interaction, and the
commands sent by him to the robot are given some time later
too. Thus, the presence of time-delay may induce instability
or poor performance in a delayed control system [4]–[6].

Numerous control schemes have been proposed for the
standard teleoperation between master-slave manipulators [7],
such as delay compensation based on transmission of wave
variables [8], [9]; tele-programming [10], [11] and supervisory
control [3], [12]; predictive display [13], [14]; control based
on transparency [15], remote impedance control [16], [17],
passivity-based control considering the discrete system [18],
among others. In [19] a state-of-art is presented. On the
other hand, although various strategies used in teleoperation
of manipulators could be used in teleoperation of mobile
robots, few papers show experiments with time delay, as for
example event-based control [20], control based on passivity
[21] and [22], [23]. Besides, most of the schemes present in
the literature are based only on a stability analysis. Therefore,
the design of new control schemes to increase the performance
of the delayed teleoperation systems of mobile robots in order
to raise its application in the industry, services, office, and
home currently arises as a motivation in this research area.

Although stability and passivity are concepts well defined in
teleoperation of mobile robots, the transparency concept seems

not to be fully explored. Instead, it should be analyzed in more
depth, since it naturally emerges from the interaction between
human operator and a robot. The measures of transparency
such as the standard transparency [15], [24] and the one based
on the ideal response [25] have been designed to bilateral
teleoperation of master-slave manipulators systems, but its
application to teleoperation of mobile robots with time-varying
delay is difficult.

This paper proposes a new definition called absolute trans-
parency applied to bilateral teleoperation systems of mobile
robots. This work is inspired in the classical concept of
transparency and in an initial study of transparency in the
time domain proposed in [26] where possible advantages of an
analysis of transparency in the time domain were presented.
Absolute transparency allows us to measure how instantaneous
and how is the bilateral interaction between a human op-
erator driving a master and a mobile robot navigating in a
remote environment. The definition takes into account possible
symmetric and asymmetric time-varying delays, the human
operator behavior and non-linear systems, and allows measur-
ing the quantity of absolute transparency that a teleoperation
system has providing a common ground to compare different
teleoperation systems. In addition, the absolute transparency
of different control schemes is analyzed and tested from
teleoperation experiments of a mobile robot where the human
operator receives visual and force feedback.

The paper is organized as follows: Section II describes the
notation used in this paper. In Section III, delayed teleop-
eration systems are presented. In Section IV, the concept of
absolute transparency is proposed. In Section V, the absolute
transparency of different control schemes is analyzed. Section
VI shows an analysis based on experiments of teleoperation
of a mobile robot with visual and force feedback to the user.
Finally, the conclusions of this paper are given in section VII.

II. N OTATION

In this paper, the following notation is used:ℜ+ represents
the positive real numbers,ℜi represents a real vector space
of dimension i, |x| is the Euclidean norm of vectorx,
Cn represents an n-dimensional Banach space of continuous
functions x [θ1, θ2] defined byx (ψ) for ψ ∈ [θ1, θ2] with
time variablesθ2 > θ1. The induced norm of the function
ẋ = f (x,u) with f : ℜn ×ℜp → ℜn, wherex ∈ ℜn, u ∈ ℜp,
is defined as|f| = sup |(f(x1,u1)−f(x2,u2))|

|[x1 u1 ]−[x2 u2 ]| ∀x1,x2 ∈ ℜn and
∀u1,u2 ∈ ℜp, such that|[x1 u1 ]− [x2 u2 ]| 6= 0 with
n and p positive integer numbers. Similarly, if a function
g : ℜn → ℜm is given, the induced norm is defined as
|g| = sup |(g(x1)−g(x2))|

|x1−x2|
∀x1,x2 ∈ ℜn such thatx1−x2 6= 0.

Table I shows the nomenclature used in this paper.
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TABLE I
NOMENCLATURE.

xh : state of the local system

ul : command generated by the human operator

yl : feedback signals

xr : state of the remote system

ur : control action or reference command applied to the
remote system

yr : information back-fed from the remote system

fh, gh : system represented in state space formed by the human
operator and master

fr, gr : system represented in state space formed by the robot
and its environment

f ′
h
, g′

h
: local equivalent system represented in state space

f ′r, g
′

r : remote equivalent system represented in state space

xhe
: state of the local equivalent system

xre : state of the remote equivalent system

Tt : instantaneous transparency

TL : local transparency

TR : remote transparency

T : vector of absolute transparency

III. D ELAYED TELEOPERATIONSYSTEMS

This section analyzes a teleoperation system that includes
a local site, where a human operator drives a remote mobile
robot navigating in an environment (e.g. corridor with people).
He/she uses some device to generate reference commands
which are sent to the robot and simultaneously he/she receives
feedback such as force, sound, and video from the remote
system, as shown in Fig. 1. The human operator and the remote
system are connected through a data communication channel
(e.g. Internet).

Fig. 2 shows the general scheme of a teleoperation system.
Here, the remote system consists of a mobile robot and its
environment. Let us assume that the remote system can be
described by a non-linear system represented in state space
by,

ẋr (t) = fr (xr (t) ,ur (t)) (1)

yr (t) = gr (xr (t)) (2)

wherexr ∈ ℜn is the state of the remote system,ur ∈ ℜp is
the control action or reference command applied to the remote
system,yr ∈ ℜm represents the information back-fed from
the remote system,fr : ℜn × ℜp → ℜn, gr : ℜn → ℜm and
t ∈ ℜ+ represents time, withn,m, p positive integer numbers.
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Fig. 1. Teleoperation system. 
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Fig. 2. Control scheme applied to teleoperation systems.

On the other hand, the communication channel adds a time
delay h1 to the signals sent from the remote system to the
human operator and a time delayh2 to the signals sent by the
operator using a master to the remote system. In general, in-
formation loss could be added by the communication channel
used.

In addition, let us consider that the local system, which
includes the human operator and master, can be modeled by
a linear or non-linear system represented in state space by,

ẋh (t) = fh (xh (t) ,yl (t)) (3)

ul (t) = gh (xh (t)) (4)

wherexh ∈ ℜk is the state of the local system,ul ∈ ℜp

is the command generated by the human operator,yl ∈ ℜm

is the information back-fed to him/her from the remote site,
fh : ℜk × ℜm → ℜk, gh : ℜk → ℜp and t ∈ ℜ+ represents
time, with k a positive integer number.

In general, the master device model can be easily obtained,
whereas to model the human operator is a difficult task.
Classical papers, as in [27]–[29], represent the human output
using quasi-linear models, but some human behavior can be
better described using non-linear models [30], [31].

The time delaysh1 and h2 generally will cause a poor
performance of a mobile robot teleoperation system. There-
fore, some control scheme must be included in the system
to achieve a performance useful in practice. In general, the
control schemes applied to teleoperation systems modify the
signals sent and received through the communication channel
or add simulators to the local site or include a high-level ofau-
tomation in the remote system. But, a number of questions are
open, for example: how can the designer correctly choose the
composition of the control scheme of a delayed teleoperation
system? How should the designer compare different control
schemes? Does the selection of a control scheme depend on
the application-type? How should the parameters and structure
of each control block of any scheme be set? If the degree
of automation of the remote system is higher, e.g. including
compliance, hybrid controllers, etc., would the performance
of the teleoperation system be higher too? If a teleoperation
system is stable in theory, does it necessarily work well in
practice? Currently, these questions seem to be only partially
addressed in the literature on teleoperation of mobile robots. In
order to increase the conceptual tools for trying to solve these
inquires, a new method to design and analyze teleoperation
systems is proposed, as discussed next.
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IV. A BSOLUTE TRANSPARENCY IN THETIME DOMAIN

This paper proposes a new definition calledabsolute trans-
parency. The absolute transparency attempts to reflect how and
how fast the human operator and the remote system interact
with each other through a teleoperation system. The proposal
establishes a vector in a 3D space identified by a set of
base vectors calledlocal transparency, remote transparency
and instantaneous transparency. The first two quantify the
similarity between the system felt by the human operator and
the real remote system and between the system seen from
the remote system and the human operator, respectively. The
proposed definition allows making such structural comparisons
independently of the magnitude of the time delay. The last
base vector depends on the current time instant and allows to
quantify the master dynamics, the slave dynamics and how fast
the human operator and the remote system feel the interaction
with the remote system and the local system, respectively,
through the teleoperation system.

The proposed definition, based on the time domain and
models in state space, allows quantitatively getting the level
of absolute transparency that a teleoperation system has. Thus,
different control schemes could be compared according to this
new criterion.

A. Remote and Local Equivalent Systems

In general, delayed teleoperation systems are described by
delayed functional differential equations [32], [33]. Therefore,
the comparison between the remote system described by (1),
(2) and the local system represented by (3), (4) with the
structures felt by each one of them is not direct because the
states and dependence in time are different for each of them.
We propose a way to compare such systems based on the
definition of remote and local equivalent systems, as they are
seen from the local system and remote system, respectively
(Fig. 3). To compute the remote and local equivalent systems,
we force the explicit dependence in time oful,yl andur,yr

to t respectively.
By carrying the feedback from the remote system to the
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Fig. 3. Local and remote equivalent systems.

applied command to the local system inh2 seconds (see Fig.
2), the remote equivalent system can be obtained by delayed
functional differential equations with a general structure de-
scribed by,

ẋr (t
′) = f′r (xre [θ

′, t′] ,ul (t)) (5)

yl (t) = g′r (xre [θ
′′, t′′]) (6)

where f′r : Cn′ × ℜp → ℜn, g′r : Cn′ → ℜm, ul ∈ ℜp,
yl ∈ ℜm, t′, t′′, θ′, θ′′ represent time variables andxre ∈ ℜn′

with n′ ≥ n, thusxre has more state variables thanxr.
In non-delayed teleoperation systems,t = t′ = t′′ = θ′ =

θ′′ but when there is time delay,t′ = t+h2, θ′′ = t−h1, and
t′′ and θ′ depend on the composition of the control scheme
and verifyθ′ ≤ t′ andθ′′ ≤ t′′.

In a similar way to the remote equivalent system, the local
equivalent system (Fig. 3) can be described as follows,

ẋh (t∗) = f′h (xhe
[θ∗, t∗] ,yr (t)) (7)

ur (t) = g′h (xhe
[θ∗∗, t∗∗]) (8)

wheref′h : Ck′ × ℜm → ℜk, g′h : Ck′ → ℜp, ur ∈ ℜp, yr ∈
ℜm, t∗, t∗∗, θ∗, θ∗∗ describe time variables andxhe

∈ ℜk′

with k′ ≥ k.
In non-delayed teleoperation systemst = t∗ = t∗∗ = θ∗ =

θ∗∗, but for delayed teleoperation systems,t∗ = t+h1, θ∗∗ =
t− h2 and t∗∗ andθ∗ depend on the control scheme.

B. Absolute Transparency

This paper defines the absolute transparency of a delayed
teleoperation system represented by the local and the remote
equivalent system described by (5), (6), (7) and (8) as follows,

T := TLū+ TRv̄ + ktTtw̄ (9)

whereT ∈ ℜ3, ū, v̄, w̄ are orthogonal vectors to each other,
TL is called local transparency,TR is called remote trans-
parency,Tt [sec] is called instantaneous transparency, where
kt

[

1
sec

]

is a weight gain.
Fig. 4 shows a graphical representation of the proposed

absolute transparency vector, where the origin corresponds to
ideal transparency. The limit cases are described by|T| = 0
for ideal absolute transparency and|T| → ∞ for the worst
absolute transparency. Next, the components of the absolute
transparency (9) will be defined.

C. Local and Remote Transparencies

The local transparencyTL is defined as the measure of how
similar the remote system felt by the human operator driving
the master is to the ideal system felt by him/her, i.e. the remote
system as it is. The local transparencyTL is computed as the
difference between the remote equivalent system describedby
(5) and (6) and the remote system represented by (1) and (2)
in which ur andyr are replaced forul andyl, as follows:

TL := |f′r − fr|+ ql |g′r − gr| (10)

where the terms on the right hand side in (10) are compared
considering the time variablet in fr (1) andgr (2) similar to
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t′ and t′′ in f′r (5) andg′r (6), respectively. The gainql > 0
is only added to make a better comparison between different
physical units.

On the other hand, the remote transparencyTR is defined
as a measure of how similar the operator (including the
master) felt by the remote system is to the local system, i.e.
the ideal system seen from the remote system. The remote
transparencyTR is computed as the difference between the
local equivalent system described by (7) and (8) and the local
system represented by (3) and (4) in whichul and yl are
replaced forur andyr, as follows:

TR := |f′h − fh|+ qr |g′h − gh| (11)

where the terms on the right hand side in (11) are compared
forcing t in fh (3) andgh (4) similar tot∗ andt∗∗ in f′h (7) and
g′h (8), respectively. The gainqr > 0 is added for the same
use thatql.

The comparisons made in computingTL and TR use the
same relative dependence in time respect to the non-delayed
time variable (mathematically forcingt = t′ = t′′ = t∗ = t∗∗)
in order to make a structural comparison independently from
the magnitude of the time delay. In addition, the induced norm
is applied taking into account that the outputs of two generic
systemsi andj, represented by the input-state functionsfi and
fj and the state-output functionsgi andgj, can be compared by
|fi − fj|+ |gi − gj| if they have similar relative dependence in
time with respect to their time instants without delay as well
as similar dimensional dependence in input, state and output
or bounded by|fi|+ |fj|+ |gi|+ |gj| otherwise.

D. Instantaneous Transparency

We propose as component of the absolute transparency a
time variable that represents the dynamics of the master, the
dynamics of the slave, the loss of instantaneity, the apparent
delay felt by the human operator and the remote system and
the effects of the distortion and information loss producedby
the time varying delay. This component is called instantaneous
transparencyTt. From a teleoperation system represented by

(5), (6), (7) and (8),Tt is defined as follows:

Tt := |tua
− t′|+ |θ′′ − t|+ |tya

− t∗|+ |θ∗∗ − t|+ tm + ts

+ fw

(

d|tua−t|
dt

)

+ fw

(

d|t′−t|
dt

)

+ fw

(

d|θ′′−t|
dt

)

+ fw

(

d|tya−t|
dt

)

+ fw

(

d|t∗−t|
dt

)

+ fw

(

d|θ∗∗−t|
dt

)

(12)

The first and second terms and the third and fourth terms
represent the apparent delaystLa

and tRa
that the human

operator (driving the master) and the remote system feel
interacting with their opposite sites.

Let us assume that (5) and (7) can be represented by,

ẋr (t
′) = fr (xr (t

′) ,uA) (13)

ẋh (t∗) = fh (xh (t∗) ,yA) (14)

where
uA = ul (t) + vu (xre [tud

, tua
]) (15)

with tud
≤ tua

andvu : Cn′ → ℜp and

yA = yr (t) + vy (xhe
[tyd

, tya
]) (16)

with tyd
≤ tya

andvy : Ck′ → ℜm.
In case ofvu = 0, tua

is considered equal tot for the
calculus of instantaneous transparency. Similarly, whenyu =
0, we considertvy = t.

Taking into account (6), (13), (8) and (14),tLa
andtRa

are
defined as,

tLa
= t′La

+ |θ′′ − t| = |tua
− t′|+ |θ′′ − t| (17)

tRa
= t′Ra

+ |θ∗∗ − t| = |tya
− t∗|+ |θ∗∗ − t| (18)

The apparent delaytLa
is formed for two time variables.

The first one represents the elapsed time between an apparent
control actionuA (15) (composed by the commandul but
modified by the control scheme) is applied to the remote
system, and the time instant in which its state changes due to
such action. This change is transmitted to the human operator
who feels a feedback signalyl. The concept oftRa

is similar
to tLa

considering an apparent feedbackyA (16) on the human
operator and its path tour.

The terms|θ′′ − t| and |θ∗∗ − t| on the right hand side in
(12) represents how much time elapses between a variation
in the human operator’s command (ul) and its effect on the
remote system and how much time elapses between a variation
in the output of the remote system (yr) and its effect on the
human operator. These two terms are equals toh1+h2 for all
control schemes and represent the loss of instantaneity of a
delayed teleoperation respect to a non-delayed teleoperation.

The termstm and ts represent the dynamics of the master
and slave respectively. Let us assume that the master and slave
are stables with bounded input-bounded output. Then,tm and
ts represent the time constant of a linear system similar in its
rate of response with respect to the real ones.

Finally, the last six terms in (12) take into account the signal
distortion (compression and expansion) and the information
loss caused by the time-varying delay. These terms are de-
scribed “unilaterally”, deduced from the first four “bilateral”
terms in (12). Thus, they allow analyzing the information loss
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and distortion between a transmission point and a reception
point. On the other hand, the definition (12) takes into account
the variation rate of the time delay too. But, what should
the functionfw (·) be? In order to answer this question, let
us make an analogy between the time-varying delay added
by a communication channel where data are transmitted and
a tube with variable length where there are numbered balls,
infinitesimally separated, traveling at speedv. Let us assume
that only one ball or data is taken in the output for each
time instant. First we note that if at a certain time instant
the tube length is incremented faster than the balls speedv,
then no ball will come out of the tube at such time. Second,
if the tube length is decreased faster than the balls speed, then
some balls will be omitted. Both cases include information
loss. In an analog way, we can talk about “position in time”
of the transmitted signals instead of physical position of the
balls; therefore, if the time displacement caused by the time
delay varies faster than the derivative of the “position in time”
(

dh
dt
> 1

)

, then there will be information loss.
From this, the functionfw (·) returns a value in seconds for

compatibility in (12) defined by [26] as:

fw

(

d |φ|
dt

)

:=



















∣

∣

∣

d|φ|
dt

∣

∣

∣

1−

∣

∣

∣

d|φ|
dt

∣

∣

∣

if 0 ≤
∣

∣

∣

d|φ|
dt

∣

∣

∣
< 1− ε

1−ε
ε

if
∣

∣

∣

d|φ|
dt

∣

∣

∣
≥ 1− ε

(19)

where0 < ε < 1 andφ rangestua
− t, t′ − t, θ′′ − t, tya

− t,
t∗ − t and θ∗∗ − t, see (12). Fig. 5 shows howfw (·) varies
depending on thed|φ|

dt
.

The functionfw takes as argumentd|φ|
dt

since it measures
the effect of the variation rate of the time delay without
considering if the displacement in time is forward or backward
respect tot. The valueε is set according to the application
establishing a practical bound tofw without changing such
function until ε − 1. In general,ε will be a small value to
make fw finite and to weigh the distortion (compression and
expansion) differently respect to the information loss.

A better instantaneous transparency implies that the human
operator and the remote system feel the interaction with each
other as fast as possible; this is, ifTt is smaller, then the
absolute transparency is better.
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Fig. 6. Teleoperation system of a mobile robot with force feedback.

E. Example

A simple teleoperation system of a mobile robot with force
feedback in one DOF is analyzed in order to clarify the
proposed concept of absolute transparency. Let us assume that
a human operator drives the angular velocity of a mobile
robot navigating at constant linear velocity. The user turns
a joystick to establish such command receiving a torque
feedback simultaneously through a communication channel
which adds a constant delayh2 from the robot to the user
and vice versa.

The mobile robot can be expressed in Cartesian coordinates
by the known classic kinematic model given by:





ẋ (t)
ẏ (t)

θ̇ (t)



 =





v cos θ (t)
v sin θ (t)
ωr (t)



 (20)

where ur =
[

v
ωr

]

is the control action withv the linear
velocity andωr the angular velocity of the mobile robot, and
x, y, θ represent the position and orientation of the mobile
robot respect to a reference frame.

The environment is modeled by a torque generated by the
interaction between the mobile robot and the obstacles around
it. The torqueyr is computed as,

yr (t) = kf

(

D −
√

x (t)
2
+ y (t)

2

)

(21)

for D ≥
√

x2 + y2 andyr = 0 otherwise.
The obstacle is placed on the origin of the reference frame

(Fig. 6),D [m] establishes the maximum distance of detection,
andkf

[

Nm
m

]

converts the distance between the mobile robot
and the obstacle to a torque. Although such torque is fictitious,
it could be interpreted as a physical torque such that if it is
applied to the mobile robot it will turn.

Let us assume that the human operator establishes the turn
anglexh of the joystick in the following way,

ẋh (t) = −xh (t)

Th
− yl (t) (22)
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where Th represents the dynamics of the user’s arm and
master. From this, a velocity commandul =

[

ωl
v

]

is generated
whereωl is computed as,

ωl (t) = khxh (t) (23)

wherekh
[

1
s

]

converts an angle to an angular velocity com-
mand.

Then, the remote system is modeled by (20) and (21) like (1)
and (2), and the local system is modeled by (22) and (23) like
(3) and (4). Next, we will analyze the absolute transparency
of the teleoperation system shown in Fig. 6, where the gains
kc

[

rad
N.m.s

]

andkl
[

1
s

]

are added.
The remote equivalent system can be represented like (5)

and (6) as follows:




ẋ (t′)
ẏ (t′)

θ̇ (t′)



=





v cos θ (t′)
v sin θ (t′)

ωl(t)−klxh(θ′)−kckf

(

D−
√

x(t′)2+y(t′)2
)



 (24)

yl (t) = kf

(

D −
√

x (t′′)2 + y (t′′)2
)

(25)

wheret′ = t+ h
2 , θ′ = t and t′′ = θ′′ = t− h

2 .
While the local equivalent system can be expressed like (7)

and (8) by,

ẋh (t∗) = − 1

Th
xh (t∗)− yr (t) (26)

ωr (t) = (kh − kl)xh (θ∗∗)

− kc

(

kf

(

D −
√

x (t∗∗)2 + y (t∗∗)2
))

(27)

wheret∗ = θ∗ = t+ h
2 , andt∗∗ = t andθ∗∗ = t− h

2 .
Comparing (24) and (25) with (20) and (21), and (26) and

(27) with (22) and (23) like subsection IV-C, considering
ql, qr ≤ 1, the local and remote transparencies can be com-
puted,

TL ≤ |kl|+ |Dkckf |
TR ≤ |Dkckf |+ |kl|+ |kh − kl|

(28)

In addition, the instantaneous transparency (12) for this
teleoperation system can be deduced as,

Tt = |tua
− t′|+ |θ′′ − t|+ |tya

− t∗|+ |θ∗∗ − t|+ tm + ts

= 0 +
h

2
+
h

2
+
h

2
+ Th + 0 =

3

2
h+ Th (29)

The mobile robot is represented by a kinematic model, then
ts = 0 in (29).

Let us suppose that the teleoperation has the following
parametersh = 1s, D = 2m, kh = 1 1

s
, Th = 0.2s, kf = 1N

and the controller is set tokl = 0.5 1
s

andkc = 1 rad
N.m.s

. Then,
these numeric values are used in (28) and (29) to calculate the
norm of the absolute transparency (9), consideringkt = 1, as
follows,

|T| =
√

T 2
L + T 2

R + T 2
t

=
√

(0.5+2×1×1)2+(2×1×1+0.5+0.5)2+(1.5×1+0.2)2=4.259

The utility of the three components of the absolute trans-
parency is shown in the example, since different values are

obtained depending on the human operator, remote system
(mobile robot and environment), control scheme (kl,kc) and
communication channel (h). The achieved result represents the
level of absolute transparency of the teleoperation systemof
a mobile robot with force feedback described by (24), (25),
(26) and (27).

Remark:The definition of absolute transparency for tele-
operation of mobile robots could be applied in other class of
teleoperation system if it can be represented by equations (1)
to (8) and if the functions are such that the norms used in
equations (10) and (11) are finite.

F. Comparison Between Different Definitions Related to
Transparency

Table II shows the advantageous of the definition of absolute
transparency respect to the ideal response [34] and the classic
transparency in frequency [15], when they are applied to the
teleoperation of mobile robots.

V. DESIGN OFCONTROL SCHEMES FORTELEOPERATION

OF A MOBILE ROBOT

In our delayed teleoperation system, the human operator
uses a steering wheel and a joystick to drive the direction
and acceleration of a remote mobile robot respectively while
he/she receives both visual and force feedback. Here, the user
perceives a force feedback only through the joystick.

The human operator generates angular positionsul =
[φ θ ] driving the joystick and steering wheel, where0 ≤ φ ≤
π
2 and|θ| ≤ π

2 are the angular positions of them, respectively.
These angles are mapped to commands of linear and angular
velocity as follows,

G′
e (ul) =

[

vl ωl

]

=

[

G1 0
0 G2

]

[

φ cos θ φ sin θ
]

(30)

wherevl andωl are the linear and angular velocity commands,
G′

e represents the mapping function andG1,G2 convert a
position information to a velocity information and are set
G1 = G2 = 1 for the sake off simplicity. From the local
site, velocity commands[ vl ωl ] are sent to the mobile
robot. These commands are modified depending on the control
scheme to set the velocity referenceur = [ vr ωr ] applied to
the mobile robot, wherevr andωr are the linear and angular
velocity references (see Fig. 7).

The human operator feels the obstacles around the mobile
robot through a forcefl which is calculated depending on
the tangential component of a force established on the remote

TABLE II
DIFFERENCE RESPECT TO SYSTEM MODEL, TIME DELAY AND

QUANTIFICATION .

Definition System model Time delay Quantifiable

Ideal Response Linear Constant Not

Classic Transparency Linear Constant Not

Absolute
Transparency

Linear and
nonlinear

Constant
and variable Yes
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Fig. 7. General control schemes for bilateral teleoperation of mobile robots.

system asfrepulsive = [ ft fn ] = (dmax − d) [ cosβ sinβ ]
whered andβ describe the distance and orientation between
the robot and the obstacles, anddmax represents the radio of
a repulsion fictitious zone. The forcefl is computed by the
used control scheme. In addition, the user visually perceives
a position errore = [ ρ α ] of the mobile robot respect to the
goal with ρ the distance error andα the angular error. Thus,
the signal back-fed to the local site isyr = [ e (t) ft (t) ],
while the perceived feedback by the human operator isyl =
[ e (t− h1) fl (t) ].

Now, let us assume a general delayed teleoperation system
of a mobile robot where the control blocksSA, SB, SC, SD
described by input-state functionsfa, fb, fc, fd and state-output
functionsga, gb, gc, gd respectively as well as the functions for
scaling and/or mapping (without dynamics)Ge andGf could
be included for the designer, as it is shown in Fig. 7. The states
of SA, SB, SC, SD are calledxA,xB,xC,xD respectively.

The teleoperation system shown in Fig. 7 can be described
as in (5), (6), (7) and (8) in the following way:

ẋr (t+ h2) = fr(xr (t+ h2) ,Ge (ul (t)) + ga (xA (t))

+ gc (xC (t+ h2)))

= ẋr (t
′) = f′r (x

′
r [θ

′, t′] ,ul (t)) (31)

yl (t) = Gf (gr (xr (t− h1))) + gd (xD (t))

+ gb (xB (t− h1))

= g′r (x
′
r [θ

′′, t′′]) (32)

ẋh (t+ h1) = fh(xh (t+ h1) ,Gf (yr (t)) + gb (xB (t))

+ gd (xD (t+ h1)))

= ẋh (t∗) = f′h (x
′
h [θ∗, t∗] ,yr (t)) (33)

ur (t) = Ge (gh (xh (t− h2))) + ga (xA (t− h2))

+ gc (xc (t))

= g′h (x
′
h [θ∗∗, t∗∗]) (34)

where (31) and (32) represent the remote equivalent system
whose state isxre = [xr xA xB xC xD ] and (33) and
(34) describe the local equivalent system whose state isxhe

=
[xh xA xB xC xD ].

In the case of an ideal coupling between the human operator
and the environment, the dynamics of the master and robot
must be instantaneous (tm = 0 and ts = 0) and the time
delay must be null. Due to the dynamics of the master and
mobile robot are considered in the definition of absolute

transparency, then the local and remote equivalent systems
could be compared with a non-delayed teleoperation system
described by,

ẋr (t) = fr (xr (t) ,G
′
e (ul (t))) (35)

yl (t) = gr (xr (t)) (36)

ẋh (t) = fh (xh (t) ,yr (t)) (37)

ur (t) = gh (xh (t)) (38)

whereG′
e is the mapping function used to make the signals

of the mobile robot and the master compatible.
Next, the absolute transparency of four control schemes

applied to delayed teleoperation of mobile robots with force
feedback will be analyzed. We take such control schemes only
as examples to show how the absolute transparency can be
computed and compared between different control schemes.

A. Teleoperation Without Any Control Scheme

If is not used any control scheme in the teleoperation
system,SA = SB = SC = SD = 0 andGe = G′

e,Gf = 1 (Fig.
7). Considering this in (31), (32), (33) and (34), the delayed
teleoperation system can be represented by,

ẋr (t
′) = fr (xr (t

′) ,G′
e (ul (t))) (39)

yl (t) = Gf (gr (xr (t
′′))) (40)

ẋh (t∗) = fh (xh (t∗) ,Gf (yr (t))) (41)

ur (t) = G′
e (gh (xh (t∗∗))) (42)

wheret′ = θ′ = t+ h2, t′′ = θ′′ = t− h1, t∗ = θ∗ = t+ h1
and t∗∗ = θ∗∗ = t− h2.

Comparing (39), (40), (41) and (42) with (35), (36), (37),
and (38) respectively and taking into account the proposed
definitions for the instantaneous, the local and the remote
transparency; the components of the absolute transparencycan
be computed as,

Tt = (h1 + h2) + (h1 + h2) + tm + ts

+ 2
(

fw

(

ḣ1

)

+ fw

(

ḣ2

))

= 2 (h1 + h2) + tm + ts + 2
(

fw

(

ḣ1

)

+ fw

(

ḣ2

))

(43)

TL = 0 , TR = 0 (44)

For non-delayed direct teleoperation, the absolute trans-
parency is|T| = kt (tm + ts).

B. Gain Applied to the Force Feedback

In this case,SA = SB = SC = SD = 0, Ge = G′
e and

Gf = 1 + K (h1 (t) + h2 (t)), whereK > 0. The delayed
teleoperation system can be represented similar to (39), (40),
(41) and (42). So, comparing these equations with (35), (36),
(37) and (38) consideringql, qr ≤ 1 and Gf 6= 1, the



8

instantaneous transparency (12), the local transparency (10),
and the remote transparency (11) can be computed as,

Tt = (h1 + h2) + (h1 + h2) + tm + ts

+ 2
(

fw

(

ḣ1

)

+ fw

(

ḣ2

))

= 2 (h1 + h2) + tm + ts + 2
(

fw

(

ḣ1

)

+ fw

(

ḣ2

))

(45)

TL ≤ |Gf | |gr| ≤ (1 +Kδ) |gr| (46)

TR ≤ |Gf | |fh| ≤ (1 +Kδ) |fh| (47)

whereδ = max (h1 (t) + h2 (t)) for t ≥ 0 .

C. High Degree of Remote Automation

In this caseSA = SB = SD = 0, andGf = 1. This scheme
is based on combining with the same priority the command
generated by the human operator and a signal calculated froma
motion controller that includes obstacles avoiding. From (31),
(32), (33) and (34), the teleoperation system using the control
scheme C can be described by,

ẋr (t
′) = fr (xr (t

′) ,Ge (ul (t)) + gc (xC (t′))) (48)

yl (t) = gr (xr (t
′′)) (49)

ẋh (t∗) = fh (xh (t∗) ,yr (t)) (50)

ur (t) = Ge (gh (xh (t∗∗ − h2))) + gc (xc (t
∗∗)) (51)

wheret′ = θ′ = t+ h2, t′′ = θ′′ = t− h1, t∗ = θ∗ = t+ h1,
t∗∗ = t andθ∗∗ = t− h2.

We use a position kinematic controller based on polar
coordinates [22]. The obstacles are modeled as repulsive
forces where the distance between the robot and the obstacles
establish the magnitude of such fictitious or virtual force [35].

This control scheme includesSC described bygc (·) =
0.5w (·) = 0.5 [ kv ρ̃ cos α̃ kωα̃+ kv sin α̃ cos α̃ ], andGe =
0.5G′

e. The functionfc (·) is null since a kinematic controller
is used. Inw (·), the parameterskv andkω are the controller
gains, andρ̃ and α̃ represent distance and angular errors
defined by,

ρ̃ = ρ− kρft , α̃ = α− kαfr

whereρ andα represent the distance and angular errors of the
mobile robot respect to the goal. Fig. 8 shows the variables
used in the described controller.

Comparing (48), (49), (50) and (51) with (35), (36), (37),
and (38), and taking into account theql, qr ≤ 1 and the
proposed definitions for the instantaneous, the local and the
remote transparency; the components of the absolute trans-
parency can be computed as,

Tt = (h1) + (h1 + h2) + tm + ts + 2fw

(

ḣ1

)

+ fw

(

ḣ2

)

= 2h1 + h2 + tm + ts + 2fw

(

ḣ1

)

+ fw

(

ḣ2

)

(52)

TL ≤ |fr| (|fc|+ |gc|+ |0.5− 1| |G′
e|) (53)

TR ≤ 1.5 |G′
e| (|fh|+ |gh|) + 0.5 |G′

e| (|gh|+ |fh|) (54)

We remark that a fast autonomous controller (high|gc|)
acting as semi-autonomous part in a teleoperation system has
a poor transparency since it forces the robot to a speed higher
than the one usually established by the human operator.

Obstacle

tf

rf

~

~

d

< robot > 

< goal > 
p
x̂

Fig. 8. Repulsive force and distance and angular errors.

D. Controller Based on Remote Transparency

To get a good remote transparency, the remote system
should feel that interacts with the human operator. To make
this and simultaneously decrease the instantaneous trans-
parency, the control scheme setsSB = SD = 0, Ge = G′

e,
Gf = 1, andSA andSC are described byga = −wh (ρ̃1, α̃1)
andgc = wh (ρ̃1, α̃1). The functionwh has a structure similar
to w described in subsection V-C but it uses parameters
compatible with the human operator’s behavior, as in [22].
The functionwh includes position and impedance controllers
representing the usual reactive behavior of a human operator
driving a mobile robot.

On the other hand, the functionsfa andfc are similar to each
other and they are represented by a linear system described by,

[

˙̃ρ1
˙̃α1

]

=

[ −1
th

0

0 −1
th

] [

ρ̃1
α̃1

]

+ [ 1 1 ]

[

ρ̃

α̃

]

whereth is set to0.2 seconds. This control scheme is based
on [36] and [22], where the command generated by the human
operator is changed according to the context felt by him/her
and the current context of the remote system. Next, the delayed
teleoperation system including the control scheme D can be
written by,

ẋr (t
′) = fr(xr (t

′) ,G′
e (ul (t)) + ga (xA (t′ − h2))

+ gc (xC (t′))) (55)

yl (t) = Gf (gr (xr (t
′′))) (56)

ẋh (t∗) = fh (xh (t∗) ,yr (t)) (57)

ur (t) = G′
e (gh (xh (t∗∗ − h2))) + ga (xA (t∗∗ − h2))

+ gc (xc (t
∗∗)) (58)

The instantaneous transparency can be deduced like the
previous cases as,

2h1 + h2 + tm + ts + 2fw

(

ḣ1

)

+ fw

(

ḣ2

)

(59)
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wheret′ = t+h2, θ′ = t, t′′ = θ′′ = t−h1, t∗ = θ∗ = t+h1,
t∗∗ = t andθ∗∗ = t− h2.

The remote transparencyTR can be written comparing (57)
and (58) with (37) and (38) and consideringqr ≤ 1, as follows,

TR ≤ 2β̃ (60)

where β̃ represents the structural error between the human
operator described byfh andgh and the modelwh.

Now, we analyze how the local transparency can be cal-
culated for this case. Let us assume thatga (xA (t)) =
−ul (t)−γ (t) andgc (xc (t+ h2)) = ul (t+ h2)+γ (t+ h2)
with |γ| ≤ γ̄. This bound depends on the errors between the
human operator and the used model. So, we can re-write (55)
as,

ẋr (t
′) = fr (xr (t

′) ,Ge (−γ (t′ − h2) + γ (t′) + ul (t
′)))

(61)
wheret′ = t+ h2 andθ′ = t.

The local transparency can be computed, comparing (61)
and (56) with (35) and (36) and consideringql ≤ 1, as follows,

TL ≤ 2 |fr| γ̄ (62)

In this control scheme, the local and remote transparenciesare
better if the model errors are smaller.

E. Theoretical Comparison Between Control Schemes

To get a quantitative result of the level of absolute trans-
parency, the models (structure and parameters) of the tele-
operation system must be known. When the models are not
available, the proposal allows, at least, comparing different
control schemes by analyzing their relative advantages and
disadvantages. The teleoperation without control scheme has
a better absolute transparency than the control scheme B, since
in last scheme the force feedback is modified, changing the
perception of the user about the obstacles, as it is shown in
(44), (46) and (47). Comparing (43) with (52), the control
scheme C has an instantaneous transparency better than A,
but the absolute transparencyT of C could be worse, since
generally it prioritizes stability with fast convergence using
for this a structural change that causes loss in the remote (53)
and local (54) transparencies. Finally, comparing (59), (60)
and (62) with the components of the absolute transparency of
the other schemes, the control scheme D can have a better if
an acceptable model of the human operator’s behavior is used.
Table III summarizes the comparison of the control schemes
A, B, C and D respect to local, remote and instantaneous
transparency, where each item is classified as “very good”,
“good”, “fair” and “bad”.

VI. A NALYSIS FROM EXPERIMENTS OFTELEOPERATION

OF MOBILE ROBOTS

In this section, experiments of bilateral teleoperation ofa
mobile robot are shown, where the control schemes A, B, C,
and D described in last section are tested for different time
delays.

In these experiments, four human operators drive a mo-
bile robot to a pre-established goal avoiding and feeling the

TABLE III
COMPARISON BETWEEN DIFFERENT CONTROL SCHEMES.

Scheme Local
transparency

Remote
transparency

Instantaneous
transparency

A Very Good Very Good Bad

B Fair Fair Bad

C Fair Bad Fair

D Good Good Fair

closeness of an obstacle (placed on the remote environment)
through a virtual force. A requirement made to each user is that
he goes straight at maximum linear velocity

(

0.4
[

m
s

])

until a
significant force be felt in his hand. From this moment, he will
change his command (turn, decrease the linear velocity, etc.) as
he want. Generally, the force feedback is used in teleoperation
of mobile robots when other sensory modalities are blocked or
unreliable (for example driving with poor visibility area)or the
operation itself is extensively mechanical. In these cases, the
human operator haptically perceives the motion state and/or
an external force (real or virtual).

On the other hand, the master used in this work is composed
by a Genius steering wheel and a joystick manufactured by
the INAUT, University of San Juan. The slave is a Pioneer
3DX mobile robot made byActivmedia, Fig. 9. Such robot
has two internal PID controllers to drive the two electrical
motors depending on the velocity reference (ur in Fig. 7).
The angular positions of the joystick and steering wheel are
measured from potentiometer-type sensors, while the fictitious
force and the position of the mobile robot are obtained from
a laser sensor, and encoders on board it. The human operator
and mobile robot are linked via an intranet network adding
FIFO buffers to increase the time delay.

Table IV shows the results obtained in the teleoperation ex-
periments, where the mean valuesev

[

m
s

]

, eω
[

rad
s

]

andef [N ]
respect to all experiments (192 = number of schemes x number
of operators x number of delays x quantity of experiments for
each item) are calculated taking into account the mean squared
error betweenvl (t− h2) and vr (t), the mean squared error
betweenωl (t− h2) and ωr (t) and the mean squared error
betweenft (t− h2) andfl (t), respectively. In addition,Pc is
the estimated collision percentage calculated as the number of
collisions divided by the number of experiments, andte is the

Fig. 9. Mobile robot teleoperated through a joystick with force feedback
and steering wheel.
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TABLE IV
EXPERIMENTS OF TELEOPERATION OF A MOBILE ROBOT WITH FORCE

FEEDBACK.

Scheme Delay-type ev eω ef Pc te [s]

A 1 0 0 0 0 17

A 2 0 0 0 0 18.2

A 3 0 0 0 0.4 26

A 4 0 0 0 1 X

B 1 0 0 0 0 17

B 2 0 0 0 0 18.2

B 3 0 0 0.62 0.3 21.1

B 4 0 0 0.89 0.4 32

C 1 0.25 0.28 0 0 14.9

C 2 0.22 0.3 0 0 17.9

C 3 0.14 0.36 0 0 18.5

C 4 0.17 0.43 0 0 18.8

D 1 0 0 0 0 17

D 2 0.04 0.01 0 0 19.1

D 3 0.1 0.03 0 0 20.7

D 4 0.11 0.05 0 0 23.2

mean value of the time interval to reach the goal (X indicates
a collision, in that case the experiment was stopped).

If the magnitude and variation rate of the time delay is
greater, then the absolute transparency is worse independently
from the control scheme used.

The delay-types used in the experiments, whose results are
shown in Table IV, are the following:

1) Without delay.
2) Symmetric constant delay whereh1 = h2 = 0.5

seconds.
3) Asymmetric time-varying delay where the delaysh1 and

h2 are sawtooth periodic signals with slopes±0.1 and
±0.2 and magnitude bounded by0.75 and1.5 seconds,
respectively. The initial time instant is random.

4) Symmetric time-varying delay where the delaysh1 and
h2 are sawtooth periodic signals with slopes±0.2 and
magnitude bounded by1.5 seconds. The initial time
instant is random.

Fig. 10, 11, 12 and 13 show the trajectories followed by
the mobile robot teleoperated by the same human operator for
different time delays using the control schemes A, B, C and
D, respectively; where the non-delayed teleoperation witha
controller A is taken as pattern since this case has an ideal
transparency.

The scheme D has an absolute transparency better than
the other ones (subsection V-E). This can be appreciated in
Table IV and figures 10 to 13, where the scheme D has low
values ofev, eω, ef and a good similarity with the non-delayed
teleoperation (using scheme A) respect to the curve made by
the mobile robot. However, all schemes lose transparency if
the time delay is bigger (in magnitude and variation rate),
which is reflected in the trajectories followed by the mobile
robot and the time to complete the task (loss of instantaneity).

Although there is not a direct relation between the remote

0 0.5 1 1.5 2 2.5 3 3.5
-1.5
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Y
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 Delay 3 - scheme A            Delay 4 - scheme A           

X [m]

Fig. 10. Trajectories followed by the remote mobile robot using the scheme
A.
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Fig. 11. Trajectories followed by the remote mobile robot using the scheme
B.
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Fig. 12. Trajectories followed by the remote mobile robot using the scheme
C.
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Fig. 13. Trajectories followed by the mobile robot using thescheme D.
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Fig. 14. Linear and angular velocity commands and real velocities for a
delay-type 4 using scheme D.

and local transparencies and the values ofev, eω andef (e.g.
these values are not independent of the delay); they show
that the local and remote transparency are worse when the
command and feedback signals are changed.

Fig. 14 shows how the commands of linear and angular
velocity generated by the human operator arrive to the remote
site and their differences respect to the control signals applied
by the control scheme D in the case of a delay-type 4. In
addition, the force calculated in the remote site and the force
applied to the master (felt by the human operator) are shown in
this figure. In these experiments, the force feedback provides
an extended physiological proprioception (EPP) to the human
user while he drives the mobile robot in order to achieve the
position goal.

Fig. 15 shows a photo of this experiment in about 6 seconds
(see Fig. 14). This figure shows simultaneously the mobile
robot (on the left) teleoperated by the human operator through
an interface (on the right). The human operator drives the
mobile robot using his hands to maneuver the steering wheel

 

goal 

obstacle mobile robot 

visual 

feedback 

force 

feedback 

Fig. 15. Image of the teleoperation experiment carried out.

and joystick. Last figure shows a typical case where the human
operator does not watch the obstacle although the mobile robot
is near it but he perceives the closeness of such obstacle
through a force feedback in his hand.

VII. C ONCLUSION

In this paper, a new definition called absolute transparency
has been proposed for its use in systems of bilateral teleoper-
ation of mobile robots.

The definition is bilateral intrinsically and is represented by
a 3D vector, whose norm allows comparing different teleop-
eration systems. The components of the absolute transparency
vector are called local transparency, remote transparencyand
instantaneous transparency. The local transparency givesas
a result the measure of how the human operator feels the
remote system, while the remote transparency allows quan-
tifying how the remote system feels the human operator.
These two components are independent of the magnitude of
the time delay and depend on the used control scheme. The
instantaneous transparency quantifies the master dynamics, the
slave dynamics, the loss of instantaneity, the apparent delay
felt by the human operator and the remote system and the
effects of the distortion and information loss produced by a
time varying delay which can be symmetric or asymmetric.
This component depends on the used control scheme and the
magnitude and variation rate of the time delay.

A theoretical analysis of absolute transparency of four
control schemes was carried out and tested from experiments
teleoperating a mobile robot with force feedback. A teleoper-
ation system works better in practice respect to other ones if it
has a better absolute transparency. This conclusion is valid if
the compared schemes have similar conditions respect to the
quantity and quality of visual information.

Some typical questions in teleoperation systems of mobile
robots can be addressed using absolute transparency, such
as the fact that autonomous controllers with a high speed
response (high gains) might not have an adequate performance
acting as semi-automatic controllers in a teleoperation system.
Having a measure of absolute transparency which is quantita-
tive and separated in different components will allow searching
the best trade-off between stability and transparency for a
given application, using one more tool.

In general, the designer will try to decrease the absolute
transparency (involving all components), but the importance
of each component will depend on the control-type and task.
For example, if a supervisory control is used then the human
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operator should “see” the remote system the best possible
(good local transparency) while the remote transparency not
necessarily should be good since the remote system should
“see” a good autonomous controller instead of the human
operator. However, the absolute importance between the lo-
cal and remote transparencies respect to the instantaneous
transparency is an open research, sincekt in (9) can not
be set arbitrarily and it should be estimated. Intuitively,the
component in time should have a high relevance due to testing
a delayed teleoperation system without any control scheme
(null local and remote transparencies) would seem that quickly
degrades its absolute transparency as the time delay is bigger.

The concept of absolute transparency has sense in stable or
passive teleoperation systems. So, the absolute transparency
could be used to complement the stability concept and thus,
both could be analyzed together by the designers as criterion
to design control schemes applied to systems of bilateral
teleoperation of mobile robots.
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[26] E. Slawiñski and V. A. Mut, “Transparency in time for teleoperation
systems,” inProceedings of IEEE International Conference on Robotics
and Automation, 2008, pp. 200–205.

[27] D. T. McRuer and H. R. Jex, “A review of quasi-linear pilot models,”
IEEE Transactions on Human Factors in Electronics, no. 3, pp. 231–
249, 1967.

[28] R. J. Jagacinski, “A qualitative look at feedback control theory as a style
of describing behavior,”Human Factors, vol. 19, no. 4, pp. 331–347,
1977.

[29] D. McRuer, “Human dynamics in man-machine systems,”Automatica,
vol. 16, no. 3, pp. 237–253, 1980.

[30] M. Innocenti, A. Balluchi, and A. Balestrino, “Modeling of nonlinear
human operator in the control loop: Preliminary results,”Journal of
Guidance, Control, and Dynamics, vol. 23, no. 4, pp. 736–739, 2000.

[31] E. Itoh and S. Suzuki, “Nonlinear approach for human internal models:
feedforward and feedback roles in pilot maneuver,” inProceedings of
IEEE International Conference on Systems, Man and Cybernetics, vol. 3,
2005, pp. 2455–2462.

[32] V. Kolmanovskii and A. Myshkis, “Introduction to the theory and
applications of functional differential equations,” 1999.
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