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Abstract—This paper proposes a new criterion, called absolute not to be fully explored. Instead, it should be analyzed imeno
transparency, to design control schemes applied to bilatet  depth, since it naturally emerges from the interaction leetw
teleoperation of mobile robots with time-varying delay. Tre hman operator and a robot. The measures of transparency

absolute transparency measures how and how fast the human
operator and the remote system interact with each other thragh such as the standard transparency [15], [24] and the onelbase

a teleoperation system. The absolute transparency of diffent On the ideal responseé_[25] have been designed to bilateral
control schemes is analyzed and tested through teleoperati teleoperation of master-slave manipulators systems, tsut i

experiments where a human operator drives a mobile robot and application to teleoperation of mobile robots with timeyiag
receives both visual and force feedback. delay is difficult.

Index Terms—Human-Robot Interaction, mobile robot, teleop- This paper proposes a new definition called absolute trans-
eration, time-varying delay. parency applied to bilateral teleoperation systems of faobi
robots. This work is inspired in the classical concept of

|. INTRODUCTION transparency and in an initial study of transparency in the

ELEOPERATION systems allow human operators ttime domain proposed ifn [26] where possible advantages of an
perform tasks in remote environments including margnalysis of transparency in the time domain were presented.
different applications, such as telemedicine, exploratien- Absolute transparency allows us to measure how instant&neo
tertainment, tele-manufacturing, tele-service, aerighisles, and how is the bilateral interaction between a human op-
and many more[]1],[12]. In teleoperation systems, a humatator driving a master and a mobile robot navigating in a
operator interacts with a remote environment through a m@mote environment. The definition takes into account jpéessi
chine, typically a robot, in order to do physical work at symmetric and asymmetric time-varying delays, the human
distance [[3]. The signals between the human operator aperator behavior and non-linear systems, and allows measu
the remote system (machine and environment) are exchangwithe quantity of absolute transparency that a teleojperat
through a communication channel. However, time delay imisystem has providing a common ground to compare different
the quantity of applications of teleoperation systemsgesinteleoperation systems. In addition, the absolute traeswsr
the operator perceives (visually, haptically, etc.) theriaction of different control schemes is analyzed and tested from
between the robot and the environment (objects, peopler otteleoperation experiments of a mobile robot where the human
robots, etc.) some time later than the actual interactiod the operator receives visual and force feedback.
commands sent by him to the robot are given some time laterThe paper is organized as follows: Section Il describes the
too. Thus, the presence of time-delay may induce instgbilipotation used in this paper. In Section lil, delayed teleop-
or poor performance in a delayed control systein [4]-[6]. eration systems are presented. In Section IV, the concept of
Numerous control schemes have been proposed for tigsolute transparency is proposed. In Section V, the afesolu
standard teleoperation between master-slave manipsipipr transparency of different control schemes is analyzedid@ec
such as delay compensation based on transmission of willeshows an analysis based on experiments of teleoperation
variables[[8],[9]; tele-programmin@[10], [11] and supienry of a mobile robot with visual and force feedback to the user.
control [3], [12]; predictive display [13],[14]; controlased Finally, the conclusions of this paper are given in sectidh V
on transparencyl [15], remote impedance control [16]] [17],
passivity-based control considering the discrete syst&s, [ Il. NOTATION
among others. In[[19] a state-of-art is presented. On theln this paper, the following notation is use#:" represents
other hand, although various strategies used in teleaperatthe positive real numberd?® represents a real vector space
of manipulators could be used in teleoperation of mobiRf dimensioni, [x| is the Euclidean norm of vectox,
robots, few papers show experiments with time delay, as fof' represents an n-dimensional Banach space of continuous
example event-based contrl [20], control based on pagsiviunctions x [01, 0] defined byx (1) for ¢ € [01,0,] with
[21] and [22], [23]. Besides, most of the schemes presenttifie variablesf; > 6;. The induced norm of the function
the literature are based only on a stability analysis. Tioege X = f (x,u) with f: R x R — R", wherex € R", u € %7,
the design of new control schemes to increase the perfornaitcdefined agf| = sup ||([1:£’1‘1’3ﬁ:f5("22"32)])“ Vx1,%x2 € R" and
of the delayed teleoperation systems of mobile robots ieordvu;, uz € R?, such that|[x; u;]—[x2 uz2]| # 0 with
to raise its application in the industry, services, officeda n and p positive integer numbers. Similarly, if a function
home currently arises as a motivation in this research areag : R" — R is %iven, the induced norm is defined as
Although stability and passivity are concepts well defined ijg| = sup % Vx1,x2 € " such thatk; —x2 # 0.

X

teleoperation of mobile robots, the transparency conasgns Table[] shows the nomenclature used in this paper.
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Xp - state of the local system Local \\g Control E,/ Remote
up command generated by the human operator system A scheme i system
vi: feedback signals Xy SRS T HANE X,
Xy o state of the remote system u 'y “A u
ur : control action or reference command applied to the ' h ’

remote system 2
Yr & information back-fed from the remote system
f,gn :  system represented in state space formed by the human Fig. 2. Control scheme applied to teleoperation systems.

operator and master
fr,gr : system represented in state space formed by the robot

and its environment

On the other hand, the communication channel adds a time

fl}’gfl - local equivalent system represented in state space delay h; to the signals sent from the remote system to the
frgrt remote equivalent system represented in state space o operator and a time delay to the signals sent by the
Xhg - state of the local equivalent system

operator using a master to the remote system. In general, in-
formation loss could be added by the communication channel

Xr state of the remote equivalent system

e -

Tt - instantaneous transparency used
Ty, : local transparenc ’ L. . .
L ) P Y In addition, let us consider that the local system, which
Tgr: remote transparency .
_ includes the human operator and master, can be modeled by
T: vector of absolute transparency . . .
a linear or non-linear system represented in state space by,
Xn (1) = fn (xn (8) , y1 (1)) 3)
I11. DELAYED TELEOPERATIONSYSTEMS w (t) = gn (xn () (4)

This s_ectlon analyzes a teleoperatlon_system that InCIUdv?ﬁerexh € R* is the state of the local systern; € 7
a local site, where a human operator drives a remote mohile

m
robot navigating in an environment (e.g. corridor with pedp 1S the _comman_d generated by t_he human operafo; 3t .
. is the information back-fed to him/her from the remote site,
He/she uses some device to generate reference comm

IS~k m k .k p +

which are sent to the robot and simultaneously he/she mei}[‘ ) x R % o Bh RY — R andt € R represents
. ime, with k& a positive integer number.

feedback such as force, sound, and video from the remotg

L n general, the master device model can be easily obtained,
system, as shown in Figl 1. The human operator_and_the remv(\)/l‘leFreas to model the human operator is a difficult task.
?gi;emt;rre]e%o nnected through a data communication Chane%ssical papers, as in_[27]=[29], represent the humanubutp

: . using quasi-linear models, but some human behavior can be
Fig.[2 shows the general scheme of a teleoperation system 94a

Here, the remote system consists of a mobile robot and Ietter described using non-linear models [30]. [31].

. he time delaysh; and ho generally will cause a poor
environment. Let us assume that the remote system can be . :
: . ; performance of a mobile robot teleoperation system. There-
described by a non-linear system represented in state space . 4
oré, some control scheme must be included in the system

by, . to achieve a performance useful in practice. In general, the
Xe (1) = £ (%0 (1) ur (1)) @) control schemes applied to teleoperation systems moddy th
_ signals sent and received through the communication cthanne
yr (1) = g (% (1)) )

or add simulators to the local site or include a high-leved@f

wherex, € R” is the state of the remote system, € # is tomation in the remote system. But, a number of questions are
the control action or reference command applied to the rem@pen, for example: how can the designer correctly choose the
system,y, € R™ represents the information back-fed froncomposition of the control scheme of a delayed teleoperatio
the remote systenf, : R x R — R, g, : R* — R™ and system? How should the designer compare different control
t € R represents time, with, m, p positive integer numbers. schemes? Does the selection of a control scheme depend on

the application-type? How should the parameters and sireict

of each control block of any scheme be set? If the degree
Remote of automation of the remote system is higher, e.g. including
Environment  compliance, hybrid controllers, etc., would the perforeen
of the teleoperation system be higher too? If a teleoparatio
system is stable in theory, does it necessarily work well in
practice? Currently, these questions seem to be only partia
addressed in the literature on teleoperation of mobile txbo
order to increase the conceptual tools for trying to sohesé¢h
inquires, a new method to design and analyze teleoperation
Fig. 1. Teleoperation system. systems is proposed, as discussed next.

Feedback:
<4— Image
4 Sound
Force

|_| Command




IV. ABSOLUTE TRANSPARENCY IN THETIME DOMAIN applied command to the local system/ip seconds (see Fig.
This paper proposes a new definition calsolute trans- [2), the remote equivalent system can be obtained by delayed

parency The absolute transparency attempts to reflect how afifictional differential equations with a general struetute-
how fast the human operator and the remote system intergciibed by,

with each other through a teleoperation system. The préposa Xe (t') = £/ (%o, [0/, 8], w1 (1)) (5)
establishes a vector in a 3D space identified by a set of
base vectors calletbcal transparencyremote transparency y1(t) = g (xx, [0”,1"]) (6)

and instantaneous transparencyhe first two quantify the YR no . m m
similarity between the system felt by the human operator anc er;e,fﬁ 't, C;,, 9X, ég,]j r: rieséngtrtihgvarzblégs al;l(;: < g:
the real remote system and between the system seen f lnﬁ o N n’ th'US,x haz more state variables thac <
the remote system and the human operator, respectively. ﬁ]?n noﬁ-délayed :éleoperation systemss ¢/ — ¢ p: g —
proposed definition allows making such structural compass 6" but when there is time delay, — £+ hy, 6" — ¢ — hy, and
independently of the magnitude of the time delay. The lai?t and ¢’ depend on the comp’osition Of’ the control' scheme
base vector depends on the current time instant and a"OWSaH)d verify@’ < ' andg” < ¢".
quantify the master dynamics, the slave dynamics and haw fasIn a similar_way to the remote equivalent system, the local
the human operator and the remote system feel the intemam%%uivalent system (Fid] 3) can be described as follé)ws
with the remote system and the local system, respectively, '
through the teleoperation system. xp (t°) = 1] (xn, [0%,t7],yr (1)) (7)
The proposed definition, based on the time domain and , .
models in state space, allows quantitatively getting tivelle ur (t) = g (xn, [07, 7)) (8)
of absolute transparency that a teleoperation system IhlalS.,Twhereffl S OF x B Rk, g CH 5 RP, u, e R?, y, €

different control schemes could be compared accordingiso thpm ¢+ ¢+ 9% 9** describe time variables and, € R*

new criterion. with &' > k.
In non-delayed teleoperation systems t* = t** = 6* =
A. Remote and Local Equivalent Systems 6™, but for delayed teleoperation systemis=t + hy, 6** =

In general, delayed teleoperation systems are describedtb_yh2 and¢™ andf” depend on the control scheme.

delayed functional differential equations [32], [33]. Tefore,
the comparison between the remote system described by B)Absolute Transparency
(@) and the local system represented by (8), (4) with the This paper defines the absolute transparency of a delayed
structures felt by each one of them is not direct because te¢eoperation system represented by the local and the eemot
states and dependence in time are different for each of thasquivalent system described By (%), (6], (7) did (8) asvid]o
We propose a way to compare such systems based on the
definition of remote and local equivalent systems, as they ar T:=Tru+Trv + kTt w ©)
seen from the local system and remote system, respectivigifere T « )3, @, ¥, W are orthogonal vectors to each other,
(Fig.[3). To compute the remote and local equivalent systems is called local transparenc{y; is called remote trans-
we force the explicit dependence in timewf, y1 andur, yr  parency,T; [sec] is called instantaneous transparency, where
to t respectively. k: [-X] is a weight gain.

By carrying the feedback from the remote system to the Fig ‘[4 shows a graphical representation of the proposed
local system i, seconds and by sending back the remotejsolute transparency vector, where the origin corresptmd

ideal transparency. The limit cases are describedTty= 0

o for ideal absolute transparency afilj — oo for the worst
v,(¢) | absolute transparency. Next, the components of the alesolut
' Remote equivalent system transparency {9) will be defined.
|| w0k ([0
% (f')=fr'(xrt [9',t'],ul(t)) C. Local and Remote Transparencies
u,(r) 5 The local transparency,, is defined as the measure of how
O similar the remote system felt by the human operator driving
J O the master is to the ideal system felt by him/her, i.e. theatem
: y,(t) system as it is. The local transparery is computed as the
Local equivalent system o difference between the remote equivalent system deschiped
Xh(t*):f,;(xhe [9",? ,yr(t)) - S;:::,: (8) and [6) and the remote system representedby (1)[@nd (2)
, I in which u, andy, are replaced fon; andy,, as follows:
u, (1) =g (% [0707]) ) r r / /
| A Tp = If; — &+ alg: — & (10)

where the terms on the right hand side[in](10) are compared
Fig. 3. Local and remote equivalent systems. considering the time variablein f, (@) andg, (@) similar to



T @), (8), (@) and[(B).I; is defined as follows:
Ty = [ty, —t'| + 10" —t| + [ty, —t"| + 07" —t| + ty + ts

wt (2 (U)o (25)
e (L) o (L) 46 (22) @2)

The first and second terms and the third and fourth terms
represent the apparent delags, and¢r, that the human
operator (driving the master) and the remote system feel
interacting with their opposite sites.

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

Worse absolute
transparency

T

g

Ideal absolute
transparency i

v

. Y <
~
=

Fig. 4. Absolute transparency vector. Xy (t’) =f, (x¢ (t’) ,up) (13)
Xn (t%) = fu (xn (1), ya) (14)

t" andt¢” in f/ () andg, (6), respectively. The gaig, > 0 where
is only added to make a better comparison between different ua = ug (¢) + vy (Xeg [tugs tug]) (15)
physical units.

On the other hand, the remote transparefigyis defined
as a measure of how similar the operator (including the va =Yr (t) + vy (Xn, [ty,, ty.]) (16)
master) felt by the remote system is to the local system, i.e. .y m
the ideal system seen from the remote system. The rem‘c’a"t'%1 tyy < ty, andvy : O — R™.

. . case ofv, = 0, t,, is considered equal to for the
transparencyT’y is computed as the difference between th((:aalculus of instantaneous transparency. Similarly, whgp-
local equivalent system described bY (7) (8) and thd Io%a we considet. — ¢ ' ’
system represented bl (3) ard (4) in whiashandy, are ' _ . ~"" Uy
replaced fora, andy,, as follows: Taking into accoun{{6)[(13)[{8) and (14),, andty, are

defined as,

with t,,, < t,, andv, : C" — R? and

T = |6, — fu] + g0 |2k — el (11) tr, =ty +10" —t] = [tu, —t'|+|0" 1]  (17)

tr, =tg, +107 —t|=[ty, —t"[+ |07 —t|  (18)
where the terms on the right hand side[in](11) are compared

forcingt in , @) andgy, @) similar tot* and#* in £/ (@) and The apparent delay;, is formed for two time variables.
gl (@), respectively. The gaip, > 0 is added for the same The first one represents the elapsed time between an apparent

use thaty;. cont_r(_)l actionua (@5) (composed l_3y the _commamj but
. . . modified by the control scheme) is applied to the remote
The comparisons made in computifig and Tz use the o . S

. . system, and the time instant in which its state changes due to
same relative dependence in time respect to the non-dela : : : )
! : : . S e - Gch action. This change is transmitted to the human opgerato
time variable (mathematically forcing=t' =t/ = t* = t**) . SR

who feels a feedback signgl. The concept of g, is similar

in order to make a structural comparison independently frotrgt considering an apparent feedback (8) on the human
La

the magnitude of the time delay. In addition, the mduceo‘moroperator and its path ta,.

is applied taking into account that _the outputs of tvyo gener, terms|” — ¢| and |¢** — ¢| on the right hand side in
systems andy, represented by the input-state functiénand (@I2) represents how much time elapses between a variation

fj and the state-output functiogsandg;, can be compared by in the human operator's command,] and its effect on the

fi —f;] +[gi — gl if they have similar relative dependence in system and how much time elapses between a variation

time with respect to their time instants without delay aslwel :
S ; . L in the output of the remote systemj and its effect on the
as similar dimensional dependence in input, state and but

) %lljjman operator. These two terms are equals; té ho for all
or bounded byfi| + [fj| + [gi| + [gj| otherwise. control schemes and represent the loss of instantaneity of a
delayed teleoperation respect to a non-delayed teledoperat
The termst,, andt, represent the dynamics of the master
D. Instantaneous Transparency and slave respectively. Let us assume that the master ared sla
are stables with bounded input-bounded output. Thgrand
We propose as component of the absolute transparency, aepresent the time constant of a linear system similar in its
time variable that represents the dynamics of the master, tlate of response with respect to the real ones.
dynamics of the slave, the loss of instantaneity, the appare Finally, the last six terms in(12) take into account the aign
delay felt by the human operator and the remote system adidtortion (compression and expansion) and the informatio
the effects of the distortion and information loss produbgd loss caused by the time-varying delay. These terms are de-
the time varying delay. This component is called instamase scribed “unilaterally”, deduced from the first four “bilasd’
transparencyl;. From a teleoperation system represented ligrms in [I2). Thus, they allow analyzing the informatiosdo
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and distortion between a transmission point and a reception [x y 6’]

point. On the other hand, the definitidn{12) takes into antou

the variation rate of the time delay too. But, what shoulEig. 6. Teleoperation system of a mobile robot with forcedfesck.

the functionf,, (-) 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 a@nd Example

a tube with variable length where there are numbered ballsA simple teleoperation system of a mobile robot with force
infinitesimally separated, traveling at speedLet us assume feedback in one DOF is analyzed in order to clarify the
that only one ball or data is taken in the output for eadproposed concept of absolute transparency. Let us assuate th
time instant. First we note that if at a certain time insta® human operator drives the angular velocity of a mobile
the tube length is incremented faster than the balls speedobot navigating at constant linear velocity. The user gurn
then no ball will come out of the tube at such time. Seconéd, joystick to establish such command receiving a torque
if the tube length is decreased faster than the balls speed, tfeedback simultaneously through a communication channel
some balls will be omitted. Both cases include informatiowhich adds a constant deldy from the robot to the user
loss. In an analog way, we can talk about “position in timeind vice versa.

of the transmitted signals instead of physical positionhef t The mobile robot can be expressed in Cartesian coordinates
balls; therefore, if the time displacement caused by the tildy the known classic kinematic model given by:

delay varies faster than the derivative of the “positioninet” @ (t) veosd (t)
(‘Zl—’z > 1), then there will be information loss. g(t) | = | vsind () (20)
From this, the functior, (-) returns a value in seconds for 6 (t) wr (1)

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

d|¢|
dt .
if 0< ‘%

v

whereu, = [/ ] is the control action withv the linear
velocity andw,. the angular velocity of the mobile robot, and

d|o| 20| <l-e¢ z,y,0 represent the position and orientation of the mobile
fw —_— = 1— ~dt (19)
dt robot respect to a reference frame.
% if ‘%’ >1—¢ The environment is modeled by a torque generated by the

interaction between the mobile robot and the obstaclesnarou

where0 < ¢ < 1 and¢ rangest,,, —t, t' —t, 0" —t, t,, —t, it. The torquey, is computed as,
t* —t and 0** — ¢, see [(IR). Fig[]5 shows ho¥y, (-) varies
depending on théll. yr (t) = kg (D —\z ()’ +y (75)2) (21)

The functionf,, takes as argumerﬁ% since it measures
the effect of the variation rate of the time delay withoufor D > \/z? 4+ y* andy, = 0 otherwise.
considering if the displacement in time is forward or bacidva The obstacle is placed on the origin of the reference frame
respect tot. The values is set according to the application(Fig.[6), D [m] establishes the maximum distance of detection,
estab“shing a practica' bound IfQ; without Changing such and kj I:N—#} converts the distance between the mobile robot
function until e — 1. In general,e will be a small value to and the obstacle to a torque. Although such torque is fiattio
makef,, finite and to weigh the distortion (compression antl could be interpreted as a physical torque such that if it is
expansion) differently respect to the information loss. applied to the mobile robot it will turn.

A better instantaneous transparency implies that the humark-€t Us assume that the human operator establishes the turn
operator and the remote system feel the interaction with eg@glex, of the joystick in the following way,
other as fast as possible; this is,#f is smaller, then the _ xn (t)

absolute transparency is better. n (1) = T, (t) (22)



where T}, represents the dynamics of the user’s arm ambtained depending on the human operator, remote system
master. From this, a velocity commang= [‘;l] is generated (mobile robot and environment), control schenigX.) and

wherew; is computed as, communication channehj. The achieved result represents the
level of absolute transparency of the teleoperation sysiem
wi (t) = knxn (t) (23) 3 mobile robot with force feedback described Byl (2AY] (25),
wherek;, [1] converts an angle to an angular velocity com28) and [(2).
mand. Remark: The definition of absolute transparency for tele-

Then, the remote system is modeled[byl (20) (21)[ike (aperation of mobile robots could be applied in other class of
and [2), and the local system is modeled byl (22) (23) likeleoperation system if it can be represented by equatifins (
(3 and [4). Next, we will analyze the absolute transparenty (8) and if the functions are such that the norms used in
of the teleoperation system shown in Higj. 6, where the gaigguations[{10) and_(11) are finite.

ke [ ] andk; [1] are added.

The remote equivalent system can be represented(like (5)comparison Between Different Definitions Related to
and [®) as follows: Transparency
z (1) veosé (1) Tabledl shows the advantageous of the definition of absolute
g(t’) = vsind (t) (24) transparency respect to the ideal respohsk [34] and thsiclas
0(t) wi(t)—kixn (0") —keks (D—/2(t')*+y(t')?) transparency in frequency [15], when they are applied to the

teleoperation of mobile robots.
0=k (Do ey@?) @

V. DESIGN OFCONTROL SCHEMES FORTELEOPERATION

wheret' =t + 2, ¢ =tandt” =¢" =t — L. OF A MOBILE ROBOT
While the local equivalent system can be expressedllke (7)jn our delayed teleoperation system, the human operator
and [8) by, uses a steering wheel and a joystick to drive the direction
s 1 and acceleration of a remote mobile robot respectively evhil
*n (1) = _ﬁxh( Doyt (26) he/she receives both visual and force feedback. Here, #re us

perceives a force feedback only through the joystick.
wr (t) = (kp — k) xn (60%) The human operator generates angular positiaps=
Y 2 [¢ 0] driving the joystick and steering wheel, whérel ¢ <
— ke (kf (D - \/x ()" +y () )) (27) 7 and|d| < T are the angular positions of them, respectively.

. h . . h These angles are mapped to commands of linear and angular
wheret* = 6* =t + %, andt™ =¢ and§** =t — 2 velocity as follows,

Comparing [(21) andﬂS) with (20) anE]Zl) a@(%) and
@2 with (22) and [(28) like subsectidd TC, considering ¢/ (w)) = [v, w] = |:G1 0 ] [6eost osind] (30)

a1, q¢- < 1, the local and remote transparencies can be com- 0 G

puted, wherev; andw; are the linear and angular velocity commands,
Ty < |ki| + |Dkckyl (28) G/, represents the mapping function agH,G, convert a
Tr < |Dkcks| + |ki| + |kn — ki position information to a velocity information and are set

In addition, the instantaneous transparericyl (12) for thig = G2 = 1 for the sake off simplicity. From the local
teleoperation system can be deduced as, site, velocity commandgv;, w ] are sent t(_) the mobile
robot. These commands are modified depending on the control
Ty = [tu, —t'|+10" —t| +|ty, —t*| + 10" —t|+tm +ts  scheme to set the velocity reference= [v, w, ] applied to
h h h 3 the mobile robot, where,. andw, are the linear and angular
=045 +5+5+Th+t0=3h+Th (29) velocity references (see Figl 7).
The mobile robot is represented by a kinematic model, thenThe human operator feels the obstacles around the mobile
ts = 0 in @9). robot through a forcef; which is calculated depending on
Let us suppose that the teleoperatlon has the followitige tangential component of a force established on the emot
parameters = 1s, D =2m, k = 1— T, =02s, kf=1N
and the controller is set th, = 0. 5 andk = 1N’”‘:;f Then, TABLE Il
these numeric values are used-(28) and (29) to calculate th ~ DIFFERENCE RESPECT TO SYSTEM MODELTIME DELAY AND
norm of the absolute transparenty (9), considefipg 1, as QUANTIFICATION.

follows,
Definition System model Time delay  Quantifiable
|T| = \/T? + T + T? .
Ideal Response Linear Constant Not
e \/(0.5+2>< 1x1)24(2x1x140.540.5)24+(1.5x 1+0.2)%2=4.259 Classic Transparency Linear Constant Not
Absolute Linear and Constant
The utility of the three components of the absolute trans-transparency nonlinear and variable Yes

parency is shown in the example, since different values are



Y, p h G transparency, then the local and remote equivalent systems
. : I n—‘ y could be compared with a non-delayed teleoperation system
R 220 I I - described by,
User and : |_SA—| SD Control Mobile robot y
maser [ 1 Blocks coviramment X (1) = £ (%2 (1), G (w (1)) (35)
u, yi(t) =g (% (1)) (36)
Xn (1) = fn (xn (¢) , yx (1)) (37)
Fig. 7. General control schemes for bilateral teleopenatibmobile robots.
ur (t) = gn (xn () (38)

where G/, is the mapping function used to make the signals
of the mob|le robot and the master compatible.

Next, the absolute transparency of four control schemes
applied to delayed teleoperation of mobile robots with éorc
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.

system adiepuisive = [ ft  fn] = (dmaz —d) [cos S sinF]

whered and 8 describe the distance and orientation between
the robot and the obstacles, aitg,. represents the radio of
a repulsion fictitious zone. The forck is computed by the
used control scheme. In addition, the user visually peeseiv
a position erroke = [p «] of the mobile robot respect to the
goal with p the distance error and the angular error. Thus,
the signal back-fed to the local site & = [e (t) f: (¥)].

while the perceived feedback by the human operatgris- A, Teleoperation Without Any Control Scheme

[e(t—h1) fi()]

Now, let us assume a general delayed teleoperation syste
of a mobile robot where the control bloclss,, Sg, Sc, Sp
described by input-state functiofis fy,, f., fq and state-output
functionsg,, g1, g¢, g4 respectively as well as the functions for

If is not used any control scheme in the teleoperation
ystemS, = Sgp =S¢ = Sp = 0andG, = G,, Gt = 1 (Fig.

[7). Considering this in[(31)[(32) (B3) ar’@[34), the dethye
teleoperation system can be represented by,

scaling and/or mapping (without dynamids). and G could % () = £ (%0 ('), G (g (£))) (39)
be included for the designer, as it is shown in Eig. 7. Theestat ¢
of Sa, S, Sc, Sp are calledxa , xB, Xc, Xp respectively. y1(t) = Ge (g (%x (1)) (40)
The teleoperation system shown in Hig. 7 can be described
as in [®), [6), [¥) and_{8) in the following way: Xp (t%) = f (xn (t%), Gt (yr (1)) (41)
Xe (t+ ho) = £(%e (E+ h2), Ge (w1 (1)) + ga (x4 (1)) u; (1) = G (g (xn (™)) (42)
FEe (o (b4 ha)) heret/ =¢' =t + ho, t" =60"=t—hy, t* =0*=t+h
=% (') = £ (x. [0/, 1], w (¢ 3y VW AR L L
oo (1) = £ (L 10/, ) i (1)) BD g g g
- _ Comparing [(3P),[(40)[({41) and_(42) with_(35], {34).1(37),
yi(t) = Gr (g (% (£ = 1)) + ga (xp (1) and [38) respectively and taking into account the proposed
+gp (xB (t —M)) definitions for the instantaneous, the local and the remote
=gl (x.[0",t"]) (32) transparency; the components of the absolute transpacaincy

be computed as,

Xp (t+ h1) = th(xn (E+ 1), Ge (e (1) + &b (xB (1)) B
+ 84 (xp (t +h1))) Ty = (b1 + h2) + (b1 + ho) + b + £

k() = (G 05, ye (1) (39) +2 (B () + 1 (o))
=2 (hy + hg) + to + ts +2 (fw (hl) s (52)) (43)

ur (1) = Ge (gh (Xn (t = h2))) + ga (xa (t — h2))
+ ge (xc (1)) T, =0, Tgr=0 (44)
=g, (xp (077, t°7) (34)

For non-delayed direct teleoperation, the absolute trans-
where [B1) and[(32) represent the remote equivalent systparency is|T| = ki (tm, + ts)-

whose state i%,, = [x; xa xB xc xp]| and [33) and
(34) describe the local equivalent system whose statg_is= B. Gain Applied to the Force Feedback
[Xh XA XB XC XD].

In the case of an ideal coupling between the human operatoin this caseSy = S = S¢ = Sp = 0, G, = G, and
and the environment, the dynamics of the master and rolfet = 1 + K (hy (¢) + ha (t)), where K > 0. The delayed
must be instantaneous,{ = 0 andt; = 0) and the time teleoperation system can be represented simildr to [@8), (4
delay must be null. Due to the dynamics of the master affdl) and [4R). So, comparing these equations with (85],, (36)
mobile robot are considered in the definition of absolut@47) and [[(3B) considering;,q, < 1 and G # 1, the



instantaneous transparengy](12), the local transparé@y ( . 4/<\g°fl>
and the remote transparen€y](11) can be computed as, X ;

T, = (h1 + ho) + (h1 + he) + ty + ts
+2 (6 () + £ (i)
=21+ )+ b+t +2 (B () + 1 () 49)
Tr, < |Gillge| < (14 K0) [g| (46)
Tr < |Gt [fn] < (14 K6) [fa] (47)
whered = max (hy (t) + ho (t)) fort >0 .

Obstacle

C. High Degree of Remote Automation

In this caseSy, = Sg = Sp = 0, andG¢ = 1. This scheme
is based on combining with the same priority the command
generated by the human operator and a signal calculatedsfrom
motion controller that includes obstacles avoiding. Fri&d)(
(32), (33) and[(34), the teleoperation system using therobntFig. 8. Repulsive force and distance and angular errors.
scheme C can be described by,

*e (') = £ (e (1), Ge (w1 (1)) + ge (xc (1)) (48) p. Controller Based on Remote Transparency
("))

yi(t) = gr (xx (") (49) To get a good remote transparency, the remote system

Xn (t7) = fu (x0 (%), yx (1)) (50) should feel that interacts with the human operator. To make
. » this and simultaneously decrease the instantaneous trans-
U (1) = Ge (gn (xn (17" = h2))) + e (xc (7)) (B1)  parency, the control scheme séts = Sp = 0, G = G,

wheret/ =0 =t +ho, t" =0" =t —hq, t* =0* =t + h,, G¢=1, andS, andS¢ are described by, = —wy, (p1,41)

t** =t and0** =t — ho. andg. = wy, (g1, &1). The functionwy, has a structure similar
We use a position kinematic controller based on polé® w described in subsection “M-C but it uses parameters

coordinates [[22]. The obstacles are modeled as repulsts@mpatible with the human operator’s behavior, aslin [22].

forces where the distance between the robot and the obstadlee functionwy, includes position and impedance controllers

establish the magnitude of such fictitious or virtual fof8E][ representing the usual reactive behavior of a human operato
This control scheme includeSc described byg.(-) = driving a mobile robot.

0.5w(-) = 0.5[kypcosa ky,a+ k,sinacosal, andG, = On the other hand, the functiofisandf, are similar to each

0.5G.. The functionf. (-) is null since a kinematic controller other and they are represented by a linear system descrijhed b

is used. Inw (), the parameters, andk, are the controller

2 -1 ~ ~
gains, andp and & represent distance and angular errors {fl} = {th 01] {@1} +[1 1] [{’}
defined by, a1 0 %1l &
p=p—kpfi, @=a—kafr wheret,, is set t00.2 seconds. This control scheme is based

) on [3€] and[22], where the command generated by the human
wherep anda represent the distance and angular errors of theerator is changed according to the context felt by him/her

mobile robot respect to the goal. Fig. 8 shows the variablggq the current context of the remote system. Next, the délay
used in the described controller. teleoperation system including the control scheme D can be

Comparing [(4B),[(49) [(50) and_(51) with (35). (36).K(37)yitten by,
and [38), and taking into account thg,q. < 1 and the
proposed definitions for the instantaneous, the local ard th %, (t') = fi(x, (t'), G, (w1 (t)) + ga (xa (¢’ — h2))
remote transparency; the components of the absolute trans- +ge (xc () (55)
parency can be computed as,

. : t) =Gy (gr (xr (" 56
T, = (h1) + (h1 + ha) + b + ts + 26, (h1)+fw (hQ) Y1t) = Cr (g0 (x (1)) (56)
. . Xp (t*) =1 ), yr (¢ 57
=2+ byttt b+ 26 () + 0 (B)  (52) i (87) = B Gen (87, e (6) 50
T, < |fe] (Ife] + lgel + 10.5 — 1 |G]) (53) ur (1) = G (gn (xn (87 = h2))) + ga (xa (17 = h2))
Tr < 15(Ce ([fa] + [gn) +0.51Ce (lgnl +[fa])  (54) g (%e (¢7)) (58)
We remark that a fast autonomous controller (high|) The instantaneous transparency can be deduced like the

acting as semi-autonomous part in a teleoperation systsm peevious cases as,
a poor transparency since it forces the robot to a speed highe ) )
than the one usually established by the human operator. 2h1 + ho + tm + b5 + 26 (hl) + 1w (hz) (59)



TABLE Il
wheret' = t+hy, 0/ =1, 1" = 0" =t—hy, t* = 6" =t+h, COMPARISON BETWEEN DIFFERENT CONTROL SCHEMES

t** =tand@** =t — hs.
The remote transparen@y; can be written comparing (b7)

and [G8) with [3V) and(38) and consideripg< 1, as follows, ~ Scheme tran';g;";‘én o tras;g?éf] & 'E;LZ?:P:&‘;S
Trp <2 B (60) A Very Good Very Good Bad
- B Fair Fair Bad
where § represents the structural error between the human Eair Bad Fair
operator described b, andg, and the modelyy,. D Good Good Fair

Now, we analyze how the local transparency can be cal-
culated for this case. Let us assume that(xa (t)) =
—uy () = (t) andgc (Xc (t + ha)) = wr (t + ho) 4+ (t + ho) _
with |y| < 5. This bound depends on the errors between tigoseness of an obstacle (placed on the remote environment)

human Operator and the used model_ So’ we can re_@e (gypugh a Virtual force. A requirement made to eaCh useldB th
as, he goes straight at maximum linear veloc{ty4 [Z]) until a

significant force be felt in his hand. From this moment, he wil
Xr (') = £ (xe ('), Ge (=7 (t' = h2) + 7 (') +wi (') change his command (turn, decrease the linear velocity,asc
(61) he want. Generally, the force feedback is used in teleoperat
wheret’ =t + hy and¢’ = t. of mobile robots when other sensory modalities are blocked o
The local transparency can be computed, compafing (&#ireliable (for example driving with poor visibility area) the
and [56) with[[(35) and (36) and consideripg< 1, as follows, gperation itself is extensively mechanical. In these catbes
Ty < 2|67 (62) human operator haptically_perceives the motion state and/o
an external force (real or virtual).
In this control scheme, the local and remote transpareacées On the other hand, the master used in this work is composed
better if the model errors are smaller. by a Genius steering wheel and a joystick manufactured by
the INAUT, University of San Juan. The slave is a Pioneer
E. Theoretical Comparison Between Control Schemes ~ 3DX mobile robot made byActivmedia Fig.[9. Such robot
has two internal PID controllers to drive the two electrical

To get a quantitative result of the level of absolute tran fotors depending on the velocity referenag. (n Fig. [7).

parency, the models (structure and parameters) of the t le angular positions of the joystick and steering wheel are
operation system must be known. When the models are

iable. th | all ¢ least g difie Masured from potentiometer-type sensors, while theidiasit
avallabie, the proposal allows, at l€ast, comparing " force and the position of the mobile robot are obtained from

cpntrol schemes by analyzingl their. relative advantages aQ(Faser sensor, and encoders on board it. The human operator
disadvantages. The teleoperation without control schease RBind mobile robot are linked via an intranet network adding

a better absolute transparency than the control schemed S'EIFO buffers to increase the time delay.

in last scheme the force feedback is modified, changing t ©rablelT¥ shows the results obtained in the teleoperation ex-

erception of the user about the obstacles, as it is shown_in. .
P P Briments, where the mean valugd 2], e, [22¢] ande; [NV]

(@4), [46) and[(47). Comparing [43) with {52), the contr<ﬁe pect to all experiments (192 = number of schemes x number

scheme C has an instantaneous transparency better tharb perators x number of delays x quantity of experiments for

but thellaptsolu_te ttr ansp?riq_f[y of t(ri cf:outld be worse, SINCE aach item) are calculated taking into account the mean eduar
generally It prioritizes stability with fast convergenceing ¢, betweeny, (t — he) andwv, (t), the mean squared error

for this a structural change fchat causes loss in t_he remdle ( etweenw, (t — hs) and w, (¢) and the mean squared error
and local [B4) transparencies. Finally, comparingl (59%) (Gbetweenft (t — h2) and f, (¢), respectively. In additionf, is

and [62) with the components of the absolute transparencytﬁé estimated collision percentage calculated as the nuafbe

the other schemes, the control scheme D c'an have_ a pettecro'ﬁisions divided by the number of experiments, ands the
an acceptable model of the human operator’s behavior is used

Table[Ill summarizes the comparison of the control schemes
A, B, C and D respect to local, remote and instantaneo
transparency, where each item is classified as “very good
“good”, “fair” and “bad”.

VI. ANALYSIS FROM EXPERIMENTS OFTELEOPERATION
OF MOBILE ROBOTS

In this section, experiments of bilateral teleoperatioraof
mobile robot are shown, where the control schemes A, B, (
and D described in last section are tested for different tim
delays.

In these experiments, four human operators drive a m@g. 9. Mobile robot teleoperated through a joystick withct feedback
bile robot to a pre-established goal avoiding and feelirgy tland steering wheel.
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Fig. 10. Trajectories followed by the remote mobile robahgghe scheme

TABLE IV 15
EXPERIMENTS OF TELEOPERATION OF A MOBILE ROBOT WITH FORCE
FEEDBACK.
y
Scheme Delay-type ey ey er P te [s]
A 1 0 0 0 0 17 05
A 2 0 0 0 0 18.2 =
A 3 0 0 0 0.4 26 S0
A 4 0 0 0 1 X
B 1 0 0 0 0 17 -05
B 2 0 0 0 0 18.2
B 3 0 0 062 03 211 4
B 4 0 0 089 04 32
c 1 025 0.28 0 0 14.9
c 2 022 03 0 0 179 "o
c 3 0.14  0.36 0 0 18.5
c 4 017 043 0 0 18.8
D 1 0 0 0 0 17
D 2 004 0.01 0 0 19.1
D 3 01 003 0 0 20.7 15
D 4 011  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 5 0
greater, then the absolute transparency is worse indepénde
from the control scheme used. 05
The delay-types used in the experiments, whose results ar
shown in Tabld 1V, are the following: 4
1) Without delay.
2) Symmetric constant delay wherey, = ho = 0.5 15

seconds.

3) Asymmetric time-varying delay where the deldysand

h, are sawtooth pe”Od'C S|gnals with slopﬁﬁ.l and Fig. 11. Trajectories followed by the remote mobile robahgghe scheme

+0.2 and magnitude bounded loy75 and 1.5 seconds, B.
respectively. The initial time instant is random.

4) Symmetric time-varying delay where the delaysand "o
ho are sawtooth periodic signals with slop#£$.2 and
magnitude bounded by.5 seconds. The initial time !
instant is random.

0.5

Fig. [10,[11,[1P and13 show the trajectories followed by
the mobile robot teleoperated by the same human operator foE
different time delays using the control schemes A, B, C ands ©
D, respectively; where the non-delayed teleoperation \&ith
controller A is taken as pattern since this case has an idea
transparency.

The scheme D has an absolute transparency better tha
the other ones (subsectibn V-E). This can be appreciated ir
Table[1M and figure§ 10 tb 13, where the scheme D has low
values ofe,, e,,, ey 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

-0.5

the time delay is bigger (in magnitude and variation rate@g. 12. Trajectories followed by the remote mobile robangghe scheme

which is reflected in the trajectories followed by the mobile’
robot and the time to complete the task (loss of instantgneit
Although there is not a direct relation between the remote
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and local transparencies and the valuesgfe,, ande; (e.g.

Time [s]

Linear and angular velocity commands and real v&#scfor a

11

~—
_obstacle

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 mobilat rob
is near it but he perceives the closeness of such obstacle
through a force feedback in his hand.

VII. CONCLUSION

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

The definition is bilateral intrinsically and is represeahtey
a 3D vector, whose norm allows comparing different teleop-
eration systems. The components of the absolute trangparen
vector are called local transparency, remote transparandy
instantaneous transparency. The local transparency gises
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 dynainics
slave dynamics, the loss of instantaneity, the apparemtydel
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

these values are not independent of the delay); they shteleoperating a mobile robot with force feedback. A teleope
that the local and remote transparency are worse when #t®n system works better in practice respect to other dries i
command and feedback signals are changed.

Fig. 14 shows how the commands of linear and anguldre compared schemes have similar conditions respect to the
velocity generated by the human operator arrive to the remajuantity and quality of visual information.

site and their differences respect to the control signahdieg

has a better absolute transparency. This conclusion id ifali

Some typical questions in teleoperation systems of mobile

by the control scheme D in the case of a delay-type 4. mbots can be addressed using absolute transparency, such
addition, the force calculated in the remote site and theeforas the fact that autonomous controllers with a high speed
applied to the master (felt by the human operator) are shownresponse (high gains) might not have an adequate perfoemanc
this figure. In these experiments, the force feedback pesvidacting as semi-automatic controllers in a teleoperaticesy.

an extended physiological proprioception (EPP) to the humblaving a measure of absolute transparency which is quantita
user while he drives the mobile robot in order to achieve thize and separated in different components will allow skarg

position goal.

the best trade-off between stability and transparency for a

Fig.[13 shows a photo of this experiment in about 6 secondiven application, using one more tool.
(see Fig[I¥). This figure shows simultaneously the mobileln general, the designer will try to decrease the absolute
robot (on the left) teleoperated by the human operator tiitoutransparency (involving all components), but the impartan
an interface (on the right). The human operator drives tloé each component will depend on the control-type and task.
mobile robot using his hands to maneuver the steering whéar example, if a supervisory control is used then the human



12

operator should “see” the remote system the best possiflg S. Stramigioli, C. Secchi, A. J. vanderSchatft, and Git&azi, “Sampled
(gOOd local transparency) while the remote transparenty no data systems passivity and discrete port-hamiltonianesyst IEEE

i hould b d si th t t h Transactions on Roboticwol. 21, no. 4, pp. 574-587, 2005.
necessarily shou € good since the remote system s O['f!ﬁj P. F. Hokayem and M. W. Spong, “Bilateral teleoperatiém historical

“see” a good autonomous controller instead of the human survey,” Automatica vol. 42, no. 12, pp. 20352057, 2006.
operator. However, the absolute importance between the I ! Elhajj, N. Xi, W. K. Fung, Y. H. Liu, Y. Hasegawa, and Fukuda,

. . “Supermedia-enhanced Internet-based telerobotRsjteedings of the
cal and remote transparencies respect to the instantaneous|ggg vol 91, no. 3, pp. 396-421, 2003.

transparency is an open research, sihgein (@) can not [21] D. Lee, O. Martinez-Palafox, and M. W. Spong, “Bilateteleoperation
be set arbitrarily and it should be estimated. Intuitivehe of a wheeled mobile robot over delayed communication negtor
.. hould h hiah rel d . in Proceedings of IEEE International Conference on Roboticsl a
component in time s _ou ave a Ig relevance due to testing Automation 2008, pp. 3298-3303.
a delayed teleoperation system without any control schemae] E. Slawifiski, V. A. Mut, and J. F. Postigo, “Teleopénat of mobile
(null local and remote transparencies) would seem thakguic ~ robots with %me"’aggizngz%%'aWEEE Transactions on Roboticeol. 23,
. . . . no. 5, pp. 1071-1 s 7.
degrades its absolute transparency as the time dela_y Ierblg&3] E. Slawifiski and V. A. Mut, “Control scheme includingegliction and
The concept of absolute transparency has sense in stable or augmented reality for teleoperation of mobile roboRghotica vol. 28,
passive teleoperation systems. So, the absolute tramsgare, , 1> 01, pp. 11-22, 2010, B
d b d to complement the stability concept and th 234] G. J. Raju, G. C. Verghese, and T. B. Sheridan, “Desiguds in 2-port
cou € use p ity p US," network models of bilateral remote teleoperation, Piroceedings of the

both could be analyzed together by the designers as criterio IEEE International Conference on Robotics and Automatit#89, pp.

to design control schemes applied to systems of bilateral 1317-1321. _ _
tel ti f bil bot [25] Y. Yokokohji and T. Yoshikawa, “Bilateral control of rster-slave ma-
€leoperation of mobile robots. nipulators for ideal kinesthetic coupling- formulationdaexperiment,”
IEEE Transactions on Robotics and Automatieal. 10, no. 5, pp. 605—
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