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Abstract—This paper investigates, as a first step for visual 5 [o o |6
feedback bilateral control, visual motion observer-based bi-
lateral attitude and position control for eye-in-hand mobile © Zom Zum © Zos Zus
robot teleoperation systems. Firstly, visual motion observers §’ #

for eye-in-hand mobile robots are presented. Then, a visual
motion observer-based bilateral and coordination control laws e
for attitude maneuvers are proposed. Moreover, visual motion
observer-based bilateral position control and stability analysis
are presented. The main contribution of this paper is to show
that the bilateral control framework in which teleoperation
systems utilize visual information to obtain the relative poses of
the master and slave robots can be provided based on passivity.
Finally, the effectiveness of the proposed framework is verified Operator

through computer simulations and experiments. Master Side Slave Side
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Fig. 1. Eye-in-hand mobile robot teleoperation system.

Visual feedback control, which can be regarded as a cross- ] ]
point between control theory and computer vision, is no#PPOts have emerged as a relatively new target of them with
a very flexible and useful method in robot control [1]_§1ppllcat|ons that |'nclude rescue and surv'elllance,.operatlon
Nowadays, there are several works related to the visulf) hazardous environments, and exploration of wide areas.
feedback control, in particular, for a mobile robot [2]-[6].Martinez-Palafoxet al. [8] proposed bilateral teleoperation
Ganset al. [2] presented a method to track multiple objectsOf a whee_led mobile robot over commumcatlon ghannel W|.th
and keep them in the camera field of view without th&onstant time delays. The teleoperation _system in [8] consists
need of a goal image or a goal feature trajectory. In [3], gf a 2—degree_s—0f—freedom master haptic devmg and a slave
novel 2-1/2-D visual servoing strategy that does not need hyheeled mobile robot. In [9], the framework in [8] was
mography/fundamental matrix estimation or decompositiofXtended by adding a virtual image robot for master haptic
was developed for nonholonomic mobile robots. Cherubirff€vice operation. Farkhatdinov and Ryu [10] presented a
and Chaumette [4] proposed an appearance-based Vis[%?ope_ratmn controller that modn‘_les a forc_e feedback gain
navigation framework that avoids obstacles sensed by an djline in order to handle a mobile robot in small and/or
board range scanner in outdoor environments. The authdiyttered workspaces. In control frameworks [8]-[10], the
have been proposed passivity-based visual feedback cont?ive robot is restricted to a ground vehicle only with
for three-dimensional (3-D) target tracking via an imagé 1—d|recponal linear velocity and a 1-directional head_ln_g
space and obstacle avoidance navigation functions in [8'9!e which the human can operate based on a car-driving
and [6], respectively. metaphor.

On the other hand, over the past 50 years, a considerableqece”_“y’ multi-slave teleoper_ation systems have rece_ived
number of research papers have been reported for bilatefafot Of intérest from the robotics and control community.
teleoperation. One of the goals is that a slave robot, whidRodiguez-Sedaet al. [11] presented a bilateral control
exists at the remote location, mimics the movement dramework for a single-master-multi-slave teleoperation sys-
a master robot that the human operates. Another is thi@n- This control method achieves position tracking, force
environmental force with physical contact at the slave side f€flection, formation coqtrql and collision-free trajectories
reflected to the operator [7]. Among bilateral teleoperatiof’fough the use of passifying PD-based control and avoid-
researches from a control theoretic point of view, mobil@nce functions. In [12], a decentralized control strategy for

bilateral teleoperation of heterogeneous groups of mobile
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posesand to generate the inputs to the master and slavehere Ad,_, ) are the adjoint transformations associated
robots. with g¢.,, [15]. Here, we exploited the fact that the target
In this paper, as a first step for visual feedback bilateralbjects are static, i.e-Vwbo* = 0. In the eye-in-hand tele-
control, we present visual motion observer-based bilateraperation system, we use a pinhole camera model with a
attitude and position control for eye-in-hand mobile roboperspective projection. In this paper, we set(> 4) feature
teleoperation systems as shown in Fig. 1. Firstly, visugloints on the each target object. The perspective projection
motion observers through a pinhole camera model for eyef thei-th feature point onto the image plane gives us image
in-hand mobile robots are discussed. Secondly, we propofaaturesf,,, € R>™+[16].
two visual motion observer-based control laws for attitude Next, we design nonlinear observers (we call them visual
maneuvers. One is a bilateral control law, which is valid iTotion observers) in order to estimate the relative pgses
the case where direction of rotation is constant. The othérom the image featureg.,.. We define the estimation errors
is a coordination control law, which is valid in the caseg.., between the relative poses,, and the estimated values
of no physical contact. Then, we develop a visual motiog.,, as
observer-based bilateral position control law for teleoper- Jee., 296_01*900*~ 3)
ation systems of a mobile robot. Stability analysis of th ' . oy
proposed control laws is provided. Our proposed bilaterglve next deﬂn? .errvor vecStors of the r(gtatlon n:atrCJ@éS*
control laws are based on the frameworks [13], [14], whicS Tei = sk(e®+)" € R*, wheresk(ete:-) = g(ete- —
are bilateral control for manipulator teleoperation without " )- Using this notations, the vectors of the estimation
visual information. In this approach, we aim at integrating!Tors are given by, := [p/, r. ]* € R°. The vectors
passivity-based visual feedback control into teleoperatid®f the estimation errorg., can be obtained by exploiting
systems to enable bilateral control without additional sensof@€ image featureg.,, and the estimated valugs,. as
or systems used in [8]-[12]. F_maIIy, control performgnce qf ee. = T (Geo) (foo. — Foo.)- 4)
the proposed control scheme is evaluated through simulation ~
and experimental results. where f.,, € R*" are estimated values of the image
features and/(g.,,) € R*™*% are image Jacobian-like
Il. VISUAL MOTION OBSERVERS matrices [16]. Here, we establish the following dynamical
Eye-in-hand mobile robot teleoperation systems use sixwodels in order to estimate the target objects using Eq. (2):
coordinate frames which consist of the world franteg,

o .
(* = m or s), the camera frameE,., and the target object Veo = —Ad(g 1) Ve, + Ke,ex, ©)
frames X,, as shown in Fig. 1. The subscript “m” andyhere /> ¢ RS are the estimated values &f® . and
“s” denote the master and slave indexes. In this paper, the ._ éiai;g{km - kews) are the positive gaiﬁo?natrices

target objects are static, and the world fram®s, and of ; 4 andz axes of the translations and the rotations for
Y., are set on the target object framés,, and ,,, the estimation errors. Differentiating Eq. (3) with respect to

respectively. Letp.,,. € R* and ee-e-%o- € SO(3)  time, the estimation error systems can be represented by
be position vectors and rotation matrices from the camera

frames X, to the target object frame&, , where the Ve, = —Adg Ke e (6)
notation ‘A (wedge) IS ‘the skew-symmetric loperator [15]. InThe stability property is summarized in the following theo-
contrast, the notation “(vee) denotes the inverse operator, ..
to ‘A’. For simplicity we define the elements of rotation
as (oo, = Ec.0.0c.0, € R3, whereé, ,, € R3 specify
the directions of rotation and.,,, € R are the angles
of rotation. Then, relative poses frol., to X, can be
represented by .. = (pc.o.,€e%*) € SE(3). Hereafter,
Geo. = (Peo, ,€5°*) meang,_,. for simplicity. The relative 1 .
posesy.,, can be represented by using the composition rule Ve, = = lpee. II? + dee-), @)
T . _ 2
for rigid body transformations [15] as follows:

Theorem 1 ([16]): The equilibrium pointz., = 0 for the
estimation error systems (6) are asymptotically stable.
Theorem 1, which shows Lyapunov stability for the closed-
loop systems, can be proved by using the following positive
definite functions:

. where ¢(es<i+) := Ltr(I — e« ) areerror functions of the
9eo. = Gue, Guwo. - @) rotation matrices and is the identity matrix.
The relative pose involves a Ve|ocity of each r|g|d body We Thanks to the visual motion Observers, the relative poses
define body velocities of the cameras relative to the worlélco. CaNn be calculated by using the estimated relative poses
framesS,, asV?, = [(vh, )7 (w, )T]T € RS, where geo. and the estimation error vectoes, = [pf,, rc..]" as

WCx WC

wb. andw?, represent velocities of origins and angularfollows:

WCx

velocities from¥,,, to X, respectively [15]. Differentiating ~ sin ™! ||7ee.
Eg. (1) with respect to time, the body velocities of the relative 9eo. = Jeo.Geers Cee. = [Tee Tee.s (8)
posesy.,, can be written as follows (see [16]): i

althoughg.,, cannotbe measured directly (see [17] for more
vh o= —Ad(ggal*)VUljc*, (2) details). Since the poseg,, = (peo.,et=) are generated



from the image featureg,.,, in this way, the master robot Control Objective A2: (Static Torque Reflection) the static
can communicate its poses to the slave robot, and vice vergsantact torque in the slave side is accurately reflected to the
in eye-in-hand mobile robot teleoperation systems withowdperator in the master side under steady state conditions,
additional sensors. In this paper, we do not explicitly considere.,

communication delays similar to [10] and [12].
/ 0T and [12] hy = T (14)
I1l. ATTITUDE CONTROL FOREYE-IN-HAND Control Objective A3(Attitude Coordination) ifr2, = 8, =
TELEOPERATIONSYSTEMS 0

In this section, we propose two attitude controllers for eye-
in-hand mobile robot teleoperation systems. The dynamics of
the attitudes of the eye-in-hand mobile robots can be written To achieve these control objectives, we propose the bilat-
as follows: eral torque inputs for the master and slave robgts , 75
in Egs. (9) and (10) to be

eécom _ efcos ) (15)

Mmrws)ucm + CmTWZ;cm = qu;)cm + T(l))pv (9) b b b
M o:)g,c + C; wf’m = TS)C — Té’m (10) Twey = _Kw(wwcm - wwcs) =+ KC(Ccom - Ccos)a (16)
b b 6 . Tg)cs =—-K, (szcs - Wﬁ;cm) + KC(CCOS — Ceom)s (17)
wherer,,, 7., € R® are the human/environmental torques, _
75, € RS are the control torque inputd/,, = I, € R3¢ where K¢ = diag{ke, k¢, ke.} and K, =
are the symmetric and positive-definite inertia matrices fd¥iag{kv,,kw,,ko.} are the positive gain matrices of
the attitudesC,, = —(I,w’,, )" € R3*3 are the centrifugal ¥ ¥ @ndz axes for the attitude and angular velocity errors,
*p *Mawcey

and Coriolis matrices for the attitudes, add € R3x3  respectively. It should be remarked that the attitudes
are the inertia tensors [15]. We assume that, following th@and the camera angular velocitie§,. can be measured by
procedures in [11], the gravity terms are either includedtilizing the rotation matrices->- obtained from the visual
in the forcing termsr? . 74 or precompensated by active motion observers as follows:

op’ ‘en
control. It should be noted that the above nonlinear dynamic sin™! | reo. 1 ¢ Y
representations satisfy the well known passivity properties, Ceo = oo Tco.s Tco, = 5(6 cor—e o), (18)
i.e., M, —2C, are skew-symmetric matrices. b ey
Wepe, = —(beor g7 Ceon )V, (29)

A. Bilateral Attitude Control for Eye-in-Hand Teleoperatlonin the case tha}... || < T.
Systems N

2) Stability Analysis: To carry out the analysis of the
In this subsection, we assume that the directions of rotati®ystem behaviour, we derive the closed-loop dynamics of
§co. are constant. In this case, the angular velocities can lige attitude teleoperation system. The equilibrium points of

transformed as the attitudes of the master and the slave are defined as
. . . > 3
wtlz)o* = e~ oo Cco* = Cco* (11) gcom;CCOS €R S?Ch tha~t
5 S é é S h KC (Ccom - Ccos) + %gp - 07 (20)
since ébeox = (,, e+ = ebeox (., [15]. By using this b = b
¢ eo. € ¢ Ceo. [19]. By using K¢(Coo, — Coop) — K Cone, =0, (21)

property, we design a visual motion observer-based bilateral R

attitude controller for eye-in-hand teleoperation systems iwhere¢,., is the equilibrium point of the slave frol,,_ to

this subsection. ... Note thatC,., = —(.,. from the relationship between
1) Bilateral Attitude Control Inputs:In this paper, we the coordinate frames. We define the following attitude

assume that the human operator applies constant force/torgu@eiables with the equilibrium points:

on the master robot, and the remote environment can be

modelled as a passive system that is represented as a linear Sem = Geom, _gc"’”’ (22)
spring-damper system similar to [13], [14]. Under these Ces = Ceo, — Ceos - (23)
assumptions, the human operator and the remote environmenihe closed-loop systems for the attitude teleoperation
for the attitude are described as follows: system can now be obtained by using Egs. (9), (10), (12),
Tﬁ,’p _ ?ﬁp, (12) (13), (16), (17) and (20)—(23) as follows:
= By whe + Ke Cue., 13) M, @i, + Crm, Wi

— Kb, —whe )+ Ke(Com — Ces), (24)

.. . o . Mol +Cswl, =—-Ky(w, —uwb
R3*3 are positive semi-definite matrices. srwes srwes wWae, = We,,)

b
The control objectives in this subsection can be stated as e (Ces = Com) = Bs e, + K, Ces, (25)
follows: where we have used the fact th@f., = —(... Our main
Control Objective A1(Coupled Stability for Attitude) the at- result in this subsection follows:
titude teleoperation system is stable under any finite constantTheorem 2:Suppose that the directions of rotatigp,,
operation and any environmental torque inputs. are constant, then the equilibrium poinfs,, = (s =

where%f;p € R3 is the finite constant torque aril , K, €



wb =0 for the attitude teleoperation closed-loop system¥hus, it can be easily shown thageom = eCeo through

Wey

(24) (25) are asymptotically stable. Cem = Ces = 0. [ ]
Proof: We first propose the following Lyapunov func- FromTheorem 2 and Corollaries 1 and 2, it can be verified
tion candidate: that Control Objectives A1-A3 are achieved. In the case
1, o7 X 1, r b of that the human provides the constant torque input, the
Ve= §(wwcm) M, wye,, + §(ch5) M, wye, equilibrium points of the attitudes of the master and the slave

L. 7 B 1 7 Ceo,. s Ceo, Can be calculated. Using Egs. (20) and (21), they
JrQ(C‘”” Ces)” KelCom = Ces) + 2 es s, Ces - (26) are derived as follows:

Usingthe property (11), the time derivative b} along Egs.

* —1 —1\~b
(22)~(25) is given by Coom =~ K )y (32)
; b \T b Loy \Tyr b o = Ko Top (33)
Ve = e, ) ManGruey, 5 (W, )" M, e, Thus, the gairf{; determines the static attitude error between
+(wh o )M, b+ = (whe )T M Wb, the master and the slave in contact with the environment.
1 T . 2 . 1. . Thanks to the visual motion observers, bilateral attitude con-
+5 (Gem = Ges) ™ K (Cem — Ges) + 5 Ces K, Ges trol can be applied to eye-in-hand mobile robot teleoperation
_ l(wb VT (W, — 2Com Ju? systems with only pinhole cameras.
2 WCm moy Moy WEem,
+%(ng€? (M, — 205,4)0\)111)3; B.. Attitude Coordination Control for Eye-in-Hand Teleoper-
)T (K, —h) + KelCom = Gur)) o SIS | .
+(ngc‘)T(_Kw (WZC - wa )+ K¢ (Ces — Cem)) In thls_ subsection, we pr_esent attitude coc_>rd|nat|on control
+(wsi,:)T(st Wb s+ K, é’;s)) fqr eye-in-hand teleoperanon_sys_tems. Unlike the proposed
+(<en;s_ Ces)T[r(((é:WL Ce: )+ (T K, Lo bilateral confcroller, the coprdnjanon contro_ller can remove
- —(w b )TKw(@ b )j“‘(w‘b" jKTBs Wb Fhe assumptions fpr_ the Q|rectlons of rotatign, . Instead,
+(§wc’i ¢ “’)C%K (¢ wem: ¢ “’CS) n Cwac(S ¢ TTwes it cannqt deal epr|C|tI)_/ with the 'torques of th_e operator and
+(<€m - C‘ES)TKC@W%_ cha i CTESK gg wes the environment. In this subsection, we consider no physical
= —(Wegn —;8 ) IC( (Zj —;OS )—(QoSJ ST') CE o contact case; hence, the torques of them are regarded as
wem Mwes) e\ e Fwes wes/ Sr “20257) disturbances.

1) Attitude Coordination Control InputsThe control ob-
From Egs. (26) and (27), it is easy to see th’ﬁfc* — 0. jective under consideration in this subsection is only Control
Due to the closed-loop systems (24) (25), we have that Objective A3, i.e., master-slave attitude coordination. Define
the attitude coordination errors between the master and slave

K, Ces =0, (28)  robots by
and hence,,, = (.s = 0 through Eq. (24). Therefore, from olems — pCeos pbeom (34)
LaSalle’s theorem [18], asymptotic stability of the origins 2, e 500"
can be shown. m eheam = e beomeneos, (35)
The following corollaries for Control Objectives A2 and

) and the error vectors by, := sk(efms)Y andr.,, =
A3 are derived from Theorem 2. sk(eSeom )V, Note thatr,, = 1. sinceetoms = e~ Seom.

Corollary 1: Consider the attitude teleoperation Closed,Differentiating Eqs. (34) and (35) with respect to time, the

loop systems (24) (25). The static torque reflection iy de coordination error systems can be derived as
achieved, i.e.7,, =,

en*

Proof: By using Egs. (12) (20) and (21), we have wﬁ — ,efécom (wﬁm _ wz}c ), (36)
Top = Top = Ko, Cuc,- (29) Wb, = —eCeon (wh,, — b, ). (37)
From the fact thato,,., = 0, eo. = éco* andCpe, = —Ceo. In order for the slave side to track the master side, we
Eqg. (13) can be transformed into propose the torque inputs as follows:
Tel?n = KSTCU)CS = Ksrgwcs- (30) Tgcm = _mewfvcm + Kr (eéws Tems — eéwm Tesm) R (38)
Therefore, it can be concluded thelf, = 7%, from Egs. (29) 75 = —K, ol +K, <eécom Fo,, — €Seos r(,m) . (39)
and (30). ] ‘ ‘

Corollary 2: Consider the attitude teleoperation closedwhere K, := kI3 and K,,, := diag{ku. o, k. y, ko, -} are
loop systems (24) (25). 2, = 75, = 0, then the master- the positive gain matrices of, y and > axes for the attitude
slave attitude coordination is achieved, i€zom = eleos . coordination errors and the angular velocities, respectively.

Proof: From Eq. (20) withr}, = 0, we can show that It should be noted that the proposed control torque inputs
(38) (39) can be generated through Egs. (19), (34) and (35)
K¢(Ceo,, — Ceo,) = 0. (31) by using the visual motion observers.



2) Stability Analysis: Substitution of Egs. (38) and (39) eye-in-hand teleoperation systems. Here, we suppose that the
in the dynamics (9) (10) yields the following attitude coor-attitude controller makes the attitudes of the master mobile
dination closed-loop systems: robot and the slave robot synchronize before the positions of
them converges. Under the condition, we propose bilateral
position control for eye-in-hand teleoperation systems in the

-b b
Mmrwwcm + Cmrwwc o
b cos com b .
= —K,,, whe + K (e, — € ’Tesm>+Top7 (40)  next section.

- b b
M, Gy, + Cs,Wie, R . IV. BILATERAL POSITION CONTROL FOREYE-IN-HAND
=K, wh.+ K, (eCCDm Te,,, — €5 rems) —7b . (41) TELEOPERATIONSYSTEMS
We show the stability analysis concerning the master—sla\’/Aé Bilateral Position Control Inputs
coordination as follows: The Euler-Lagrange equations for the positions of the eye-
Theorem 3:Suppose that the human operator and slav-hand mobile robots can be written as follows:
. AR I
enylronmen_t torquis;)% __Te" = 0, thep the eqU|I!brlqm Mmp@fucm +C’"lpvfucm _ 5;% 4 (z),:w (45)
pointsr,,,. = re,, = w,,., = 0 forthe attitude coordination b ! b b
closed-loop systems (40) (41) are asymptotically stable. M, e, + CspVue, = fuwe, = fens (46)
_ Proof: Consider the following positive definite func- ynhere gp’ b ¢ RS are the human/environmental forces,
tion: .. € RS are the control force inputs)/,, = m.I; €
1 1 R3%3 are the symmetric and positive-definite inertia matrices
V.= =(u? Ta Wb (Wb VT M, Wb o y P ;
" 2( wc"n) me ey, 2( wea )" Mo, Wi for the positions(, | = —m,&%, € R3¥*? are the centrifu-
+hpp(eSeme) + kpg(eseom ). (42) gal and Coriolis matrices for the positions, amd € R are
Evaluating the time derivative df,. along the trajectories of Eﬂg ;)naasss,?\(/aitsyogrct)r;)ir?igf ot;otﬂf?jﬁlg]rﬁiz Zeogtrr?c\e”gots?trig]nssaanri
Egs. (36), (37), (40) and (41) gives us S . :
as. (36), (37), (40) ( 1) g similar to that of the attitude in Sec. Ill.
V. = (w'ﬁ)cm)TMmer)cm + *(qucm)TMerfUCm Under the _aforementloned assumptions that the human
) operator applies constant force/torque and the remote en-
+(W2JCS)TMST@$,CS + §(Wﬁ,CS)TMSTwﬁ,CS vironment can be modelled as a passive system, tr_]g human
I A O ST s operator and the remote environment for the position are
1, e b described as follows:
= 7(wwcm) (Mmr - 2Cmr)wwcm ~
2 1 . (l))p = (l));m (47)
+- (Wl )T (M, —2C, )b 2
2( 1)CS) ( s s ) wcf X b _ BS, Ub +Ks e—(:umspwc , (48)
b oy b ¢ ¢ en P WCs P s
+(wwcm) (_mewwcm—’—KT(Ae “os rents_? com TESMD b 3 L.
+(wfvc,)T(wa.gwﬁjc§+Kr(6C“°m re. —eScosr,. ) where f,, € R” is the finite constant force anBi; , K, €

b R3%3 are positive semi-definite matrices.

T e —Geo ~Ceom b
+k'7-7" mqu«f,nS (—8 ¢ ™ te ‘ mwwc&)

o ¢ ¢ e ey For the position teleoperation system, we identify the
+kr’;emeTe“’"(_‘z e, +§ C°S°‘iwcm) following control objectives:
= —(Wye,,)” Ko Wie,, = (Wie,)” Ko, wye, - (43)  Control Objective P1: (Coupled Stability for Position) the
From Egs. (42) and (43)V, = 0 meansw?, = 0 and position teleoperation system is stable under any finite con-

slant operation and any environmental force inputs.
Control Objective P2 (Static Force Reflection) the static
contact force in the slave side is accurately reflected to the

hence the invariant set of Eq. (40) consists of all stat
(Te,,.s Teun » Wuwe, = 0) that satisfy

eCeom Te, . =0, (44) operator in the master side under steady state conditions,
. ie.,

where we have used the fact thetmsr, . = 7. . and

Te,. = —T..,. By following LaSalle’s invariance theo- o = fon- (49)

rem [18], it can be concluded that,,, =re,, = 0. There- o, Objective P3: (Position Coordination) if® =

fore, we have shown that asymptotic stability is guaranteed, 0 P

u en — Y
Theorem3 guarantees the stability of the attitude coordi- Deor,, = Peo, - (50)

nation control for eye-in-hand teleoperation systems using . . o
a Lyapunov function. From Theorem 3, it can be shown To guarantee the safe interaction and coupled stability, we
that the attitude coordination between the master mobifd °POS€ the following control force inputs:
robot and the slave one is achieved in non-contact with the ffucm = va(Ufwm — vfws) + Kp(peo,, — Peo.)s (51)
environment. b b b
. . . . o = —K, — U Ky(Peo, — Peo,. )y (52

In this section, we proposed two attitude controllers, i.e., wes v(Vie, = Vwe,,) + Kp(Peo, — Peor)s (52)
the bilateral controller and the coordination controller. Bottwhere K, :=  diag{k, .k, ,ky,.} and K, =
controllers achieve the master-slave attitude coordination fdiag{k,,, k.,, k.. } are the positive gain matrices of



z, y and 2z axes for the position and velocity errors, +(va05) (— Bspfuwc Kspeféwc-s (Pwe. — Pwe.))
respectively. Since the target objects are static, the camera 4 (p.,,, — pes)” K (pwm Deo.) + peTsKspz'?cos
translational velocities,,., can be measured as follows: = _(ngcm_ Uwcs)T Ky (v! Wb, - ) - (o, CS)T Bs,,va .
UZ}C* = _pco* +ﬁco*w'zljuc*' (53) +(U“}(m U“)("%“K (pl:m p9927+( w(’) Ksp(p(l;og Peo )
_(pzm - pZS) fp(vwim - vb ) pesKS%:Uwcs

Hence similar to the control torque inputs, the control for(_:e = —(vhe —Vhe ) Ky(vh,, — Uwcs) — ( c) Bspvwc ,
inputs (51) (52) can be generated through Eq. (19) by using (61)
the visual motion observers. . 5 .

” _ where Eq. (53),e¢o = €S0« and peo, = —e we pye.
B. Stability Analysis were used. From Egs. (60) and (61), it is shown tfat =

Similar to the attitude case, the closed-loop systems for tlte Moreover, from the closed-loop systems (54) (55), we
position teleoperation system are constructed as follows: obtain

Mm?’ vg’cm + CmP ’Uz;c,, K(Speigwcs (pwcs - ﬁ’wcs) =0. (62)
= _K'U(Uwcm — Vwe, ) + Kp(Pem — Pes), (54) ) ¢ 2
M, %, +Cs,vh, = —Ky (b, —vl, ) By using the fact thateScex = €S- and p,. =

& R —e Cwerpy,.., it can be concluded that.,, = p.s = 0
Ky (Pes — Pem) = Ba e, Ko, € (Due, = Puc), (55) through LaSalle’s theorem [18]. Thus, asymptotic stability

where the position variables with the equilibrium poipts ~ ©f the origins can be shown. L
are defined as Similar to Corollaries 1 and 2, the following corollaries
for Control Objectives P2 and P3 are satisfied.
Pem = Pcoy, — Peoy s (56) Corollary 3: Consider the position teleoperation closed-
Pes = Deo. — Deo, - (57) loop systems (54) (55). lg¢wem = eSwes andw? . = 0,

en

Corollary 4: Consider the position teleoperation closed-
loop systems (54) (55). 18Svem = ebwes, wb = 0 and

WCx

Ky (Peo,, = Peo.) + fop = 0, (58) fb, = fb, =0, then the master-slave position coordination
K,(p 5 K. oo—Cweeiy  — 59 is achleved i.€Pco, = Deo, -
pUPeo, = Peon) = Foy€ 7" Pue, =, (59) " The equilibrium points of the positions of the master and the

where .. is the equilibrium point of the slave frorg,, slave with the human input force are calculated as follows:

Note that the equilibrium points of the positions of the mastetrh en the static force reflection is achieved, 'ﬁf’

and the slave are defined gs,, , peo, € R? such that

to X, Note thatpye, = <o peg,. _ Peon = —(K} Ky N fon (63)
Suppose that the attitude coordination has been achieved s - 64
with the proposed attitude controller in Sec. lll, the following Peo, = — s,, op (64)

theorem concerning the stability for teleoperation of theheorem 4 and Corollaries 3 and 4 guarantee the asymptotic
position holds. stability, the static force reflection and the master-slave

Theorem 4:Suppose thagCuem — Cues andwwc* =0, position coordination, respectively. The block diagram of
then the equilibrium point.,, = pes = v5.. = 0 for the visual motion observer-based bilateral control for eye-
the position teleoperation closed-loop systems (54) (55) afg-hand mobile robot teleoperation is shown in Fig. 2.

asymptotically stable. Our proposed approach that deals explicitly with the
Proof: A positive definite function for the closed-loop estimation problem from the visual features, can be applied
system is defined as to 3-D teleoperation systems that have a camera to monitor
1., 1 - surrounding condition. Thus, the proposed method, which
Vp = 51(”wc ) Mmp wen + 5( c) J‘fsp”wc integrates the visual motion observer-based pose control and
T the bilateral pose control without additional sensors based
+§(pm ~ Pes)” Kp(pem = pes) + §p“KS”p” (60) on passivity, F;slllows us to extend technological application
Along Egs. (54)—(57), the time derivative &f, becomes area. The main contribution of this paper is to provide the
] 1 bilateral control framework in which teleoperation systems
Vo= (00 VT M, 08, 4+ =(vh, VT My 0l utilize visual information through a pinhole camera model in
T T order to obtain the relative poses. Thanks to the visual motion
+(v, Vi, ) M”‘p”wve + 5( we,) M”‘p”wve observers, bilateral control inputs for not only teleoperation

4= (pem — pes) K, (Pem — Pes) + = of the position but also of the attitude can be designed.

|2 . 2P ea oy Pes In our passivity-based visual feedback control approach,
= g(vfjjC ) (M, — 2C’mp) e the image Jacobian-like matriX(-) of the pinhole camera
model is exactly the same form as that of the panoramic
5( ) ( Sp QCSP) wes camera model [19]. Therefore, the proposed approach can
+(v fucm)T( K, (vaC 00 ) + Kp(Pem — Pes)) be applied to teleoperation systems with a panoramic camera
+ (5 )T (K, (vh, =0 )+ Kp(Pes — Pem)) using the image Jacobian-like matci-) in [19].
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S R The simulation results for the stability analysis and force
0 2 *ime g s 10 reflection are presented in Figs. 3 and 4. In Fig. 3, the

dashed (blue) lines and the solid (red) lines denote the

Fig. 3: Relative rigid posgyco: Dashed (Blue); with master robot: Solid relative pose of the master robgt,,, and the slave one
(Red); with slave one. geo, Tespectively. Since the relative poses converges to the
equilibrium points of thenp.,, , (.., , the asymptotic stability
can be confirmed. Figure 4 shows the human force/torque

In this section, we simulate the teleoperation system usmg 7- with the dashed (blue) lines and the environmental
quadrotor aerial vehicles with pinhole cameras, which ha\d@rce/torque b 7t with the solid (red) lines. From Fig. 4,
xyz-translational and:-rotational motion, as eye-in-hand it is clear that the static force reflection is achieved by steady
mobile robots. In the simulations, we perform the bilateratate performance.
control proposed in Sec. Ill-A for the attitude. Next, we perform the simulation for the pose coordination

Firstly, we present some results for stability analysis ande. for Control Objectives A3 and P3. From the afore-

force reflection in the case of contacting the environmenfentioned conditions, we change one of them as follows:
i.e., for Control Objectives Al, A2, P1 and P2. The simulay,, =1[00 —1]7 m, (., = [0 0 7/6]" rad, fop =7,y =0,

V. SIMULATIONS

tion is carried out with the initial conditiop.,,, = peo. = K, = K, =0, By, = B,, =0, Kc = 25I. We show

05 =05 =27 M, (oo, = Ceo, = [0 0 7/3]7 rad. The the relative poseg.,..,geo. in Fig. 5. From Fig. 5, it is
constant force and torque are setfgs = [~5 5 10]" N,  concluded that the pose coordination is achieved in the case
Top = [0 0 1]7 N-m. The gains are selected to make they o =1h = fh, =1, =0.

attitude converge faster than the position as follows; =

K,, =10I, B,, = B, = diag{0,0,1}, K, = 301, K, VI. EXPERIMENT

201, K; =51, K,, = 101. Under the above conditions, the In this section, we present an experimental result applying
equilibrium points are calculated by using Egs. (32), (33)he attitude coordination control proposed in Sec. IlI-B and
(63) and (64) ai.,,, = [0.667 — 0.667 — 1.333]7 m, the position bilateral control proposed in Sec. IV. The ex-
Peo,, = [05 —05 —1T m, ¢, = [00 03] rad, perimental environment is shown in Fig. 6. The experimental
Ceon, =00 0.1]7 rad. setup is composed by two Parrot AR.Drones which are wifi
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[9]
qguadrotor aerial vehicles with two cameras and two laptops.
The master and slave controllers communicate to each other
through the UDP sockets over Internet. The time delays frommoj
the master robot to the slave one and from the slave robot to
the master one are found to be 0.54 s and 0.88 s, respectively.
In this paper, we perform only-axis translational movement [11]
with a contact-free case study.

The experiment is carried out with the initial condition
Deoy, = Peo. = (03017 M, Co,, = Ceo. = [000]T rad. The
gain matrices are set ds, = K, = diag{150,150,120},
kr =1, K, = 0251, K, = 2.5I. We apply the human
force f};p to make the master robot move up and down.
The result is shown in Fig. 7. In Fig. 7, the dashed (blugl}3!
lines and the solid (red) lines denote theaxis estimated
relative position of the master robai.,,,, and the slave [i4]
one g.,,, respectively. From Fig. 7, it is confirmed that the
slave robot tracks the master one feraxis translational
movement. The experimental movie
http://wwwr.kanazawa-it.ac.jp/kawai/resea
rch/ARDrone/ARDronevideos.html.

[12]

X . 15]
is available at
[16]

VIlI. CONCLUSIONS [17]

This paper has proposed visual motion observer-based
bilateral attitude and position control for eye-in-hand mobile
robot teleoperation systems. The main contribution of thig8l
paper is to show that the bilateral control framework in whic
teleoperation systems utilize visual information through a
pinhole camera model in order to obtain the relative poses

of the master and slave robots can be provided based on
passivity. Thanks to the visual motion observers, bilateral
control can be applied to not only teleoperation systems
for the position but also for the attitude. Simulation and
experimental results have been presented to verify the control
performance of the proposed control scheme.
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