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Distributed Trajectory Generation for Cooperative
Multi-Arm Robots via Virtual Force Interactions

Toshio Tsuji, Achmad Jazidie, and Makoto Kaneko

Abstract— A trajectory generation method for multi-arm robots
through cooperative and competitive interactions among multiple
end-effectors is proposed. The method can generate the trajectories of
the multiple arms in a distributed manner based on a concept of a virtual
interaction force which represents an interaction between an end-effector
and an environment. It is shown that the method is effective not only for
simple cooperative tasks such as positioning a common object, but also
for more complicated tasks including relative motions among arms.

Fig. 1. Coordinate systems for anarm robot system performing a cooper-
ative task. The first ta'th arms control the motion of the task point and the
1. INTRODUCTION (n' 4+ 1)st to nth arms execute the relative motions between the task point

. . . and the end-point of each arm.
As regards generating a trajectory of a multi-arm robot, many

interesting studies have been reported, up to the present, for a

purpose of progressing abilities of robotic systems. Lee [1] proposgghyements of all arms using a single computer will eventually face
a method using a manipulability measure, which can deal with Roplems in terms of failure resistance, flexibility, expandability and
dual-arm robot only. Al-Jarrah and Zheng [2] proposed a methd on, as the number of arms or the degrees of freedom of the joints
for dual-arm robots handling flexible objects. Moon and Ahmad [3},creases.

applied a trajectory time scaling concept to the multi-arm robots, one possible approach that can be taken to overcome such prob-
and later, in order to reduce computation time, Moon and AhMadys s to construct an autonomous decentralized control system
[4] developed a sub-time-optimal trajectory planning for cooperatiVghich is composed of a set of autonomous subsystems in a distributed
multi.-arm ropots usipg a load distripution scheme. An algorithm fof 4 nner [8], [9]. In this approach, various characteristics may be
the time optimal trajectory generation was also proposed by Wapgjized as follows: 1) partial failure in a subsystem can be handled
and Pu [5] based on a cell-to-cell mapping method. In the greater pRitayy  since no central controller exists; 2) by changing local
of the previous researches, however, a desired spatial end-effegigractions among subsystems, the overall system behavior can
trajectory of a multi-arm robot for a task is assumed to be givgy, regulated flexibly; and 3) the system structure composed by

before_hand, and atte_ntions of the investig_ators have been _paid detonomous subsystems allows an easy expansion of the system
only simple cooperative tasks such as a pick-and-place motion of,fnout re-planning of the motion of the entire system.

common object. _ , Recently, a variety of control systems based on the concept of the
On the other hand, let us consider a cooperative task between a l&ffsnomous decentralized system have been proposed (for example,

hand and a right hand to pare an apple. The left hand tightly ho'{ﬁ)] and [11]). However, these methods attempt to control a mobile
the apple, and the right hand holds a knife and pares the apple. }§gqt system or a single-arm robot, not a multi-arm robot, by
left hand should control the position of the apple while the right ha’ﬁlacentralizing it into a set of subsystems.

should control a relative motion of the knife to the apple rather thanits |, he present paper, a new method for multi-arm robots is

absolute position in the task space. If the cqoperative task. iI.Iustrai@g,emped’ which can generate trajectories of the multiple arms in
above becomes possible, a need of the multi-arm robots will increageparaliel and distributed manner through cooperative interactions
in particular, in unstructured and hazardous environments such asé%ng subsystems corresponding to each arm. In order to express
space, undersea and nuclear power plants. . information exchanging among subsystems, virtual dynamics are
So far, only a few studies dedicated for such complicated tasksjafagined for each manipulator, and virtual interaction forces arising
the multi-arm robot have been reported. For example, Yamamoto &gy, these virtual dynamics are used. Under the proposed method,
Mohri [6] proposed a trajectory generation method for a cooperatiyeis hossible to deal with not only simple cooperative tasks such as

task of a multi-arm robot, where one arm is grasping and movingsiiioning a grasped object but also more complicated cooperative
an object and others processing the surface of the object. Also, Tsylik including relative motions among the arms.

[7] has proposed a method utilizing redundant degrees of freedom of

a closed link system composed by multiple robotic arms. However,

since all these methods generate trajectories based on geometrical II. BASIC FORMULATION OF MULTI-ARM ROBOT

constraints of a closed link structure composed by multiple robotic

arms, planning a trajectory for each arm requires entire information 8n Cooperative Task of Multi-Arm Robot

movements of all other arms. Thus, a centralized system for planning ¢t ys consider a cooperative task of a multi-arm robot, which

consists of two sub-tasks: a) holding and moving a common object
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Now, we define a reference point of the object (e.g., the center ofb) Whensin ?8° = 0,
mass of the object) as the task point. Using the task point, the motion

of multiple arms performing a cooperative task can be described as a) “¢° = arbitrary (6)
motion of the task point and b) relative motion between each arm and °9° = T (1 = Ryy) )
the task point. In motion planning of the task point, it is assumed that a 2 , .

virtual rigid link [12] is connected between the task point and the end- ¢ =atan2(Rou, Ra) — Ras”9". (®)

effector of each arm. Also, no slip motion between the end-effector of
each arm and the object is assumed. On the other hand, the rela@iveKinematics of Multi-Arm Robot

motion between each arm and the task point is used to represerjs is well-known, the relationship between the end-point velocity

more complicated tasks such as grinding and scraping the Obj%ctor, °X¥' of the armi and the joint angular velocity vector,
The relative motions among arms are expressed by combinations.pfe fm' is given by

relative motions between the end-effector of each arm and the té’sk )
pomt X =T ©)

B. Coordinate Systems whereJ* € ®*™" is the Jacobian matrix of the arm

The joint degrees of freedom of each arm is denotedby(i = On the other hano!, assuming that a_virtual rigid link is connected
1,2,---.n) wheren is the number of arms, and the task SIOaCgetween the task point and the end-point of the arme can derive
dimension is denoted by. In the present paper, three differentth® refationships between the end-point of the drmnd the task
Cartesian coordinate systems are defined: 1) the world coordinBfint as follows:
system,X,; 2) the task coordinate systerl,., which is a mobile o i P P
coordinate system according to the motion of the task point; and 3) F i =G'H _F =G"F (10)
the end-point coordinate systerS,; (i = 1,---,n), the origin of X" —HX' =G X" (12)
which is located on the end-point of the afmLet the position and )
orientation vector of the task coordinate systefn, and of the end- where °F* € R' expresses the force/moment vector of the end-
point coordinate systeni;, with respect to the world coordinatepoint of the armi represented in the world coordinate system,

system,X,, be denoted as T,:°X  and °F* € R' represent the velocity vector of the task
point and the force/moment vector transmitted to the task point
°X° = [“ch? "@CT]T c R from the end-point of the arm represented in the world coordinate

system,X,, respectively. The contact type matrk’ € R'*! and
o TS o L
the matrix G' = S'H" ¢ R'*'i express filtering effects that
filter out some forces/moments of the end-point of the arand
. . . . transmit other forces/moments to the task point depending on the
respectively. Let also the position and orientation vector of the : . .
. . . .. contact mechanism. Also, the end-point velocity vector of the arm
end-point coordinate syster®;, represented in the task coordinate . o et L
¢ transmitted from the task point is denoted ‘@8 = € R'¢, and
system,X., be denoted as ) .
the vector of the forces/moments transmitted from the end-point of
the armi to the object as F'"* € R [14], [15], wherel; is the
number of the degrees of freedom of the forces/moments that can be

as shown in Fig. 1. Then, the position and orientation of the tagr@nsmi}txeld from the end-point of the aemo the object. The matrix
point, °X°, is uniquely computed froM X’ and°X". S' € R'*" expresses the geometrical relationship between the task

In the three-dimensional (3-D) spa¢é = 6), for example, the point and the end-point of the aripwhich is given by

and
oyt o T oxiT T ol )
X' =[p" 7@ ] eR i=1,---,n

cxi e it egit U o ql .
X' =[p" ., " eRr i=1--,n

relationship among the position vectdis®, “p’ and“p’ is given as
i I 0
follows: St =1 (12)
o ¢ o i o o iy ~xiNiTe, i (Pmox I
pr="p —"Ri("®)["R:("2")] “p ) _ v
where I is the unit matrix;0 is a zero matrix; and“p’)s, is “p’

where the rotation matrices frol, to X, and fromX; to X. are
’vu(l cp . (CPHt H i g,
denoted as I7;(“®") and "I (*® ),_respec/?ngly . . (ax)u = a x u for any vectora andu. Whena = [a, b, c]", it is
Also, the use of the Euler angle = [¢, ¢, ¢|* for each orientation defined as [16]
vector leads to the following expression for the rotational matrix

represented irt,. In addition, x is the cross operator that satisfies

°R.(°®°) from . to X, [13] 0 —c b
o oxc o 0 FiN\[C cxiT ax = C 0 —al. (13)
R.("®°) ="Ri(“®")['Ri("®")] b a0
Rii Ri2 Ris
= [Ry1 Roz Ros|. 2 Since the force/moment vect8F™“ acting on the task point is
Rs1 R3s Rss the total sum of all force/moment vectors transmitted from the end-

points of the arms to the task point, the net force/moment védtor
Then, based on the property of the Euler angle, the orientation veg®roptained by
°®° = [°¢°,°6°,°y°]T can be obtained in the following way.
a) Whensin “6° # 0,

n

oFc _ OFCi. (14)
°6° = atan 2(+ Raz, £ Ri3). 3) =t
ope 5 . The kinematic relationships are summarized in Fig. 2. Based on
0" = atan 2(£4/ Ri5 + Ras, Rss), 4 the above formulations, a trajectory generation method of the end-

°Y¢ = atan 2(£Rs2, FR31). (5) effectors for multiple arms is explained in the next section.
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of each arm and the task poirftX’ € ®’, which are assumed to

> 4 !
ovyci - R i X ) .
task space X oFd)€ be given as the desired motion. Since we can denote as! and

Q
Q

_ H' =1, (anl x I unit matrix) for armi (i = n’ + 1,---,n), the
""“;i)‘;éfi"" ox" opm)ent end-point acceleration vector in the transmission spaaé. , can
H T ( ) Hi be written as
Mo (XT_oFD)ER! [ FR ]
J[ J! - 0 ORC - 0 DRC
cu e[5e o] o

Fig. 2. Kinematic relationship of motion and force of aim )
The end-effector acceleration vectot " computed by (18) and (19)
must agree with the end-effector acceleration determined by the joint
I1l. DISTRIBUTED TRAJECTORY GENERATION motion of the arms
BASED ON VIRTUAL DYNAMICS

o y-tri i Fiei i i i
The method proposed here involves a set of subsystems cor- X =HJq¢+HIT]. (20)
responding to each arm and can generate joint trajectories that o . ) )
satisfy kinematic constraints of the end-effector of each arm in G@nsequently, the joint acceleration of the aimand the virtual

parallel and distributed manner through cooperative and competitipieraction force/moment vector: can be obtained using (15) and

interactions among subsystems. In order to express the interactié?)

among subsystems appropriately, virtual dynamics of each arm and ; DT —1 ;

the task point are introduced. Then virtual interaction forces/moments {;f\l} = [é’f’f _(HOJ) } [H‘J‘ 2 ‘Zm} (21)
generated from the virtual dynamics and position constraints resulting =~

from kinematic relationships between each arm and the task p%ereln
are derived through analogy of mechanical systems to represent
interactions among subsystems.

., IS @anm; X m; unit matrix. The resulted joint acceleration
if%urn generates the end-effector trajectory of each arm.

Now, the virtual joint contro[torquei is computed using the target
position of the task point; X ¢ , as follows:
A. Structure and Motion Equation of Subsystems i -

First of all, the virtual dynamics of the ariis defined using the = (HTYG)HE (X -°X)} - B¢ (22

simplest second order differential equation as follows:
where

=7+ (HTHN (15) v o v o

(G2)+ — (GfTGf)fleT — HL(SZ)fl € \’)RliXI
whereri_ € ®™' is the virtual joint control torque vector of the arm . P Ixi " -
i and\’ € R' is the force/moment vector acting on the end-poirf (e Pseudo-inverse matrix 6'; K* € " is a positive definite

i i i i 4 myXm; i
of the armi from the object represented in the world coordinatgos't'on_ feedba_ck_ gain m_atrlx for the arm and B_ S ! 1S
system,S.. the positive definite velocity feedback gain matrix of the arnfor

, ) . : D
Then, let us consider the motion of the task point. Since the virtd}e ¢{th arm that is executing the relative motion=n"+1.---.n).

force/moment vectoA’ is exerted to the end-effector of the aym W€ can easily showw" =0 ang(Gllﬁ = 0. Then, the virtual joint
from the object, a reacting virtual force/moment veetor' is exerted CONtrol torque for theth arm (i = n’ +1,---.n) is reduced to
conversely to the object from each end-point. As a result, a net virtual i i i

force/moment vector acting on the object at the task point is given by T =-Bq. (23)

n ‘ n o The trajectory generation method proposed here is illustrated in
°F° = Z °F7 = Z(—G’X‘). (16) Fig. 3. Each subsystem generates a trajectory cooperatively using the
k=1 k=1 virtual end-point force/moment vectdr as the information of the
interactions via the virtual dynamics of the task point. Since each
Sl?bsystem can operate independently, it is not necessary to modify the
motion equations of all subsystem if the purpose of the arm changes
from the task of holding and moving the object to the task including
where M, € R'*! is interpreted as the virtual inertia matrix of relative motion, or if a new arm is added to the system. In the

the object;"_fi" c # is the acceleration vector of the task pOimfollowing section, stability of the system and the kinematic property

represented in the world coordinate systéty, of the equilibrium point is analyzed.
Now, let us consider position constraints imposed on the end-point

On the other hand, virtual dynamics of the task point is assumed

MSCX " =°F° (17)

of each arm. The armg (i = 1.---,n') must be constrained by B )
the motion of the task point determined by the dynamics of equatiGh Stability Analysis
(17). In other words, equation (11) leads to the relationship Let us consider an energy functidd that is composed of two

) types of energy function#/; and H, as follows:
XM =G X 4G X (18)
H=H, + H., (24)
On the other hand, in order to derive the kinematic constraints for the n no
armi (i = n'+1,---,n), we have to consider not only the motion of HA = ZE’ +Q:+ 3 Z ¢ ¢ (25)
the task point but also the relative motions between the end-effector i=1 i=1
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Fig. 3. Distributed trajectory generation for a multi-arm robot. g 100 40.0
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Fig. 5. An example of the generated trajectory for positioning the task point.
(a) Stick pictures, (b) time history of the position of the task point, and (c)

. o o ~time history of the virtual interaction forces/moments of the arm 1.
Fig. 4. Model of a three-arm robot and its initial posture used in simulations.

The task coordinate system and the desired position of the task point are

shown.
Substituting (15)-(17) and (22) into (29)—(31), the following equation
can be obtained:

n ST
H2 = % Z qg q (26) T n n’
T - Ai=—X" Y &N =Y B (32)
E'=1(X" —°X)'K'(°X" —°X") (27) i=n'+1 =1
T e
Q.=1°X" M.°X". (28)

On the other hand, the time derivative of the energy functidn,
H, and H. are energy functions for the motion of the task poingan be given by
and the relative motion between each arfi = n' +1,---,n) and
the task point, respectivel\&* represents the squared position error
between the target and current positions of the task point calculated
at each subsystein(i = 1,2,---,n'); andQ. expresses the virtual
kinetic energy of the task point. _ _ As a result, from (32) and (33) the time derivative of the energy

Now, let us consider the energy function for the motion of the tasknction of the whole system can be obtained as

point, H,. The time derivative of the energy functiof,, can be

o= 3 [=¢ B'§ 4+ XN (33)
i=n’/+1

derived as . noo
”, Tl, H == Zq'l Bldl. (34)
. - . T =1
H=%F +Q(.+Z[q q] (29)
=1 =1 . .
e e Since B* is of positive definite, we havél < 0 and the ener
Bi——(°X )1 KX —°x°) (30) p S ay

- function H decreases monotonically undil = 0, i.e., q'i =0(=
Q.=°X" M.°X". (31) 1,2,---,n) and’X" = 0. This means that the motion of the whole
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system is asymptotically stable.

C. Kinematic Property of the Equilibrium Point

Kinematic meaning of the equilibrium point of the energy function, 2/ 2
H, is analyzed under an assumption that the relative motions between 3 }
the end-points and the task poiify” (i = n'+1,---,n), are given .
as the desired motion satisfyifigk* = “X* = 0 at a certain time,.,
wheret, is the time duration required for relative motions. It means
that, fort > t,, there is no relative motion between end-points and
the task point, and therefora! = 0 (i=n"+1,---,n). amu ! am 2

Since the task point is at a standstill in the equilibrium point, using
(16) and (17) and\' = 0 (i = »' +1,---,n), we have

- ZGA =0. (35)
i=1

Substituting (15) and (22) into (35) and remembering that at the
equilibrium position,§* = ¢ = 0 and°X° = 0, the following
equation can be obtained:

SEGE)TE (X7 =X =0 (36)
=1

whereG*(G")T is a positive semi-definite matrix arfd’ is a positive
definite matrix from its definition. Provided that all forces/moments
acting on the task point can be controlled using the joint torque of

the armi (i = 1,2,---,n’) and»’ is sufficiently large, the matrix
of ¥, G'(GYTK' in (36) may be expected to be a nonsingular.
For example, if we define thak® = K (i = 1,2,---,2), then

(36) reduces to

ZGi(Gi)+ I{(o‘ch* _ oXc) 0. (37) arm 1 arm2
=1

. . . C
Assuming that at least one manipulator, for example grmis (©

connected to the object through the rigid grasping contact type, i.Big. 6. Results of trajectory generations. (a) The first joints of arms 1 and
. =1, we ha\/eG’””(G"‘)Jr = I, (anl x I unit matrix). Consequently 2 are fixed, (b) end-effector of each arm is connected to the object through a

the matrix sz,ilzll Gi(Gi)+ in (37) is assured to be nonsingular.po'm contact, and (c) end-effector of arm 3 performs a relative motion along

. _ the surface of the object.
As a result, the solution of (37) becoméXx“ = °X° , and the
equilibrium point of the task point agrees with the corresponding
target position. If there is an uncontrollable force/moment of the tagr i = 1,2,3; and M. = diag [50(kg), 50(kg), 50(kgn?)]. Note
point, (36) becomes indefinite. Therefore the equilibrium point doéisat diag[-] denotes a diagonal matrix.
not always agree with the target position. Even in this case, stabilityFig. 5 shows examples of the results where the position of the task
of the multi-arm robot system can be guaranteed as described in plaént is moved to the target position from the initial position indicated
previous section. in Fig. 4. Fig. 5(a) shows stick pictures, while Fig. 5(b) expresses
Summing up, the distributed trajectory generation method fdine time history of the position of the task point, and Fig. 5(c) gives
multi-arm robots has been explained in this section. Also, the stabilitye time history of the virtual interaction forces/moment generated
of the motion of the whole system and the characteristics of tietween the arm 1 and the object. In this case, all of the arms control
equilibrium point of the task point have been analyzed. In the netite motion of the task point and all arms grasp the object rigidly,
section, effectiveness of the proposed method will be verified by = 3 for i = 1,2, 3.
simulation experiments. On the other hand, Fig. 6 shows other results using the same
initial arm posture and the target position of the task point as Fig. 5.
Fig. 6(a) indicates the simulation result for the case in which the
IV. SIMULATION EXPERIMENTS first joints of the arm 1 and arm 2 are fixed. In Fig. 6(b), the
Computer simulations were carried out using a three-arm plaremd-point of each arm is connected to the object through the point-
robot (Fig. 4). Each arm is a four-joint type, and lengths of all linksontact, i.e., the end-point forces can be transmitted in any direction
are set to 0.4 (m). The task point is defined as the center of gravity the object, but the end-point moments cannot be transmitted
of the object, which is the origin of the task coordinate system (sék = 2 for i = 1,2,3). In Fig. 6(c), the end-point of the arm
Fig. 4). The parameters used for the simulations are follows: the po3iperforms a relative motion respect to the task point along the
tion feedback gaind’ = diag. [100(N/m), 100(N/m), 100(N/rad)]; surface of the object. From Fig. 6, it can be seen that in every
the velocity feedback gainB’ = diag [10,10, 10, 10](Nm/(rad/) case, the position of the task point reaches the target position,
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whereas the intermediate trajectories and final postures are differe2l O. Al-Jarrah and Y. F. Zheng, “Efficient trajectory planning for two

considerably.
Since two joints were fixed in Fig. 6(a), both of the arms

and 2 moved using only three joints each. The proposed meth
can easily deal with such constraints, because fixing of a joint is
handled within the subsystem locally and does not directly affect4]

other subsystems.

In Fig. 5(a), the angle between the end-point of each arm an
the object is kept constant. On the other hand, they changes during
motion in Fig. 6(b), since the end-point moment cannot be transmitted
to the object, i.e., the end-point can rotate freely. The method calf!
generate the trajectories under various contact mechanism between

the end-points of the arms and the object.
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of a robotics hand,1EEE Trans. Robot. Automatvol. 5, no. 2, pp.
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of the multiple arms in a parallel and distributed manner through6] R. FeatherstoneRobot Dynamics Algorithm Norwell, MA: Kluwer,
cooperation and competition among subsystems corresponding to 1987

each arm. In fact, it should be noted that for multiple robots
involved in coordination, the proposed method is not the only one
which can treat individual robots in a distributed manner. The
conventional dynamic analysis will also lead to the generation of
joint trajectories of all the manipulators. In comparison with other
approaches, the advantages of the proposed method are summarized

as follows.

1) Using the virtual dynamics, the mobility of the object depend-
ing on the direction of the motion can be regulated. Also,
if a virtual inertia of each arm is included on the basis of
the concept of the virtual dynamics, the mobility of each arm
relative to other arms and the object can be set according to

the given task.

2) The subsystem corresponding to each arm can work indepen-
dently, so that the advantages of the autonomous decentralized
system in terms of failure resistance, expandability and parallel

computation are also held with the proposed method.

3) The relative motion between the end-point of each arm and
the task point can be given as the desired trajectory which are

treated as the constraint on manipulator motion.
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