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Abstract 
 
This paper proposes a method to coordinate the motion of multiple heterogeneous robots on a network. The pro-

posed method uses prioritization and avoidance. Priority is assigned to each robot; a robot with lower priority avoids 
the robots of higher priority. To avoid collision with other robots, elastic force and potential field force are used. Also, 
the method can be applied separately to the motion planning of a part of a robot from that of the other parts of the robot. 
This is useful for application to the robots of the type mobile manipulator or highly redundant robots. The method is 
tested by simulation, and it results in smooth and adaptive coordination in an environment with multiple heterogeneous 
robots. 
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1. Introduction 

We propose a method to coordinate the motion of 
multiple heterogeneous robots. Recently, with the 
rapid advancement of information technology, multi-
ple robots work in a common workspace, at times 
communicating with each other [1, 2]. To facilitate 
the use of multiple robots, it is crucial to coordinate 
the motion of the robots preventing interference be-
tween the robots. For coordination, the proposed 
method uses prioritization and avoidance. Priority is 
assigned to each robot, and a robot with lower priority 
avoids other robots of higher priority. To avoid colli-
sion with other robots, elastic force and potential field 
force are used. 

As for the collision avoidance of robots, there have 
been many researches. The artificial potential field 
approach [3] is popular method for collision avoid-
ance of mobile robots, and it has many variations for 

improvement [4, 5]. While it is easy to apply and 
widely used, its local minimum problem requires 
some additional means to avoid traps or oscillatory 
situations. Other approaches considering the path as 
the piecewise continuation of circular path segments 
[6, 7] and the dynamic windows approach [8] produce 
a fast and smooth trajectory. Sometimes, many differ-
ent approaches are combined to yield more compre-
hensive and robust performance. As an example, 
geometric search and elastic force are adopted to 
yield the ASL method [9].  

The proposed method uses the physical properties 
of elasticity and potential field to avoid other robots 
of higher priority. The elastic force is one of the con-
cepts drawn from physical phenomena, and used for 
collision avoidance [10, 11]. Elasticity usually exerts 
a force which keeps the shape of an elastic material in 
its original shape if distorted. On the other hand, the 
potential field exerts a distorting force against the 
objects of the same polarity. The potential field force 
is used for repulsive force from other robots, while 
the elastic force is used to guide the robot through an 
efficient trajectory. In the field of robot motion con-
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trol, the robot tries to keep its trajectory toward a goal 
pose while the other robots intrude to distort the ro-
bot's trajectory. The term pose means position and 
orientation of a mobile robot and the configuration of 
a manipulator. The concept of elasticity is applied for 
multiple robot motion coordination, and the conven-
tional elastic force based approach is improved. 

We modify the previous elastic force based meth-
ods to make improvement for application to multiple 
robot cooperation. The first improvement is the use of 
the approach to keep the end-effector motion unaf-
fected by avoidance motion. It means that the method 
can be used to control the end-effector motion speci-
fied for task completion while the robot avoids other 
robots. This improvement is possible when the robot 
is redundant and has sufficient degrees of freedom. 
Since the mobile manipulator used in our research has 
7 degrees of freedom, it is made possible to move the 
end effector through straight line trajectory while the 
mobile base moves for collision avoidance.  

The second improvement is the use of the approach 
separately to parts of a robot. For example, for colli-
sion-free motion coordination of a mobile manipula-
tor, we apply the avoidance approach to the mobile 
base and to the manipulator separately. The method 
can be applied separately in the case where only the 
initial configuration and goal configuration of the 
mobile manipulator are given and the trajectory be-
tween these configurations is not restricted.  

In the applications, the method is applied separately 
to the mobile base and manipulator when the mobile 
base is nonholonomic. A nonholonomic mobile base 
cannot follow the collision-free path calculated by the 
method applied in its entirety because the orientation 
and position are interdependent. In this case the ma-
nipulator cannot move as desired because it is at-
tached to the base whose motion deviates from the 
desired trajectory. As a result, the manipulator can 
collide with other robots. So the manipulator motion 
should be planned separately from the base motion to 
avoid collision even though the base deviates from 
the planned trajectory. Besides the benefit discussed 
above, the separate application reduces the computa-
tional burden due to high dimensionality. 

Section 2 explains the overall procedure. Also, it 
discusses a method using the elastic force and poten-
tial field force for motion coordination. Sections 3 
and 4 describe improvements over previous ap-
proaches for application to multiple robot systems. 
Section 5 shows some simulation results of the pro-

posed method. Section 6 concludes the paper with a 
discussion of the method. 

 
2. Motion coordination procedure using elas-

tic force and potential field force 

2.1 Motion coordination procedure 

We briefly introduce the motion coordination pro-
cedure. The first step sets a priority to each robot in 
the system. Then, each robot moves from its initial 
pose to final pose avoiding collision with other robots 
of higher priority.  

For collision avoidance, elastic force and potential 
field force are used. The elastic force guides the ro-
bots to their goal poses, while the potential field force 
repels the robots from each other. Whereas the usual 
potential field method attracts each robot to its goal 
pose using goal directed potential field force, the pro-
posed method uses elastic force for that purpose. The 
elastic force not only guides the robots to their goal 
poses, it also works to restore a robot's configuration 
when other robots go away from it. 

Each robot considers other robots of higher priority 
as obstacles and it avoids other robots and obstacles. 
The details of the procedure can be found in [11]. 
Priority is also needed for better motion coordination 
of the robots. If there is no priority, that is, if the ro-
bots have the same priority, the robots move less effi-
ciently than the case where priority is given to each 
robot. In section 5, the simulation result which uses 
priority is compared with the result which doesn't use 
priority. 

Higher priority is assigned to the robot whose mo-
tion should be planned independently of other robots. 
For example, if a robot should move as straight as 
possible driven by the elastic force, independently of 
other robots, and the motion of the robot should not 
be intruded on by other robots, then higher priority is 
assigned to the robot. Since a robot with lower prior-
ity has to avoid the robots with higher priority, its 
trajectory is dependent on the motion of other robots 
with higher priority. 

 
2.2 Elastic force and repulsive potential field force 

acting on a control point  
Elastic force and potential field force are briefly 

discussed to explain the improvement over previous 
works for coordination of multiple robots which work 
for task completion without collision. On the robot, 
some points called the control points are set. On the 
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control points, the elastic force and repulsive potential 
field force are exerted. Although it is most desirable 
to apply and spread the elastic force and repulsive 
potential field force at every point throughout the 
body of the robot, only several points should be cho-
sen for practical application. 

The control point at a link should be chosen so that 
the joint torque at the joints below the link due to the 
elastic force and potential field force exerting on the 
control point is as close as possible to the joint torque 
due to sum of the elastic force and potential field 
force exerted on every point of the link. In mathe-
matical expression, the control point at the i-th link 
should be chosen to minimize the torque difference 
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Here M is the number of infinitesimal points in the 

i-th link. J (pk) is the Jacobian matrix relating the 
velocity of the point pk to the angular velocity of the 
joints below the i-th link. f (pk) is the sum of elastic 
force and potential field force exerting on the point pk. 

It is also recommended that the control points be 
chosen so that the whole body is collision-free if the 
control points are collision-free. Fig. 1 is the mobile 
manipulator called a Bullwinkle which is used for the 
application and Fig. 2 shows the control points as-
signed to Bullwinkle. We use the notation jpi for a 
control point. jpi represents the i-th control point in 
the j-th way pose. The superscript represents the order 
of a way pose, and the subscript represents the order 
of the control point in the way pose. The control point 
jpb represents the control point on the mobile base in 
its j-th way pose when the robot includes a mobile 
base. 

 

 
 
Fig. 1. One of the robots used in the application. The robot 
Bullwinkle has skid-steered mobile base and five joint ma-
nipulator. 

The elastic force jefi exerting to the control point jpi 
is as follows. 
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In the equation, dj-1,j is the distance between j-1pi 

and jpi. dj-1,j+1 is the distance from j-1pi to j+1pi via jpi. 
kc is the coefficient which determines elastic force. 
The larger the kc is, the straighter the trajectory of the 
control point becomes. If we set different values of kc 
to each control point, we can control the flexibility of 
the trajectories corresponding to the individual con-
trol points. This can be used to control the end-
effector motion as specified for task completion while 
the robot avoids other robots. We call the motion as 
"task-consistent" motion, and it will be discussed in 
the section 2.3 

While the elastic force connects the initial pose to 
the final pose through way poses, the potential field 
force works to push the trajectory away from other 
robots. The following shows the repulsive potential 
field Vrep (jpi) and repulsive potential field force jrfi at 
the control point jpi .  

 
2

i

1 ( ( )) ( )
( ) 2

0

j j
j r r i i r

ref
k d d if d d

V
otherwise

⎧ − <⎪= ⎨
⎪⎩

p p
p   

0

0

( ) ( ( ))
j

j j j i
i ref i r r i j

i

V k d d −= −∇ = −
−

p prf p p
p p

  

 
In the equation, dr is the radius of the range under 

the influence of the repulsive potential field. d (jpi) is 
the shortest distance between the control point jpi and 
the location po of the other robot relevant to collision. 
kr is the coefficient for the repulsive potential field 
force to the distance. 

The calculation of the exact potential field force to 
a robot requires integration of the potential field force  

 

 
 
Fig. 2. Control points assigned onto the Bullwinkle. jpi repre-
sents the i-th control point on the robot in its j-th way pose. 
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acting on all the points of the robot, that is, integration 
over the volume of the robot. For practical implemen-
tation, we approximated the mobile base as a point. 
Instead of approximation as a point, the shape of 
other robots is augmented to compensate for the point 
approximation. Thus, the robots which are to be 
avoided are modeled as configuration space objects. 

The net force jfi which is exerted on the control 
point jpi is the sum of the elastic force and the repul-
sive potential field force. 

 
, 1,2,...,

( : The number of control points on the robot)

j j j
i i i for i n

n
= + =f ef rf  

 
Once the elastic force and potential field force are 

found, we change the way pose according to the joint 
torques induced by the forces jfi (i = 1, 2,…, n). The 
modified way poses form the modified trajectory 
which the robot should follow toward its goal pose 
without collision with other robots of higher priority. 

The elastic force and potential field force do not 
control the robot directly. The robot changes its con-
figuration through the joint motion. So, it is required 
to calculate the joint torques or forces due to the elas-
tic force and potential field force. The joint torque or 
forces are calculated by using the Jacobian matrix 
from the elastic force and potential field force acting 
on the control points. 

 
1

T
i i iτ += J f  

 
Here, the vector τi= [τ1,τ2,…,τi]T consists of 

the torques on the joints 1,2,…,i and the vector fi+1= 
[fi+1,x,fi+1,y,fi+1,z]T represents the force acting on the 
control point pi+1. The vector fi+1 is the sum of the 
elastic force and repulsive force acting on the control 
point pi+1. The matrix Ji is the 3×i Jacobian matrix 
satisfying the following relationship, 

 
1i i i+ =p J q  

 
where pi+1 = [pi+1,x, pi+1,y, pi+1,z]T is the position vector 
of the (i+1)-th control point and qi = [θ1,θ2,…,θi] T 
is the joint variable vector. 

The joint torque or forces are used to calculate joint 
variables of the new way pose which is subject to the 
elastic force and potential field force for collision 
avoidance and goal directed motion. Thus, the joint 
torque or forces lead the joints through collision-free 

trajectory toward a goal configuration. 

 
2.3 Improvement for task completion avoiding colli-

sion with other robots  

As we set kc of the elastic force in Eq. (2) higher for 
a control point than those for other points, the trajec-
tory for the point will become straighter than other 
points. Suppose that kc is assigned higher value to the 
control point at the end effector than to the other con-
trol points. Then the end-effector trajectory will move 
straighter toward its goal location, while other points 
detour for collision avoidance. In the extreme case 
that kc is infinity for the end effector, the end effector 
moves straight from its initial position to the final 
position. Only the other part of the robot works for 
collision avoidance. In this way, some part of the 
robot can follow a specific path while other parts 
move through flexible path for coordination and colli-
sion avoidance. If we set kc = 0 for a control point, 
then the control point moves completely dependent 
on the motion of the neighboring control points. 

If it can be assumed that straight line motion of the 
end effector is one of the typical examples of task 
requirements, then the straight end-effector motion 
unaffected by avoidance motion can be called task-
consistent motion. Here, “task-consistent” means that 
the straight line motion is “in agreement with the task 
requirement.” Besides, the task-consistent motion is 
possible only when the robot is redundant and has 
sufficient degrees of freedom; and it is possible only 
when the end effector trajectory is within the range of 
work space which is dependent on the pose of the 
mobile base. Section 5 will show the result of the 
proposed improvement. 
 

3. Use of way pose for tracing a trajectory 

3.1 Basic approach: fixing the initial pose 

The way poses represent the trajectory of the mo-
tion. The method drives the robot through the way 
poses in sequence. Once the robot reaches a way pose, 
it then moves toward the next way pose. As the robot 
gets closer to the goal, the number of way poses 
passed through will increase and the number of re-
maining way poses waiting to be passed through de-
creases. This process repeats until the robot passes the 
last way pose and reaches the final goal pose. 

Though this method is easy and straightforward  
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(a) The other robot is moving down 
 

 
 
(b) Two possible trajectories after the other robot moves away 

 
Fig. 3. Problem of the basic application presented in the 
section 3.1. The robot tries to go through 5p'i , 6p'i , 7pi rather 
than through 5p''i , 6p''i , 7pi . 

 
application of the proposed approach, it can create 
some problems, one of which is explained in Fig. 3. If 
the other robot moves away from the straight path 
between the robot and the goal pose, then the elastic 
forces work to make the trajectory straight. So, as 
shown in Fig. 3(b), the way poses 5pi and 6pi move to 
5p'i and 6p'i respectively. Then the robot suddenly 
tries to change heading to go through 5p'i , 6p'i , 7pi . In 
this case, evidently it's better to move through the 
path 5p''i , 6p''i , 7pi . 

 
3.2 Improvement over the basic approach 

The proposed basic approach discussed in the pre-
vious section (Sect. 3.1) can be improved for various 
applications. The basic approach fixes the initial and 
final pose and keeps the number of the way poses 
constant. As the first modification, we reset the initial 
pose at every sampling time as the present pose of the 
robot, instead of keeping the initial pose fixed. In this 
case, the robot always pursues the way pose next to 
the initial pose. So, the number of way poses remain-
ing to be passed through does not decrease even 
though the robot approaches the goal pose. On the 
other hand, the space between the way poses becomes 
narrower as the robot moves toward the goal pose.  

With this modification, the problem mentioned by 
the Fig. 3 can be solved and the robot motion be-

comes smoother as the robot approaches the goal 
pose. Eventually, the initial pose as well as the way 
poses will converge to the goal pose. When the robot 
approaches the goal pose close enough, the way poses 
will concentrate around the goal pose, and the robot 
will substantially stay still. 

The first modification also makes other improve-
ments. Even after the robot reaches the goal pose, the 
way poses can move away from the goal pose if there 
is another robot intruding on the robot. Unlike the 
case of fixing the initial pose, the robot resumes 
avoidance motion even after it already has reached 
near the goal pose. If the other robot moves away 
from the goal pose again, the robot comes back to the 
goal pose. This function of “resuming motion” is 
made possible because the way poses are kept not 
passed through. If the way poses have already been 
passed through, the robot will not pursue them even 
though the trajectory is changed by the adjustment of 
the way poses which are pushed away by the other 
robots. 

The second modification is to keep the passed way 
poses fixed, that is, not to apply the elastic force and 
potential field force to the way poses which have 
been already passed. The elastic force and potential 
field force modify only the way poses remaining to be 
traced. This modification also solves the problem of 
the basic application method depicted in Fig. 3. It 
drives the robot through the path 5p''i , 6p''i , 7pi in-
stead of the path 5p'i , 6p'i , 7pi. 

There can be other variations. In some cases, it is 
necessary to add extra way poses or delete some way 
poses between two way poses. Also, if the goal pose 
is too far from the initial pose, then we divide the task 
in some segments and apply the method segment by 
segment in sequence. 
 

4. Application of the approach to the base and 
manipulator in parts 

In this section we discuss separate application of 
the method to parts of the robot. For example, in case 
of a mobile manipulator, suppose that we separate the 
base motion from the motion of the manipulator. 
Then the nonholonomity of the base does not affect 
the motion of the manipulator, and it will be easier to 
plan the motion of the base as well as the manipulator. 
In case of collision avoidance problem, both the base 
and the manipulator are free to choose their trajectory 
provided that they start from their initial pose and end  
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(b)  Application of the approach to the base and manipulator 
in parts 
 
Fig. 4. In (a), the motion of the base and manipulator is con-
sidered in its integrity. In (b), the base motion is planned in 
no relation to the manipulator motion. The nonholonomic 
constraint of the base does not influence the motion of the 
manipulator. 

 
at their goal pose. They are required only to avoid 
collision on their way to the goal pose. So it is possi-
ble to separate the motion planning of the base and 
manipulator. Thus, we can apply the proposed ap-
proach to the mobile base and the manipulator inde-
pendently. Fig. 4 compares the two application meth-
ods. In (a), the motion of the base and manipulator is 
considered as an integrated unit, while in (b), they are 
considered separately. 

In the case of the robot Bullwinkle (Fig. 1) which is 
used in this research, the isolation of the motion con-
trol is useful because we can easily take the non-
holonomity of the base into consideration when we 
plan the base motion. By separating the motion of the 
nonholonomic base from the motion of the manipula-
tor, the nonholonomity of the base does not affect the 
motion of the manipulator. 
 

5. Simulation results 

The proposed method is applied for motion coordi-
nation of multiple robots of different types. The ro-
bots are a mobile manipulator called Bullwinkle, mo-
bile robot called Xavier [12], Nomad Super Scout II, 
and PeopleBot DX. Among them, Bullwinkle and 
Xavier have been used for coordinated motion of 
multi-agent teams in a project at CMU [13]. 

In the first example, the robots Bullwinkle, Nomad 
Super Scout II, and PeopleBot DX are used to show 
the effect of the priority assignment. Fig. 5 shows the 
coordinated motion with no priority while Fig. 6 
shows the coordination with priority. The line con-
necting a starting pose to a goal pose is the elastic  

 
 
Fig. 5. No priority is given to each robot. Since the robots 
don't have motion priority, all the robots do the avoidance 
motion. However, it complicates the coordination and results 
in inefficient motion. 

 

 
 
Fig. 6. Priority is assigned to each robot. The starting poses 
and goal poses of the robots are the same as those for the Fig. 
5. The highest priority is assigned to the Bullwinkle, second 
priority to the Nomad Super Scout, and the third priority to 
the PeopleBot. 
 
chord which represents the planned path. The robots 
should follow the path for coordination. In both ex-
amples, each robot starts its motion with the same 
pose, and ends at the same pose. With no priority, 
each robot avoids the other two robots, and inefficient 
trajectories result in. 

With priority, the robots exhibit more efficient tra-
jectory than the case with no priority. In Fig. 6, the 
highest priority is assigned to the Bullwinkle, second 
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priority to the Nomad Super Scout, and the third pri-
ority to the PeopleBot. The Bullwinkle goes straight 
because it has the highest priority. Only the People-
Bot avoids collision with the other two robots. The 
Nomad Super Scout avoids only the Bullwinkle. 

Fig. 7 shows the result of the basic application of 
the method. Fig. 8 shows the effect of the first modi-
fication, and Fig. 9 shows the effect of the second 
modification, which is explained in section 3.2. In the 
basic application, the change of the elastic chord is 
not continuous. So, the Bullwinkle is commanded to 
follow a trajectory which is not connected to the cur-
rent configuration of it. Thus, it exhibits bumpy mo-
tion (Fig. 7). By contrast, the elastic chord originates  

 
 

 
 

Fig. 7. Higher priority is assigned to the Nomad Super Scout. 
Though the Nomad Super Scout moves away from the Peo-
pleBot's path, the usual method of way pose results in jerky 
motion of the PeopleBot, which as is expected in section 3.1.  

 

 
 
Fig. 8. These figures show the results of the first modification 
which is suggested in section 3.2. 

from the current configuration with the first modifica-
tion. So, it does not result in jerky motion. As shown 
on the Fig. 8, PeopleBot changes its path smoothly as 
the Nomad Super Scout moves away from its path 
toward the goal position. 

With the second modification, a part of the elastic 
chord which the robot has already passed does not 
change its shape (Fig. 9). Since the space between 
two way poses is wider than that for the first modifi- 

 

 
 
Fig. 9. These figures show the results of the second modifica-
tion which is suggested in section 3.2. There remains a little 
jerky motion compared with the first modification shown on 
Fig. 8. 

 

  
 
        (a) Front lateral view                    (b) Front view 
 

 
 

(c) View from over the floor 
 
Fig. 10. The elastic force between the end effectors is much 
stronger so that the end effector motion is not affected by the 
repulsive force from other robots. The end effector moves 
straight while the base of the Bullwinkle avoids the Nomad 
Super Scout. The figures (a), (b), and (c) represent the same 
motion viewed from other view point. 
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cation, the path shows a little oscillatory motion com-
pared with the path on Fig. 8. 

One of the extensions of the elastic force method is 
control of the end effector motion through a straight 
path while the base of the mobile manipulator avoids 
other robots. It is explained in section 2.3, and Fig. 10 
shows an example. The end effector of the Bullwinkle 
moves straight while the base avoids the robot No-
mad Super Scout. The coefficient of the elastic force 
corresponding to the end effector is set as high as five 
hundred times of those corresponding to other control 
points. 

Fig. 11 explains the need for separate application of 
the method to the mobile base and manipulator. In 
case of a robot with nonholonomic mobile base, 
which is the case for our application, it is not possible 
to apply the method to the whole robot in its entirety. 
Even if the method can find a trajectory of the robot 
through unified application, the base cannot follow 
through the path generated by elastic force and poten-
tial field force because the base is nonholonomic. 
Thus, the manipulator does not move through the 
planned path because the manipulator is attached to 
the mobile base. Therefore, to remove the problem, 
we cannot help applying the method to the base and 
manipulator in parts. As a result, the method does not 
make sense if it is not applied separately to the non 

 

 
 
(a) If the mobile manipulator has holonomic mobile base, the 
base can follow the planned path.  

 

 
 
(b) If the mobile base is nonholonomic, the base cannot fol-
low the planned path because the orientation and position are 
dependent on each other.  
 
Fig. 11. It is required to apply the method separately to the 
base and manipulator if a mobile manipulator has non-
holonomic mobile base. (b) shows the problem of applying 
the method in its entirety. Since the nonholonomic base can-
not follow its planned trajectory, the manipulator moves 
unpredictably. 

holonomic base and manipulator, because the robot 
cannot trace the planned path. It should be noted that 
the task-consistent motion is not possible if the 
method is applied separately to parts of a robot. 

Though each of the base and the manipulator 
moves independently enroute to its goal configuration, 
it ends up at the specified goal configuration defined 
on the mobile manipulator as a whole. In this case, we 
are free to choose a method for collision-free motion 
of the base. So, the base can avoid collision by using 
some other methods such as the curvature based 
method [6, 7], potential field based method [3-5], or 
elastic band method [14] while the manipulator 
moves under the control of the proposed approach. 

 
6. Conclusions 

A method for multiple robots to coordinate their 
motion with no collision is proposed. The method 
assigns motion priority to each robot, and applies the 
elastic force and potential field force for collision 
avoidance. The method has the following features. 

The method allows the robots to move toward their 
goal poses without collision. Especially, it results in 
smooth and efficient collision free trajectory for a 
mobile manipulator as well as a mobile base. 

By adjusting the coefficient for elastic force, it is 
possible to control the end effector of a mobile ma-
nipulator in agreement with a given task requirement, 
while avoiding other robots. 

Though it uses potential field force for repulsion 
from other robots, it also uses elastic force to keep in 
the robot's shape. Therefore, the way poses restore 
their poses and result in smooth and efficient trajec-
tory toward the goal pose when other robots move 
away. 

The approach allows real-time application even for 
multiple robots of different types because it only re-
quires calculation of elastic force and potential field 
force. 

Applying the method separately to the mobile base 
and to the manipulator reduces the complexity due to 
high dimensionality of the mobile manipulator. In 
addition, another approach can be used for collision 
avoidance of the mobile base regardless of the 
method used for the manipulator. The mobile base 
can be controlled by a method which deals with the 
nonholonomity of the mobile base while the other 
part of the robot is controlled by the proposed method. 

The paper describes a method which has improved 
performance over existing elastic force based meth-
ods. Also, it shows an extended application of the 
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method to motion coordination of the multiple het-
erogeneous robots. For improved results, it is desir-
able to set an optimum priority for each robot motion 
depending on the assigned task of each robot. 
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