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Abstract

This paper presents an evolutionary algorithm
for the collision-free path planning of multi-
arm robots. A global path planning technique
is used where the paths are represented by a
string of via-points which the robots have to
pass through. The path planning algorithm
uses evolutionary techniques to minimise path
lengths, uneven distribution of via-points on
the paths (decrease variation in velocity) and
minimise the collision between the robots.
Two particular features of this algorithm are
that via-points are not limited to a fixed grid
over the configuration space, and customised
operators are used in the GA-based search to
improve the performance. Simulation results
are presented for collision-free paths planned

for two planner arms and then for two 3-DOF -

PUMA®-like arms moving in three
dimensional operational space.

Keywords: Multi-arm  Robots,  Genetic
Algorithms, Collision-Free Motion Planning.

1. Introduction

The problem of path planning of multi-arm
robots is different from that of single arm
robots in that one arm may act as an obstacle
to another arm. Most of the research in the
field of robot path planning has been centred
on avoiding collision with static obstacles
[12,14]. Dynamically changing environments
have been considered also [10], but simple
problems have been addressed, e.g. path
planning of mobile robots amongst moving
obstacles. Path planning of articulated arms
amongst moving obstacles becomes more
complex due to the kinematic structure of the
robotic arm.

Motion planning of multi-arm robots has
received a lot of attention by researchers
[3,15,17], but 1n most of the cases,
assumptions have been made which make

these planners impractical for application in
actual practice, e.g. restricting the collision
avoidance between end effectors only,
considering elliptical paths for the end
effectors etc. Koga and Latombe [13] report
experiments in dual arm manipulator
problems. They suggest algorithms based on
searching over a grid in the workspace and
randomised search techniques. While the
former give better performance for simpler
robots the latter are better for robots with
higher DOF (degrees of freedom).

It has been shown that randomised methods
when incorporated into conventional search
techniques give better results for high DOF
robots in a complex environment [2] for
getting the robot out of local minima. Since
GA's are guided random search techniques,
they have been used to plan paths for robots
by many researchers giving better results in
certain aspects [5,7,9]. These algorithms
perform the search for a path over a grid
defined over the work-space of the robots.
Chen and Zalzala [6] define a grid over the
work-space of a mobile robot, where each grid
point is given a certain potential depending
upon the distance from obstacles. The search
algorithm then tries to minimise the total
potential field over the path which the robot
takes. Local search has been used in addition
to global search to improve the performance of
the algorithm. These algorithms only give the -
path the robot would follow and do not
provide information about time-history of
robot on this path. Even though this time-
history can be evaluated, it is not readily
available for direct use by the algorithm. Such
information is necessary for path planning of
multiple agents, so that collision between them
can be avoided. Hence these algorithms are
not readily applicable to the path planning of
multiple robots.

Shibita and Fukuda [18] have used GA's for
motion planning of multiple maobile robots.
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The planner Proposed by them carries the
search over a statjc visibility map, Paths are
Planned for the mobile robots, and the time
which the robots have to wait for another robot
to pass out of thejr Way to avoid collision js
incorporated into the fitness function of GA.

A planner has been proposed in this paper
which uses a GA-based evolutionary algorithm
for path planning of two 3-DOF PUMAZ®-Jike
arms moving in three dimensional space. The
problem is formulated i configuration Space
while ensuring that the information aboyt the
Position of the robot on a Path at a particylar
time instant js expressed implicitly, so that jt
can be used directly by the evolutionary
algorithm for collisjon avoidance among the
moving arms,

Path planning in configuration Space has the
advantage that the problem is reduced that of a
point object, and hence complexitjes arising
from considering the motion of an articulated
chain of Jinks are taken into account. It is,
however, difficujt in configuration space to
determine the direction in which to move in
order to avoid collision. Numerica] methods
have been suggested for the construction of
potential fields in configuration Space [1], and
hill climbing techniques have been used to
find a collisjon free path for the robot by
following the gradient of these potential fields.
Nonetheless, these methods deal with path
Planning in presence of static obstacles only,
where the field has to be calculated only once,
They are not applicable to moving obstacles,
in which the field would change with the
motion of the obstac]es, Even though forming
Potential  fields ip presence of moving
obstacles js difficult, it is quite easy to Jjust
determine whether the object whose path is
being planned has collided with an obstacle or
not. GA's do not need information about which
Way to move in the domain of a function in
order to achieve jts maxima or minima. This
fact has been used in the algorithm reported in
this paper by incorporating the collision of the
moving robots in the fitness function of the
GA.

This paper is organised as follows. In section

» the problem of path planning of two planner
robotic arms g formulated. In section 3, an
evolutionary algorithm for these robots is
presented, while section 4 extends the
algorithm for the case of two 3-DOF PUMA &
like robotic arms moving in 3-D operational
space. Conclusions are given in section five,

2. Problem Formulation for Twq Planner
Arms

(robot #1) is G=T\xT,e R? and tha for 2,
(robot  #2) g G=aXoeR2.  The

configurations Spaces are considered to be

Ve
Py(3,0)
Figure 1. Operational Space for two

Planner arms with two links

The paths for A4, and 4, are considered to be
strings of via-points in G and G, Tespectively,
and the robots have to move through these via-
points in order to reach their respective goal
positions. Figure 2 shows a2 path ip
configuration Space represented as via-points,
Corresponding via-points on path #1 and path
#2 represent the configurations jp which

and 2, would be at the same instant of time.

To find out whether the armg are colliding
with each other Or not, the [inks are

The distanceg between the centres of all of the
circles on both arms are determined. If the
distance between the centres of any two
spheres is Jess than the sum of the two radij.
then collision occurs,
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Figure 2. Via-points in the configuration

space C=a xa e R? where a, and
a, are joint space variables of a
robot

Figure 3 shows the links of the robot
approximated by touching circles. As the robot
links are considered to be lines, the radii of the
circles (or spheres) would determine the
margin of safety in terms of collision between

the links.
Robot #2 ~

QX Y az)

PalXez Yey)

Robot #1
Py (Xp,.¥py)

PolXpg ¥ o)
Gl

Figure 3. Robots  approximated by
touching circles

3. Evolutionary Algorithm for Motion
Planning of Two Planner Arms

A GA-based search technique needs (i) the
problem to be encoded as strings and (ii)
formulation of a fitness function for these
strings on the basis of which a guided random
search would be performed.

3.1 Encoding of Paths as Strings

The paths are encoded directly as strings to be
used as

PiiPs? o (B iBiilimi » i PwaiD 0

“Grist v GGt - Rte
where pe C, is the ith via-point on path #] and
g€ G, is the ith via-point on path #2.

3.2 Fitness Function

The fitness function puts a penalty on path
lengths of both the robots in configuration
space, uneven distribution of via-points on
these paths so that the variation in velocity is
minimised and finally the collision between
the robots at corresponding time instants.
Different components of the fitness functions
are defined as follows:

a. Length of path #1 given by

C = il(\/(xp - x, )2 + (¥, = 3, )2 J )

where N is the total number of via-points in

and p;, = (xp:,yp‘) is the ith via-point on path
#1.
b. Length of path #2 given by

C, = i{J(xq - x, )2 + (3, = 3y, )2J (3)

where N is the total number of via-points in
and g=(x_y ) is the ith via-point on path #2.

¢. Measure for uneven distribution of via-
points on path #1 given by

N
G = 2[d.-d] 4)
=l
where d=distance between ith and (i-7)th via-
point on path #1, and 4 =lid
N&T

d. Measure for uneven distribution of via-
points on path #2 given by

N
Co= X lei—e] (5)
i=1

where e=distance between ith and (i-J)th via-

; 1 &
oint on path #2 and o = —
p P B 2} e



e. Collision penalty depending on collision
between R, and R, in corresponding via-points
on both paths, given by

N
=26 (6)
i=l

0 otherwise

Thus, the fitness function is thus given by
F=Cop —k(C+G)+k(C+C)+kCs (7)

where C__, k,, k, and k, are constants. The
value of k, is kept relatively higher, since
collisions are to be avoided at all costs. The
value of k, on the other hand is kept very low,
since the via-points are redistributed evenly by
one of the operators in the algorithm.

3.3 Generation of Initial Population

An initial population of strings is generated
randomly for the evolutionary algorithm to
start with. Each string is generated by starting
from initial position of the robot in the
configuration space, and iteratively generating
the next via-point randomly in the general
direction of the goal until a required number
of via-points has been generated in the string.
In this procedure, next via-point is generated
by first generating a vector of fixed length in
the direction of the goal position, and then
adding or subtracting a randomly generated
number to the angle of this vector in polar
representation. When this vector is added to
the current position from which the next via-
point is being generated, it ensures that this
position is random but at the same time is in
the general direction of the goal position.

Via-points in paths in the population generated
in this way are quite random and non
uniformly distributed. They are then iteratively
'redistributed' in the following manner.

If C=axae®?* is the configuration space in
which  the  path  lies  and if
a,={ag,, a0 Ay} gy = {ao.“. By 1es aM}

and the path 1is given by one-to-one
correspondence between a, and a,, then both

a, and a, can be expressed as a parametric

functions of time. The time varies linearly with
the index number of elements of a and a

. {1 if R, and R, collide in ith configuration

Hence scaled time can be taken to be equal to
the index number. Cubic splines are fitted to a,
and a, as function of time as given in [8], and
via-points are then distributed evenly over
these splines at equal intervals of distance.

The path is then 'relaxed’ by moving each via-
point through a certain step in the direction of
a point bisecting the line between the
neighbouring via-points, i.e.

For i=1 to i=N-1 step 1

{

;- x+ai X
au=ah+delrax{(’_”2-—(—+-”—-au} (8)

Q. . Fa. .
a;, = a;, +deltax {M— a; } 9)
) ) 2 ¥

}

where delra is a positive real number less than
1. Effectively, relaxation makes each path act
as a stretched elastic string [16].

3.4 The GA Operators

The following four operators are used in the
evolutionary algorithm:

a. Reproduction: The strings are reproduced
for next generation based on their fitness
function. Weighted roulette wheel [11] is used
to select the strings from an old population for
a new population. A total of keep_best
trajectories with best fitness are passed on to
the new generation.

b. Cross-over: The strings in the new

population are randomly grouped together into

pairs, and double cross-over is performed on

these pairs. One cross-over sight is chosen in

the portion of the string representing path of

A4, and the second cross-over sight is chosen in

the portion representing path of A, (see

equation (1)). Cross-over is performed only if -
the distance between the chosen sites is less

than a certain constant cross_over_distance.

¢. Path Redistribution/ Relaxation: After
cross-over, there may be large position jumps
in the off-spring strings at the sites of cross-
over. The via-points on these strings are then
redistributed' evenly over the whole path and
then ‘relaxed’ as described in section 3.3,

d. Mutation: New trajectories are generated
as described in section 3.3 and randomly
replaced with trajectories in the new



population with a probability  of
mutation_probability.  The  number of
new_trajectories generated in each generation
is new_trajectories.

3.5 Simulation Results for Two Planar
Arms

The algorithm was simulated with parameters
given in Table 1, and paths were planned
considering the initial and final configurations
given in Table 2.

Table 1. Values of parameters used in GA-
based search algorithm

k, 05
k, 0.005
k, 100
C . 500
population sizes 50
new_trajectories 5
keep_best 2
cross_over_distance 100°
cross_over_probabiliry 0.9
mutation_probabiliry 1.0

Table 2. Initial and Final Configurations for
Robot #1 and Robot #2.

Initial Value Final Value
8, 45° 130
6, 225° 1350
@ 225° 315°
a 225° 315

Figure 4 shows snapshots of the robots’ motion
at different intervals. The positions at which
the robots seem to overlapping are infact
occuring at different time instants. So collision
is infact not occuring between them. Figure 5
shows the time history of average fitness and
best fitness in the population. Figure 6 shows
the paths in configuration space. Figure 7
shows the minimum distance between the two
robots at different instants of time, The safety
distance was considered to be 1 unit by taking
the radii of circles equal to 0.5 unit. in this

case. It can be seen that minimum distance
does not go below this safety distance at any
time.

Foat
Position ;
5 e v
: A
x :
iy © -
Robot #1 ‘"
” 2 3 4
X-position
Figure 4. Motion of the Planner arms in
operational space
50
Generations
Figure 5, Time history of fitness function

for planner arms

] 50 1IIJG 150 200 250 300 350
8,.a,

Paths of planner robots in

configuration space.
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Figure 7. Minimum distance between the
two robots,

4. Algorithm Formulation for Two 3-DOF
PUMA®-Like Arms Moving in 3-D
Operational Space

The path planning algorithm for planner
robots discussed in section 3 is extended here
for 3-D case considering two PUMAS%-like
robots. The PUMA®-560 series robot arm is a
revolute (RRR) arm with six degrees of
freedom. The first three degrees are used to
take the wrist to a particular position, while
the latter three degrees are used to orient the
wrist in a desired configuration. Hence, it is
the first three degrees of freedom which
normally cause the collision. Therefore only
the motion planning of first three links is
considered for collision avoidance.

The PUMA®-560 arm is shown in Figure 8(a).
Figure 8(b) shows approximation of this robot
by line segments.

(a) (b)

(a) a PUMA®-560 series robot
and (b) its approximation by line
segments.

Figure 8.

The problem is formulated in the same way as
that for two planner arms, although
appropriate changes are intorduced to
incorporate the additional third dimension of
the operational space.

4.1 Kinematics

The two robots are shown in Figure 9. Position
of the base of first robot p, is assumed to be at
the origin. Positions of points g,, p, and g,
remain fixed at (0,X,0), (0,0,L™) and (0,X,L*),
where X is the distagce between the bases of
the two robots and L~ is the length of the first
link. Values of p,, p,, g, and g, are
calculated as

(10

where
1000 cox® 0 sin 0 %6 -mn8 0 Loawd
010 x 6B 0 —om® 0 5in8 cmB 0 Lsind
Lo o0 ofA®s o A= 0 1 0
000 1 00 o0 1 0 0 o 1

Figure 9. Two PUMA®-like arms sharing a
portion of the operational
workspace.

Once position of p,, p,, g, and g, has been
determined, the positions of centres of all the
touching spheres on the second and third links
of both robots can be determined, since they
are located at an equal distance from each
other in a straight line on the link.

4.2 Simulation Results for 3-DOF Arms

Values of parameters given in Table 3 were
used for the algorithm, and the initial and final
configurations for the robots are given in
Table 4.



Table 3. Values of parameters used in GA-
based search algorithm for two 3-
DOF arms moving in three
dimensional space.

k, 1.0
k, 0.25
k, 10.0
. 500
population size 100
new_trajectories 10
keep_best 1
cross_over_distance 100°
cross_over_probability 0.9
mutation_probability 1.0

Table 4. Initial and Final Configurations for
Robot #1 and Robot #2.

Initial Value Final Value
8, 15° 150°
8, -15° -15°
8, -30° 30°
Q, -150° 15
a, -15° -15°
a, 30° -30°

Figure 11 shows the motion of the two arms in
operational space and Figure 12 (a) and (b)
show the time history of fitness function and
the paths in operational space, respectively.
Figure 13 gives the minimum distance
between the robots. In this case, the safety
distance for the robots was 0.25 units,
considering a collision spheres' radii to be
equal to 0.125 units.

' Poety, Rmeu_z’_.“ L =

z-position

HOo P O

Figure 11. Motion of two 3-DOF arms in
operational space

Fitnass

(a) (b)

Figure 12. (a) Time history of fitness
function and (b)Paths in
configuration space.

minimum distance

o 5 10 15 20 25 30
tima

Figure 13. Minimum distance between
the two robots.

5. Conclusions

This paper proposes a new strategy for path
planning of multi-arm robotic systems based
on an evolutionary algorithm. Distinct features
in this algorithm include that the path’s via-
points are not fixed to lie on a particular grid
and strings use floating point representation.
In addition, customized operators have been
intorduced (namely redistribution of via-points
on the path and relaxation of the path). Hence,
the incorporation of elastic relaxation of paths
into GA operators give the planning algorithm
an evolutionary structure, and improve its
performance.

The algorithm has shown good results for
motion planning of two PUMAZ®-like robotic
arms. Even though at this stage, collision free
motion of two arms is considered only, the
algorithm can easily be extended to include
static  obstacles in the environment.
Nonetheless, the algorithm is not limited to
PUMA®-like configurations only, and can be
applied to global path planning of any multi-
arm robot system.
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