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Abstract

A method based on genetic algorithms for obtaining
coordinated motion plans of manipulator robds is
presented. A Decouped Planning Approach has been
used; that is, the problem has been decompaosed into
two subproblems. path planning and trgedory
planning. This paper focuses on the second problem.
The generated plans minimize the total motion time of
the robas along their paths. The optimization problem
is solved by evolutionary algorithms using a variable-
length individuals codificaion and spedfic genetic
operators.

1 Introduction

The problem is to plan a collisonfree motion
(obstades and other robas), from an initia
configuration to a goa configuration. The most
extended approac to this problem is to decompose it
into two subproblems: path planning and trgjecory
planning. Many algorithms to solve this problem can
be foundin the literature [1,2,3,4].

The solution obtained by most of these algorithms is
aroba traedory. These trgjedories are very difficult
to implement in most industrial robds, becaise they
reguire the internal controller of eadt articulation to be
fully avail able to the user.

A methodis presented in [5,6] to minimize the total
motion time of the robas aong their paths. This
method is used in this paper to find a collisionfree
motion gdan for two robas, and evolutionary
algorithms  with  three  different  chromosome
codificdion are presented to solve the optimizéion
problem. In this paper a genetic algorithm where the
length of the individuals is variable [7] is proposed.
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Also, new genetic operators adapted to this codification
are presented.

2 Problem Statement

The problem can be stated as: Given two robas R, and
R, a set of known fixed obstades and the initial and
final configurations of R, and R,; find a coordinated
motion dan for the robdas from their initia
cornfiguration to their fina configuration avoiding
collisions with environments obstades and themselves
The use of a Dewmuped Planning approach nedals a
fixed obstade collisonfree path to be previousy
obtained for ead of the robas. The paths which the
robats are expeded to follow are assumed to be given
as a parametrized curve in the joint space where A
parameter is the distance aong the path. The
Coordination Space (CS) is defined as the R® region

Cs={(A*A%) / 0<AI< AL, with 1< j<2}

Anypath from (0,0) to (A1 m_,A2,m ) determines a
coordinated exeaution of the two paths, and is cdled a
Coordination Path (CP). The Collision Region (CR) is
defined as the set of points in CS where a collision
between two manipulators is produced. In order to
reduce the seach spacein CS, a discretizaion of eah
path has to be made, so the path is divided into several
equal intervals. Let's number the intervals of ead path
from 1 to max and the ordered set of intervalsis cdled
Q; . A cdl is defined as the subspace formed by one
interval of the paths of ead of the robads and is
represented as the pair (n,n,). With these discretized
paths, CS is transformed into an array of cdls, the
Coordination Diagram (CD). Cell. Let's notate C,=(0,0)
and C_=(max,max,). A cdl (n,n,) is considered
collison FREE if every point inside the cdl does not
belong to the collision region. Otherwise, it is
considered an OBSTACLE cdl.

Robds can be synchronized using Synchronization
Points (SP), that is, a paint in CD, which any CP will



necessrily passthrough When the roba arrives at
that placeon its path, it will stop until the other roba
arrives at its respedive points. To avoid acollisionit is
posdble to ater the CP defining the number and
position of the SP, determining the total motion time.

Let's consider aredangle formed by freecdlsin CD
and let's consider the motion of the robads from the
lower left corner cdl to the upper right corner cedl. Any
trajedory defined for ead roba between these two
points in CD will aways be acollision-free CP. This
class of redanges is going to be cdled Free
Redandes.

Let's consider a set of Free Redangles, conreded in
such away that the upper right corner of one redangle
is the lower left corner of the next. Furthermore, the
lower left corner of the first one isthe lower left corner
of the whole CD, and the upper right corner of the last
redangle is the upper right corner of CD. This set of
redangles is a Free Redande Sequence and the
intersedion points between two redangles will be the
SP. Thisconstraint is very easy to implement using any
roba programming languege.

The problem can be stated as that of finding a Free
Redangle Sequence that minimizes the total exeaution
time necessry for the robas to complete their whole
path. The main variables used to find this sequence ae
the number of SP and the position of these points in
CD. A complete description of the method can be
foundin [5,6].

3.- The Proposed Evolutionary Algorithms

Three different evolutionary algorithms to solve the
optimization problem are presented in this paper. The
main differences among them are the codificaion of
the individuals and the genetic operators. While the
first one uses the classcd binary codificaion of
genetic algorithm, the others use a spedfic integer
codification with new genetic operators. One of them
uses fixed-length chromosomes and the other variable-
length individuals.

3.1.- Fixed-length integer codification.

In the solution proposed in [5], ead individua is
formed by a fixed number of points represented by
their absolute coordinates in Q. Different crossover,
mutations and spedfic genetic operators were studied
in the same paper, obtaining good results. The main

drawbad of this codificaion is the use of fixed
chromosome length. In order to avoid this
disadvantage, a new variable length codificdion is
propased in this paper.

3.2.- Variable-length integer codification.

Chromosome representation of the individuals.Each
individual is represented by a increassing SP sequence
The chromosomes that represent ead solution have
variable lengths. If n is the length of a chromosome,
then a SP sequence will be determined by n+2 points,
where (%,y)=(0,0) and  (x,,Y,.)=(max,max). An
individual isvalid if it forms an increasing Sequence of
Free Redangles. Finaly, when a genetic operator is
applied, it is possble for a nonrincreasing SP Sequence
to be obtained (nonaccetableindividual).

Generation of the initial population. The initial
popuation is seleded randamly.A uniform distribution
of the number of points between 1 and NMAX has
shown to be inappropriate in the tests to represent the
lenght of the individuals. The reason is that non
optimal solutions, with few points, can constitute locd
minima. For this, an increasing probability distribution
from 1 (minimum) to NMAX (maximum) was seleded.

Once the number of paints of an individua n is
seleded, its values are creded as foll ows: two sets of n
randam vaues in [0,1] are generated, then they are
ordered in an incressing way and projeded on [0,max,]
and [0,max]] respedively.

Fitness measur e The evaluation of the fithess measure
will consider valid and non-valid individuas. For valid
ones, the fitnessfunction gives the total exeaution time
needed by the robas to complete their paths, when SP
are placa in the positions defined by the individual
spedfications (See[5] for amore detail ed description).

The fitness function for nonvalid individuas is
completely different. The function must measure how
far it is from a valid individua. The function
considered is f(N)=K+nco, where K is an dfset, i.e. a
high value with resped to the value sssciated with the
valid individuas, and nco is the number of obstade
cdlsinside the redangle sequence

Genetic operators.
Crosver Operator: Given two individuals S and S
formed by sequences of n and m SP respedively, the



ideais to obtain another SP sequence through genetic
information exchange from parents S' and S. The
following methodis proposed:

A SPof S israndamly seleded, cdled P. Then, Q, a
SPof S is seleded. Q is the first SP that has both
coordinates x and y greder than the respedive
coordinates of P, so the resulting child aways will be
an increasing SPsequence. It no paint of S verifies this
limitation, then the child is returned as a copy of S. If
point Q exists, a new individua is formed by the first
points of S (P inclusive), followed by the paints of S
from Q (inclusive) to theend of S’ (seefig. 1).

—-- s’ parent
rrrrrr S? parent

Fig. 1 - Crossover operator

Mutation Operator: Two groups of mutation

operators are propacsed in this paper:

« Sight Operators, which vary the genetic information
sightly. These operators acaomplish a locd seach,
that is, in the neighbouhoodof a solution.

e Srong Operators, which modify the structure of a
solution. The objedive isto extend the seach to new
regions, permitting the algorithm to escape from
locd minima.

Experimental results show that the most important
improvement are obtained with the dight mutation.
Nevertheless the strong mutations play a very
important role in the process avoiding the algorithm to
remain trapped in a locd minima, even when these
mutations rarely improve the individuals. The Slight
mutations are defined as follows. A SP (x,y,) of
individual Sis seleded randaomly and also an integer m
between -MUTMAX and MUTMAX is chasen too,
where MUTMAX is the maximum permitted mutation.
The mutation consists of substituting the point (x,Y,)
by (x+my+m), where the new point will be placel in
the grey redangle.

On the other hand, the strong mutations can be
defined, for example, in the following way: Two

conseautives SP point P=(x,,y,) and P'=(x,,V,.,) are
chosen, and applies them the dight mutation with a
given probability. Theredter, this mutation adds a new
SP between both of them. For this, the differences
d=X.,-% and d=y,.,-y, are obtained. Then, another two
integers are chosen randamly: v, between 1 and d -1
andv, between 1andd,-1. The new point islocaed in S
below P with coordinates (x +Vv,.y,+V,). (Fig. 2)

Restrictions to the individuds: When these operators
are applied, the resulting individual may not verify the
condtion of being an increasing sequence To solve
this problem, the conflicting coordinates are made
equal to the same coordinates of the following point.
For example, given two conseautive points P=(x,y,)
and P'=(X,,,Y..) , if Y>>V, theny,=y, ., is made.

- — = Before mutation —— After mutation

Fig. 2 - Segment mutation

Evolutionary algorithm characteristics. An eliti st
evolutionary algorithm has been used, where the best
individual of ead generation is replicaed in the
following ore. A percentage of the offspring is
obtained through prents mutations sleded with a
probability propartional to its fithess The rest of the
offspring is obtained through parents crosover (aso
seleded as a function d its fitnesg, and after, one of
the @ove defined mutation operators is applied with a
randam probabilit y.

4 Application Examples

The propcosed agorithm has been implemented and
applied to several examples in order to study its
efficiency. Only one example is presented in this paper.
The eample @rresponds to the motion o two
SCORBOT and sixteen collision regions and 18180
cdls (Fig. 3). It is an iterative motion represented in
Fig. 4 The motion from Fig. 4-1 to 4-2 and again to the
initial configuration 4-3, isrepeaed twice

To compare the different evolutionary algorithms, 40



simulations have been exeauted with a 100individuals
popuation and 300generations. Individuals in binary
codificaion and fixed-integer are formed by 20 SP.
Also, the maximum number of SP of the initid
popuation is 20 in integer-variable codificaion, in
order to use similar initial information.

The best results are obtained with integer variable
codifications. Also, fixed codificaion readed a lower
minimum value, but standard deviation is three times
greaer.

Q,

Fig. 3- Coordination Diagram and the best SP sequence

RIT

Fig. 4 - Initial position (1), intermediate (2) and goal position
(€)

Finally, natice two other advantages in using
variable codification. First, its computational cost of
crosover and mutation operations may be even 60% of
the fixed codficaion cost, becaise normally, the
number of SPis smaller in variable codificaion. Also,
it is not necessary to previoudy know an estimation of
the number of SPof the optimal solution.

5 Conclusions

fM

This paper describes a methodto generate collision free
coordinated motion plans in multirobds systems. The
method tries to find a SP sequence that minimizes the
total exeaution motion time. This optimization problem
has been solved using different evolutionary
algorithms. Three chromosome codificaions and
different genetic operators have been implemented.
Better results are obtained in the applicaion examples
when using an integer variable codificaion.

Tablel - Results (Timein seconds)

Codificéion Avg. o Min.
Binary 5478 | 056 | 5325
Integer fixed 4223 | 2.78 | 37.63
Integer Var. 4119 | 116 | 3863
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