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Abgtract: A method based on Evolutionary Algarithms for obtaining coordinated motion plans of multiple
manipulator robots using a Decoupled Planning approach is presented. The problem has been decomposed in two
subproblems: path danning o each robot independently of the other robots and trgectory planning, where the
paths are synchronized. This paper is focused onthe second problem. An evolutionary agorithm is proposed to
generate free cllision robot programs that minimize the total motion time of the robots along their paths
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1 Introduction
Motion planning is an important problem in multi-

robots systems. The plan hesto take into account, not only
the workspace obstade, but the other robots. So, the
motion planner hasto consider the possibility of acollison
among them and has to pan the movement of each robot
in such away that all collisons are avoided.

Severa approaches have been proposed to solve this
problem [1], but the most popuar approach is the
Decoupled Planning method [2]. This method divided the
motion planning problem into two subproblems:

a) Freecdllision path for every robot just considering
fixed dbstacles: A classc path-planning problem is
solved considering anly one robat at atime, and fixed
obstacles (other robots are not considered as obstades
at this dage). [1]. The work of this paper is not centre
in this subproblem, so we suppose that a path for every
robot has been previously obtained.

b) Interactions among robot paths. The second
subproblem determines the way the robots have to
executed the movement along their paths without
collisonsamong them
This decomposition reduces the mmplexity of the

problem but this gain results in a loss of completeness.

Severa techniques have been proposed to solved this

second problem for manipulator systems [3],[4]. The type

of solutions given by the dgorithm is an important
practicd issue. Most of the dove dgorithms provide robot
trgjedories (a time cmponent associated with each point
of the path). Such trgedories are very difficult to
implement in most industrid robots, driven by robots
program.

In this paper a method for automatic generation d
robot programs is presented. The method can be gplied to
more than two robots. The obtained programs will execute
the coordinated motion o several manipulators without
collisons. The programs can be edly written in most
industria robots programming language. They will include
the movement code and the synchronization code and the
coordination will be designed in such a way that
minimizes the total motion time of the robots.

The optimizaion problem will be solved using Evolutive
Algorithms [5]. Evolutive are search procedures based on
natura selection mechanism and genetic concepts.

2 A decoupled planning method

Let's consder a robatic system composed by R robats
sharing a cmmon workspace with known fixed dostacles.
A robot j will have N, degree of freedom. The problem is
to pan the movement for every robot from an initial
configuration to a fina configuration avoiding collisions

! Thiswork was sipparted in part by the Spanish research agency CY CIT under grant TAP 96-0834 and TAP 98-0541



with fixed obstades and themselves. Initial and find
configuration are previoudy known.

Let's consder that a fixed obstacle collison-free for
each of the robot has been previoudy oltained. These
paths are assumed to be given as parameterised curves in
thejoint space.

Pl=dl(d) 0<sA<Al  with @ :R-R
and 1<j<R
The Coordination Spaceis an R-dimensiona verifying:

Nj

cs={(\..A")10<A <Al with 1<j<R}

A point in CS represents a robadic system
configuration, determining the position of the aticulations
of each robat.

The Coallision Region (CR) is the set of points of the
CS where & least, two robots are lliding. A two robot
system with their prescribed paths is represented in Figure
1-a Its Coordination Space with the Collison region

appearsinFig. 1-b.
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Figure 1 @ Two manipulator system with their prescribed peths. b)
Coordination Spaceand Colli sion region

A FreeCollison Coodinated Path (CP) is a
continuous path in the Coordinated Space from point
(0,..0) to (A}nax,..}\ﬁax) where no collisonamong robotsis
produced .

The proposed method are based on a search in the
Coordination Space. So, in arder to reduce the mmplexity
of the problem, each robat path is discretised into severa
equd intervals. The intervals of the path o robot j will be

numbered from 1 to max, and &) will note the interva
number k of the path of robat j. A discretised peth o robot
j isdescribed as.

0, ={s) /1< j<max}

A Cél Cisdefined asthefoll owing CS subspace
C=0, x5 x.xo% | 5nj,- 0Q,

A céell iscallison-freeif verifies:
0A 05! with 1<jsR O (¥...,A%)ocr

In order to simplify the natation, an interval of a path
will be noed by its ordering number, that is
Q, ={k/1<sk<max}.Now,a cél isdefined asa R-tuple

C=(ny,...,ng) and the Coordination Space is transformed
into an array of cdls named Coordination Diagram (CD).
Extending the previous concept, a Coordination Path in
CD is defined as non-decreasing secuence of consecutive
free cdls from the initia cdl (1,..,1) to the fina cdl
(maxg,..,maxg).

In oder to abtain CD, the number of cells to be
evaluated in a system with R robas is max; X ... X maxg .
Neverthdess, it is not necessary to evauate every cell. The
whole DC can be obtained in a smpler way by computing
severd two-dimensional coordination diagrams. Let's
consider athree-robot system. If robots 1 and 2 collideina
point of their respective paths, this collison condition
persists independently of position of robot 3. So, the set of
two-dimensionad CD computed with every pair or robats
(i,)) with 1<i j<R, will provide information to evaluate the
collison gate of every R-dimensional cel.

A free allision coordination path will be ompaosed of
a sequence of free cdls. In order to implement atrgjedory
in the mordination dagram, the motion d the robots must
be synchronized, that is, the robots have to be
simultaneoudy on points of the path correspondng to free
cell coordinates. Robots can ke synchronized by a dosed
loop dtrategy based on synchronizaion paints [6],[7]. A
synchronizaion point is a paint in the ordination
diagram which the robots have to reach, that is, any
coordination path will necessarily pass through it. So,
when a robot reaches a synchronization pint, it waits for
the others to reach the synchronizaion point before
prosecuting its planned motion.

A collison-free @ardinated maotion of multiple robots
can be found by searching for a synchronization pant
sequence that minimizesthe total coordinated motion time.
The objead of this paper is to deemine this
synchronizéion point sequence.

Let's consider an hypercube formed by free clisin the
coordination diagram and let's consider the motion of the
robots from the lower left corner cell to the upper right
corner cdl. Any trgedory defined for each robot between
these two pointsin the cordination diagram will generate
acollisonfree mordination path. This class of hypercubes
isgoing to be alled Free Hypercubes.



Let's now consider a set of freehypercubes, connected
in such away that the upper right corner of one hypercube
isthe lower left corner of the next, as can be seenin Figure
2. Furthermore, the lower left corner of the first oneis the
lower left corner of the whole @ordination dagram, and
the upper right corner of the last hypercube is the upper
right corner of the cordination dagram. This st of
hypercubes is a Free Hypercube Sequence, and the
intersedion points between two hypercubes will be the
synchronizéion points.

Given a free hypercube sequence, any coordination
path congtrained to pass over every synchronizdion paint
of the sequence will be acollision-free coordination path.
This congraint is very easy to implement using most robot
programming language. The set of synchronizaion points
will divide the path of each robat into several sedions.
Any sedion d the path between two synchronization
points will be followed by every robot independently of
the others, but a synchronization operation must be
implemented a the end of the section, that is, a a
synchronization point. The required communication
among robots is easy to implement conneding dgita
input and output among the cntrollers of the robots.

The problem now isto find a free hypercube sequence,
that is, a synchronization point sequence that minimizes
the total execution time necessry for the robads to
complete their whde paths. The main variables used to
find this squence are the number of synchronizaion
points, which depend on the collision region shape, and the
position of these points.

This optimization poblem can be solved by an A’
algarithm [6], dthough the great number of sucoessors of
each cell makesthe searching treetoo big .

3 Theproposed evolutive algorithm

This sdion describes the proposed dgorithm to find an
optima hypercube sequence. Firg, forma description of
chromosome dructure ad operations over  this
representation is indicaed. Theredfter, the main aspects of
the evolutive dgorithm are described.

3.1 General definitions.

3.1.1 Datastructures.

Point: A paint P in a R-dimensiona space is defined as a
tupla (pa,P2,---,Pr) With pON. A point defines a &l in the
coordination diagram.

Order relationships:

1. Less or equa operator: P < Q, where P and Q are

points, if i p<q.

2. Lessoperator: P<Q if 0/ p<q and Ui# p<q.
Sequence: A sequence is defined as a tupla of points S
=<S,S,...5>. An hypercube sequence will be defined
with thistype of data.

Sequence length: The length of a sequence L (nated as
#L) isdefined asits number of points.
Ordered sequence. S=<S,S,...S>
sequenceif S<S.4 Oi.

Multiple Point: Let's consder an ordered sequence S
where [0,j>0 / S.1<S§=S+1=...=5+j<S+j:1. The subsequence
of points <§,S:4,...,S+> is defined as a Multiple Point.
Reduced ordered sequence: S is defined as a reduced
ordered sequence if it is an ardered sequence and verifies
S$=<S,,S,...5> with S<S;; 0i. That is, an ordered
sequence without Multiple Points.

Presequence: Given S presequence(Sm) with me#S is
defined as <S,,S;,...,.Sp>. If M>#S, presequence(Sm)= S
Postsequence: Given S, postsequence(Sm) with mg#S is
defined as <Sn Sty > If m>#HS,
postsequence(Sm)=L1.

is an ordered

3.1.2 Operations.

Concatenation: The @ncatenation (+ operator) of two
sequences S and T is defined as the sequence
<S,...SgT1,....Tsr>.

Movement: Given an ardered sequence S anatural mwith
Me#S and a pant Q, movement(Sm,Q) is defined as the
sequence <S,,S,...,.S:1Q,....Sis> where S;+Q represents a
sum in the vectorial space of points.

Elimination: Given a sequence S and a naturd m with
O<me#S, dimination(Sm) operator gives the sequence
<S9SSy S

Insert: Given a ordered sequence S a natura m with
O<m=#S and a point Q, insert(Sm,Q) is defined as the
sequence <S,S, . S Q Sty s>

Order: An aditional operator to transform a nat-ordered to
ordered sequence has been defined. Let be S a sequence
where apoint S, do not verify S$,1<S, < S We define
order(S9=S, where S=S except for S, defined as:

0S.), O / (S.),>(S),
(S),=0S), 00 / (5.2, <(S), <(S.0),
HS.), i 1 (Sw), >(S),

3.2 Evolutionary algorithm

Many variants of EA have been defined in literature.
Different implementations have been tested by the aithors
for the problem presented in this paper. Finaly, the option



described in next sedions has obtained best results. The
main aspects defining an EA are: chromosomic structure
of the individuals, generation of initial population, fitness
measure to evaluate indviduals, genetic operators to
modify them and parametersto control the process.

3.2.1 Chromosomic representation of individuals.

An individual of the population represents an hypercube
sequence in the coordination diagram. An hypercube
sequence with n synchronization paints is going to be
represented by an ordered sequence S of length n with
S=(1,1,.%..,1) and S= (max,,max,,...,maxg). Notice that n
is variable, that is a variable-length codification will be
used. Anindividua is admissible if it forms an increasing
Sequence of Free Hypercubes, otherwise it is a non-
admissble individua. Figure 2 shows the chromosomic
representation o an hypercube sequence in a two-
dimensiona example.

S22 S
) [o] o] Sa[Se[Sa[Sa[ S Su o]
2 g
S S s

Figure 2 Chromosomic representation of an hypercube sequence

3.2.2 Generation of theinitial population.

The initial population is randomly selected. Taking into
account that the length of a sequenceis variable, to obtain
ainitia popuation with a wide diversity of solutions, the
following procedure is proposed:

A maximum number of pants NMAX is established
(only for the initial population), and the length o the
sequences of the initial popuation is distributed with a
random increasing probability between 1 and NMAX
Once the length of a sequence is slected, its condtitutive
points are obtained as follows:

R sets of n random valuesin [0,1] are generated,

then they are sorted in a incressing way and

projected on [0,maxy],...,[0,maxg] intervals.

3.2.3 Fitnessmeasure.

The evauation o the fitness measure will consider two
different kind d individuas. If the hypercube sequenceis
a free mllison one, a vaid individuds is obtained,
otherwise the individud is non-valid. In fad, two different
fitness functions will be used. For vaid individuds, the
fitness function gves the total execution time needed by
the robots to complete their paths, when the
sinchronizaion points are placed in the postions defined

by the indvidud specificaions (See [Ridao, 195 for a
more detailed description).

The fitness function for non-valid individuals is
completely different. The exeaution time cannot be used as
a fitness measure, because this type of individual is not a
solution of the problem. The function must measure how
far it is from a vaid indvidua. Obvioudy, the fitness
value for this kind of individual must be higher than any
valid indvidual vaue. The function considered is
f(N)=K+nco, where K is a high value in respect to the
value asociated to the valid individuals, and nco is the
number of obstacle adlsinside the hypercube sequence.

3.2.4 Genetic operators

Four types of operators have been defined for the
evolutionary process a recombination operator or
crossover, two types of mutation operators. local mutation
(produce a dight modification of an indvidual), structural
mutation (modify the indvidua structure) and findly, the
reduction erator to diminate multiple points of an
individua. The following subsections formally describes
these operators:

Crossover operator.
Giventwo individuasSand T:

crossover(ST) = presequenceg(Sm) +
postsequence(T,|)

with mand| randomly selected. Also, in order to obtain an
admissbleindividual S,<T, (Figure 3).

—— Chid

Figure 3. Croosover operator

L ocal Mutation operator.

This mutation gperator produces a dight change in an
individua. The operation consst of applying to an
individual S the operation movement(Sm,Q) where O j /
gz0. That is, the movement is aacomplished to only one of
the coordinates of paint S, (Figure 4).
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Figure4 Locd mutation

Structural mutation operators.

Structural mutations change the structure of indviduals,
that is, they change their number of points. Given an
individua S and a position m, this operator gives a new
individua S obtained with the following operations
successon:

S=movement(Sm,Q")
S'=movement(S,m+1,Q")
S=insert(S',mQ)

where Q, Q" and Q" are points randomly elected with the
regriction S',<Q<S'y+y (Figure 5). Others mutations
operator can be formed by the goplication of the insert or
elimination operatorsto anindividual .

------ Before mutation —— After mutation

Q,

Figure5 Structural mutation

Reduction operator.

The reduction operator ads on a ordered sequence,
eliminating multiple points. That is, gven a ordered
sequence Sand for every multiple point <S,S.4,....S4> the
reduction (perator transforms S into

<G, 49,9441, >

Control Parameters.

An dlitigt evolutionary agorithm has been used, where the
best individua of each generation is replicated in the
following ane. A percentage of the offspring is obtained

through parents mutations sleded with a probability
proportional to its fitness. The rest of the offspring is
obtained through parents crossover , and then, ane of
above defined mutation qperatorsis applied with arandam
probability.

3.3 Completealgorithm.
This sdion presents the mmplete proposed evolutionary
algarithm:

PROCEDURE OPTIMIZATION

Iniciali zate(popul ation)

FOR i=1 TO NumberOf Generation
Evaluate(population)
population=evol ution(popul ation)

ENDFOR

Solution=Best(popul ation)

PROCEDURE EVOLUTION(P)
Child={}
Add Best(P) to Child
FOR i=2 TO NumberOfReplica
Add Sded(P) to Child
ENDFOR
FOR i = NumberOfReplicaTO SizeOfPopulation
Add Crosover(Selea(P),Seled(P)) to Child
FOR each Cin Child
IF ISThereMutation
Subdtitute Cin Child by
GenerateNeighbour(C)
IF IsThereReduction
Substitute C in Child by Reduction(C)
ENDFOR
RETURN(Child)

PROCEDURE GenerateNei ghbour(Solution)
Generate(ProbChange)
IF ProbChange < ProbChangelocd
THEN RETURN LocdM utation(Solution)
ELSE RETURN Structural M utation(Sol ution)

5. APPLICATION EXAMPLES

The proposed agorithm has been implemented and
applied to severd examplesin arder to study its efficiency.
The first example @rresponds to the motion o two
SCORBOT and sixteen collision regions and 180<180
cells(Figue 6).

Teds have been redlised with a 100 individuals
population. Other parameters are NumberOf Repli ca=10%,
NMAX=10, mutation probabilities are 30% and reduction
probability is 80%.

Results of the mation time for example 1 can be seen
in Table 2. These values have been dotained for 100, 20Q
300 and 300 generations of 100individuals.



Figure 6 . Coordination Diagram of example 3

Table 1.- Example 1 results (in seconds)

Method Avg. Std.D Min.

GA 100 44.98 134 42.35
GA 200 42.95 171 39.78
GA 300 41.19 1.16 38.63
GA 500 40.82 103 39.26

Finaly, an application with threerobots is presented.
Initial and fina corfigurations can be seen in Figure 7-1
and 7.5 respectively. The orrespondng two-dimentional
coordination diagrams are presented in Figure 8, and
results are in Table 2 (same parameters as previous
example). More then 200 individua do not significantly
improve results. Both problems cannot be solved with an
A" agorithm.

Figure 7 Initid (1), find (5) and intermediate position in example 4

6 CONCLUSIONS

This paper describes a method to generate llisionfree
coordinated motion plans in multirobots g/stems. The
method tries to find a synchronizaion point sequence that
minimizes the total execution motion time using an EA.
The plans can be esily written in most industria robot
programming languages.

Table 2.- Example 2 results (in seconds)

M ethod Avg. Std.D Min.
GA 100 8.95 112 8.37
GA 200 8.66 1.06 8.26
Q
/ij ;
Q3 2,
Q, 0,

Figure 8 Two-dimentiona coordination diagramsin example 4
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