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Abstract: Multi-robot systems have been introduced actively in heavy industry in order to
increase the productivity. However, since the configuration of workpiece is complex and
multiple robots are disposed densely in a working area, collision between adjacent robots
could occur. Because the collision prevents effective production, collision occurrence
should be avoided. This paper reduces the problem of minimization of total welding time
subject to collision/deadlock avoidance among multi-robots to a path optimization one,
and solves it through genetic algorithm (GA). Its effectiveness is shown by numerical

simulations with practical workpieces.
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1. INTRODUCTION

Multi-robot systems have been introduced actively in
heavy industry in order to increase the productivity.
However, since the configuration of workpiece is
complex due to multi-kind small lot production especialy
in shipbuilding and multiple robots are disposed as
densely as possible in a working area to get high
productivity, collision between adjacent robots could
occur. Because the collision prevents effective production,
collision occurrence should be avoided.

This paper ams to solve the issue by optimizing welding
paths, that is welding orders of robots.

2. WELDINGJOB AND INTERFERENCE

The multi-robot welding system studied here is an
equipment which constructs various types of workpiece
effectively in shipbuilding and consists of 10 welding
robots (Sugitani, et al., 1996). These 10 welding robots
perform welding in parallel with each other. Each of
them is a multi-link robot with 6 axes and is hanged by
the diding equipment with 3 axes from the ceiling as
shown in Figure 1. Therefore, they can move in the
direction of x-axis, y-axis and z-axis by the movement

Fig.1 Configuration of multi-robot welding system

mechanism with 9 axes in all. Each robot has a welding
torch at thetip of the am.

Figure 2 shows a typica example welded by the
multi-robot welding system. Figure 2 also shows the
cross section in the central part of a bulk carrier.
Transverse panels in Figure 2 are workpieces. One of
transverse pands is illustrated in Figure 3. The features
are that it is large-sized and complicated-shaped with
many curves and many narrow sections. Due to the
feature, welding lines are large in number and placed in
the various directions. Oil tankers and other types of
ships have the similar features.

The welding stage is determined as a width of 8 mand a
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Fig.2 Structure of the central part of abulk carrier

length of 16 m (an area of 128 ) based on the maximal
width and maximal length of workpieces. In the case of
multiple robots, it is desirable that more than one
workpiece are arranged in the welding stage. Furthermore,
those workpieces should be arranged, as the welding
loads of each robot are as equal as possible. Then, the
variance among operational times of robots becomes
small and thus the production efficiency rises. Figure 4
is an example of arrangement of two nearly triangular
transverse panels.

The welding stage is assigned to 10 robots. Figure 5
shows the resultant area partition. In Figure 5, solid lines
in the horizontal and vertical direction are the boundary
lines of partitioned areas. The area surrounded by two
dotted lines sandwiching one solid line are overlapped
boundary areas between adjacent robots.

As shown in Figure 4, all of the directions of welding
lines are not the same. So, various attitudes are required
to robots. Thus, overlapped boundary areas must be
wide enough so that there is no unweldable pat as
illustrated in Figure 5. Figure 5 also indicates the state of
collision occurrence. For example, R5 robot is about to
move fromthe position indicated by the black circle in
the left and lower direction. On the other hand, R6 robot
is about to move fromthe position indicated by the black
circle in the left and upper direction. When a robot
begins an action, it creates the interference area for
preventing the collision, which is illustrated as a painted
circle or éllipse. In case of motions of R5 and R6 robots
in Figure 5 mentioned above, these motions are interfered
because their destinations are the common boundary area
of R5 and R6 robot. When such an interference happens,
the robot beginning its action earliest has priority over

Fig.3 Example of transverse panel
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Fig.4 Example of arrangement of transverse panels

other robots and these other robots must wait until the
state of interference dose not exist.

There is a specia state caled as a deadlock among the
states of interference. For examp le, consider the state that
robot A waits for the end of an action of robot B because
of interference. Then, if robot B also waits for the end of
the action of robot A, this state of interference cannot be
removed automatically. Such an interference is a
deadlock. In order to remove a deadlock, manual
operations of operators are necessary.

3. JOB EFFHICIENCY OPTIMIZATION PROBLEM

Programs about the actions of multi-robot are generated
in CAD/CAM system, which are placed at the upper level
in the hierarchical multi-robot welding sysem. The CAD
system sets 3-dimensional shape data of workpieces and
weld design datasuch as locations of welding lineand leg
length of weld. The CAM system determines
assignment of welding lines to robots, welding orders of
robots and attitudes to welding lines (Sugitani, et al.,
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1996). Maximization of job efficiency is minimization of
completion time (makespan) in a multi-robot welding
system. Deadlocks lengthen the makespan and require
manual operations, so deadlocks do not want to be
occurred as frequently as possible.

Change of welding orders of robots enables to raise the
efficiency of movement between welding lines and to
shift the timing of occurrence of interference.
Conseguently, this issue is defined as the optimization
problem which determines welding orders to minimize
the following objective function F:

F=maxC +p --> minimize,
[

where G is a completion time of welding job of robot i
and p is a deadlock penalty, which is given by the
following formula:
p = penalty time « number of deadlocks.

The welding jobs of robots consist of the following seven
basic actions:

1) wirecut, nozzle cleaning/exchange and turn

2)arcut 2

3) going down

4) sensing

5) welding

6) going up

7)arcut 1
These seven actions ae repeated in this order.
Action 1) is a preliminary job for welding. The pogtion
varies dependently on whether the job is a nozzle
cleaning or exchange. The position of nozzle cleaning is
determined by the end position of the preceeding welding
line and the starting position of the present welding line.

The position of nozzle exchange is specified to each robot.

Nozzle exchanges are executed when the welding elapsed
time after beginning the use of the present nozzle exceeds
the time limit.

Action 2) is a motion to the starting position of each
welding in the x-y plane and is called aircut.

Action 3) is an approach to the appropriate position for
beginning welding in the direction of z-axis.

Action 4) is to detect the starting point of welding.
Action 5) is the main action and just represents welding.
There are two kinds of welding: horizontal welding and
vertical welding.

Action 6) is to retract and to rising after welding.

Action 7) is a motion to the position of next action 1) and
is also called aircut.

At the beginning of the job, that is time O, each robot is
placed at the specified initia position. Each robot starts
from the initial position and repeats seven actions and

then returns to the initial position after completing all jobs.

The time of each action is expressed as follows if
interferences do not occur.

Tw+Tc+Tr ; nozzlecleaning
t,= {

Tw+Ta +T1 ; nozzle exchange

t2=d®" (k) (k) / Vi
t3= h/ Vv
ta= TS
{d(xs(k,-),xE(kj)) / Wiy
tg= ; horizontal welding
A (k) £ wy
; vertical welding
te= h/vy
t7=d6ER )X () / vi
The notations used by above formulae are as follows.
ki : number of j-th welding line
h : distance of going up/down
Vy , Vy : horizontal, vertical aircut velocity
Wy , Wy : horizontal, vertical welding velocity
Tw : wire cut time
Tc : nozzle cleaning time
Tt :turn time
Ta : nozzle exchange time
Ts:sensing time
(k) : starting position of j-th welding
XE(kj) : ending position of j-th welding
xW(kj) : position of action 1) in j-th welding
d(a,b) : distance between aand b
t;:timerequired foractioni) ;i=1,...,7

4. APPLICATION OF GENETICALGORITHMS

In this optimization problem, there are following complex
factors.
1)Interferences or deadlocks occur.
2)The necessity of nozzle cleaning and exchange
depends on the past history.
Due to them, it is not easy to develop an exact agorithm.
Then approximate algorithms are required. The search
space of this optimization problem is huge. On the other
hand, we want to find good solutions within the practical
time limit. Fromthese reasons, we have adopted genetic
algorithm(GA) (Goldberg,1989).
As for the sze of search space, for example, the
permutation of the case study considered in the next
section is as follows.
1505 1205 190 1915 4215 3215 18!% 18!« 151 17!
= 544433 « 10"

It is an extraordinary size. In case of huge search gace,
methods in which several regions scattered appropriately
are searched parallel are very powerful. GA is one of
such methods.

4.1 Chromosome Representation

The decision variables of the problem are welding orders,
so the chromosome of an individual in GA is represented
as shown in Figure 6. The number of welding jobs
assigned to each robot is not necessary the same. The set
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Fig.6 Chromosome representation

of welding orders of 10 robots forms one individual.

4.2 Crossover and Mutation

For robot k, k=1,...,10, pairs are chosen randomly. From
each pair, two new individuals are generated by replacing
the welding orders of robot k with the new ones created
by order crossover (Davis,1985)(Figure 7). Then for each
individual, the new individual is generated by replacing
the welding orders of robot k with the new ones created
by mutation. Mutation is defined & transferring
subsequence of welding orders of robot k (Figure 8).

In mutation, robot k and the subsequence ae
chosen randomly. In crossover and mutation operations,
original individuals remain among the population, so the
popul ation becomes larger temporarily

4.3 Fitness

This optimization problem is to minimize the objective
function F, so the fitness is defined as -F. In order to
evaluate the function F, the completion time of welding

Parent 1 Parent 2

robot k Lalblcldlellfllglinlli]l [clflalildlglblnllel

1
Order crossover

robot k [alclel fldllallbllhi[i] [alildIblelf]alhilc]

Child 1 Child 2
Fig.7 Crossover
parent order of welding
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Fig.8 Mutation

job of each robot and the number of deadlocks are
necessary. However, these values cannot be known in
advance. All behaviors of dl robots are required to
know these values. Therefore, we have developed the
simulator of multi-robot welding system. Given welding
orders of al robots, this simulator outputs al behaviors of
al robots including the completion time of welding job of
each robot and the number of deadl ocks.

4.4 Selection

The population of next generation is selected by ranking
strategy. If the population is formed by only individuals
of higher rank, the divergence in the population is lost
and thus escape from local optima is often difficult. On
the other hand, though the probability is low, it is
expected that individuals with high fithess be generated
from individuals with low fitness. This is why we
adopted ranking strategy.

4.5 Two-step optimization method

In the method mentioned so far, each robot is dealt with
equally. On the other hand, there is another method
focusing on a particular robot. In some cases of
workpieces, the load of a certain robot is much larger than
those of other robots. Roughly speaking, in such cases, so
long as the welding order of the maximal loaded robot is
optimized, those of the other robots need not be
optimized. Based on this consideration, we have
proposed the following two-step optimization method:
step 1.

Assuming that only the maximal loaded robot is in
operation, we solve the path optimization problem for the
robot by GA.

step 2

In step 2, the welding order of the maximal loaded robot
is fixed to the order obtained in step 1. Then we solve the
path optimization problemfor the other robots by GA.

In this two-step optimization method, the optimal value of
the objective function in step 1 gives the lower bound to
the value of the objective function in step 2. Therefore,
in step 2, the computation can be terminated when the
best value of the objective function is equal to the lower
bound.

The maximality of load can be estimated by comparison
among the total times of action 5) of robots. The tota
time of action 5) is the sum of the time for only welding
and is computated in advance. Because this time
monopolies 40-50 % of the total work time, if the time of
a certain robot is much larger than those of other robots,
we can think the robot as the maximal loaded robot.



5. CASE STUDIES

Our GA is applied to TS transverse panel. TS transverse
panel is one of typical workpieces in a bulk carrier.
Two TS transverse pands are placed in the specified
welding stage as shown in Figure 4. The number of
welding lines assigned to each robot is as follows.
15,11,19,19.42,32,18,18,15,17
The penalty parameter of deadlock is 120 second.
Before showing results by GA, we show results by
random search in Figure 9. In Figure 9, histograms of
10,000 cases and 100,000 cases are drawn. (a) indicates
values of objective function and (b) numbers of deadlock.
Figure 9 shows that random search cannot find a solution
with no deadlock even in 100,000 searches. Comparing
the histogram of 10,000 cases with that of 100,000 cases,
both are closeto the normal distribution with nearly equal
mean and variance. Considering the probability based
on the norma distribution, we guess that it is very
difficult for random search to find a solution with no
deadlock.
Next, we show results by GA. Table 1 shows the results
to different pairs of population size and maximal
generation. Pairs are chosen on the condition that the

Table 1 Comparison of results with respect to parameters

parameters values of objective functions [sec]
population size | generation it max. mean std
10 1400 G831 6990 G398 48.5
20 a00 6541 a970 iyt 431
40 400 6544 6918 6878 24.4
30 200 6528 6915 6875 277
100 160 6847 6945 6893 33.9
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6853
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21.1

(a)values of objective function
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Fig.9 Histograms of objectives in casethat
welding orders are set randomly

computing time is nearly one hour by a personal
computer with Pentium 111 450 MHz CPU. 10 cases of
different random number are computed to each pair.
Results are varied dependently on random numbers, so in
Table 1 (also in Figure 10, Figure 11 and Table 2),
maximal, minimal and mean values of objective function
among 10 cases are shown. Solutions with no deadlock
are obtained in dl cases. From these results, we adopted
the pair: (population size, maximal generation) = (40,400).
Figure 10 shows the result in case that maximal
generation is 1000 instead of 400. Even if maximal
generation is lengthened to 1000, the improvement rate is
only about 0.5%. Therefore, it is sufficient that computing
is terminated at 400 generation.

Figure 11 indicates the dependence on initial individuals.
Theinitia individual in all results in Table 1 and Figure 9
is an output by CAM system. In CAM system, the
working area of each robot is divided into 4 zones and
welding orders are generated so that the movements by
the zone of al robots become as synchronous as possible.
This is agood idea, but this solution is not satisfactory. In
this solution, deadlocks occur several times and the value
of objective function is 9418. However, as compared with
results by initia individuals set randomly, the former

|
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Fig.10 Transitions of objective function in case of
population size =40
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result is better. Figure 11 shows these results. This
suggests the necessity of synchronous movement among
robots.

Table 2 shows the result of two-step optimization method.
The maximal loaded robot is robot 5. As compared with
theresult in Table 1, the result in Table 2is better.

In two-step optimization method, however, we must find
the maximal robot in advance. If this is not easy ordinary
GA is better.

Table 2 Results of two-step optimization method

value of objective function [sec] CONVErgence

first step second step rate
min. | max. mean  std | mn | max mean std
6751 6778 6763 0 9.8 | 6751 | 6864 | 6784 | 388 0.7

6. CONCLUSION

In the multi-robot welding process of shipbuilding, the
minimization system of job completion time has
developed by GA. As compared with the welding orders
used currently (output of CAM system), the solution by
GA has no deadlock and has higher efficiency. Two-step
optimization method has higher performance. Since there
are cases in which this method is difficult to be applied,
one of thesetwo methods should be selected according to
situations.

Besides the minimization of job completion time,
robustness of obtained schedules is also important.
Because of modeling errors and some machine troubles,
the deviation between the real operation and the schedule
could occur. In such acase, if the deviation isnot so large,
it is desired that the schedule is not necessary to be
changed. In path optimization, the arrangement of
workpieces is specified. The optimization of the
workpiece arangement is expected to get higher
productivity. These are future works.
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