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Abstract. Th e classical trave llin g salesperson prob lem ( TSP)

m ode ls th e m ovem en ts o f a salesperson trave llin g th rough a
n um ber of citie s. Th e op tim ization p rob lem is to ch oose th e

sequen ce in wh ich to visit th e cities in ord er to m in im ize th e
to tal d istan ce trave lled . Th is paper p resen ts a gen eralized

po in t-to -po in t m otion -plan n ing tech n iqu e for mu lti-robo t
assem bly system s m odelled as TSP-typ e op tim ization problem s.

H owever , in th ese augm en ted TSPs (TSP+) , bo th th e `sales-

person ’ ( a robo t with a tool) as we ll as th e `cities’ ( an o th er
robot with a workp iece) m ove. In add ition to th e sequ en cing
of tasks, fur th er p lan n ing is requ ired to ch oose wh ere th e

`salesperson ’ ( i.e., th e too l) sh ou ld ren dezvou s with each `city’

( i.e . th e wo rkp iece) . Th e use of a gen etic algorith m (GA) is
ch osen as th e search en gin e for th e so lution of th is TSP+

op tim ization p rob lem . As an exam p le area, th e op tim ization of
th e e lectron ic-com pon en t p lacem en t p rocess is add ressed .

Th e sim ulation too ls d eve lop ed h ave been tested on five
d iffe ren t com p on en t-p lacem en t system con figu ration s. In th e

m ost gen eralized con figuration , th e p lacem en t robo t m ee ts
th e com pon en t de live ry system at an op tim al ren d ezvou s

location for th e p ick-u p of th e comp on en t an d subsequ en tly
m ee ts th e p rin ted -ciru cit-board ( on a m obile XY-table) at an

op tim al ren dezvous location . In add ition to th e solu tion of th e
com p on en t-p lacem en t sequ en cing problem an d th e ren d ez-

vous-p oin t p lan n ing p rob lem , th e collision -avoidan ce issue is
ad dressed .

1. Introduction

Au ton om ou s robo tic system s are in creasin gly u ti-

lized in in d ustr ial en viron m en ts, requ irin g th e d eve l-

op m en t o f m od e llin g m e th o d o logies an d to o ls to

op tim ize th e ir op e ration al e fficien cy. In th is con text,

th e classical assem bly-p lan n in g op tim ization p rob lem

h as been exten sively stu d ied , with n um erou s r ecen t

attem p ts at ap p lyin g th e earlie r re sear ch re su lts to

robo tic-based assem b ly ( Drezn e r an d Nof 1984) . As

exp ected , m ost p rop osed solu tion m e th ods h ave th e ir

r oo ts in th e classical ope r ation s re search ( O R) fie ld .

O ve r th e p ast seve ral d ecad es, O R research grou p s h ave

d evised m an y e ffect ive so lu t ion ap p roach es to th e

com bin ato r ial trave llin g salesp e rson p rob lem ( TSP) ,

( Bozer et al. 1990) , a two -d im en sion al p o in t-to -po in t

m o tion ( PTP) op tim ization p rob lem .

Th is pape r p re sen ts a n ovel PTP m otion -p lan n in g

tech n iqu e for m u ltip le coord in ated assem bly robo ts,

wh ich can be m o d e lle d as a T SP , u sin g gen e t ic

algo rith m s ( GAs) ( Go ld be rg 1953) . As an exam ple

ar ea , th e op tim ization of th e e lectron ic com p on en t

p lacem en t p rocess is u tilized ( Ch an g et al.. 1987, Fran cis

et al.. 1994) .

1.1. T he travelling salesperson problem

Man y var iation s o f th is com bin ato r ial p rob lem h ave

been add re ssed , in clu d in g th e asym m etr ic, sym m etr ic,

Eu clid ean , Ch ebysh ev, p r ize collectin g an d tim e-dep en -

d en t TSP variation s ( Dubowsky an d Blubau gh 1989,

N aft 1989, Bozer et al.. 1990, Ji et al.. 1992, Leu et al..

1993, H u an g et al. . 1994, Ne lson an d Wille 1995) . Fo r

e xam p le , Leu et al.. ( 1993) so lve th e e lectr o n ic-

com p on en t p lacem en t op tim izat ion p rob lem u sin g

gen e tic algo rith m s. T h e b in assign m en t p rob lem is also

ad d re ssed . T h ree typ es o f asse m b ly m ach in es ar e

m od e lled :

( a) a basic sin gle robo t p ick-an d -p lace p rob lem with

fixed feede r s an d a fixed p rin ted circu it board

( PCB)

( b) th e above exten ded to h ave feede r com p on en t

assign m en t op tim ization

( c) a m u lt i-h ead fixed p lacem e n t tu rr e t with a

m ovin g XY-tab le an d feed e r com p on e n t op tim i-

zation .
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1.2. T he augmen ted travelling salesperson problem (T SP+)

In con tr ast to th e sin gle -robo t TSPs, wh ere th e

p r im ary ob jective is to fin d th e best sequ en ce for N

tasks, fo r m u lti-coo rd in ated -robo t p rob lem s on e m u st

also so lve th e ren d ezvou s-po in t p lan n in g p rob lem . In

th is au gm en ted T SP ( TSP+) , th e `salesp e r son ’ as well as

th e `cities’ h ave m otion cap ab ility. N am e ly, fur th e r

p lan n in g is requ ired to ch oose wh ere th e `salesp e rson ’

sh ou ld ren dezvous with th e `city’ .

Th er e exist two variat ion s to th is ren d ezvou s-

p lan n in g p rob lem : con tin u ou s-p ath p lan n in g wh ere

two robo ts m ove syn ch ron ou sly alo n g a con tin uou s

cu rve ( Su h an d Sh in 1987, Ah m ad an d Lu o 1989,

Tabarah et al.. 1994) ; an d PTP p ath p lan n in g wh ere

th e rob ots m ove in d ep en den tly an d on ly r en d ezvou s

at d iscr e te p o in ts. As on e of th e few resear ch

pro jects on PTP TSP+, Cao et al.. ( 1997, 1998)

ad d ress th e issu e of in sp ection -task-sequ en ce p lan -

n in g for two coord in ated robo ts. Two SCARA robo ts

ar e u sed to in ve stigate th e TSP+ prob lem , wh e re on e

robo t h o ld s th e in spection too l an d th e o th er h o ld s

th e p art to be in spected . A series o f location s on a

sph e re are in sp ected by th e robo t pair , wh e re bo th

robo ts m ove toge th e r to br in g th e in sp ection too l

an d th e par t to th e r en d ezvou s location . U sin g th e

sim u lated -an n ealin g tech n iqu e, th ey we re ab le to

p lan n u m erous po in t-to -po in t in sp ection rou tes. As

exp ected , th ey sh owed th at th e coop e rative robo t

con figu r ation , wh ere bo th robo ts m oved , was faste r

th an wh en on ly on e robo t m oved wh ile th e o th er

acted as a fixtu re .

1.3. Augmented travelling salesperson problem with multiple

robots

If an ad d ition al ( too l-carryin g) robo t is in tr od u ced

in to a T SP+ system , wh ich co n tin u ously sh a re s its

wo rksp ace with th e o th e r ( too l-carryin g) robo t, it wou ld

be n ecessary to d irectly ad dre ss th e co llision avo id an ce

p roblem . Su ch m u ltip le -robo t co llision avo id an ce p ro -

blem s h ave been ad d re ssed in two p r im ary ways in th e

lite ratu re : co llision avo id an ce th rough p ath p lan n in g;

an d co llision avo id an ce th rou gh sch ed u lin g ( o r tim e

de lays) ( Bap tiste et al. . 1992, Zu rawski an d Ph an g 1992,

Baba an d Ku bo ta 1994, Ch an g et al.. 1994) .

Fo r exam p le , Lee an d Lee ( 1987) p rop ose so lvin g

th e collision -avo id an ce p ro b lem by speed ch an ge s,

wh ich in trod u ce a tim e de lay in on e of th e two robots.

Each robo t is r ep r esen ted by a sin gle sph er e at th e wrist,

an d str aigh t-lin e m otio n is assu m ed . Fo r p ath s th at are

close toge th er , co llision m ap s o f tim e ver su s d istan ce

tr ave lled alon g th e robot path are gen e r ated .

2. Problem definition and so lution approach

In e lectron ic assem bly, com pon en ts m u st be p laced

on to th e PCB in a tim e-e fficien t m an n e r . Th e fir st task

is th e con figu ration o f th e PCB, wh ere com pon en t

location s ar e de te rm in ed sub ject to con stra in ts an d

ob jective s. In th is r esearch it is assu m ed th at th is task

h as already been carr ied ou t. It is also assum ed th at th e

com p o n en t-p lacem en t robo t p icks an d p lace s on e

com p on en t at a tim e . Alth ou gh variou s o th e r p lace -

m en t str ategie s exist, an d are fu r th e r de tailed in th e

lite ratu r e ( Dubowsky an d Blu bau gh 1989) , th e objec-

tive o f th is p ap e r is th e in vestigation o f th e fun d am en tal

TSP+ p rob lem as it app lies to electr on ic com pon en t

p lacem en t.

2.1. Problem defin ition

In th is section , th e p rob lem will be de fin ed for bo th

th e sin gle - an d two -robo t cases.

2.1.1. Set-u p geometry. Figu re 1 sh o ws th e m o st

gen e r a lize d p h ysica l se t u p o f th e sin gle -r ob o t

p lacem en t m ach in e m od e lled . Th e system com p rise s

fou r m ain sub-system s: an X-Y gan try robo t for

com p on en t p ick-an d -p lace op e ration s; a n u m er ically-

con tro lled X-Y tab le , on wh ich th e PCB is located ;

an d , two sin gle -d o f m u ltip le -co m p on e n t d e live ry

system s ( CDSs) , with con tro llab le m otion s in th e Y

direction . Fo r a two -robo t p lacem en t m ach in e , th e

system is id en tical to th e sin gle-robo t system excep t

for an add ition al X-Y gan try p lacem en t robo t. Th e

two gan try robo ts sh are a com m on worksp ace , wh ich

in clud es th e worksp ace o f th eir r esp ective com p o-

n en t-d e live ry system s an d th e worksp ace o f th e X-Y

tab le. Each CDS is accessed by on ly th e robo t
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Figure 1. Th e sin gle -robo t electron ic-com p on en t-p lacem en t
m ach in e con figu ration .



assign ed to it. Th e two robo ts are n o t allowed to

crosso ve r each o th er .

2.1.2. Problem structure. Fo r th e sin gle -robo t con figu r a-

tion , th e re exist fou r sub -p rob lem s: assign in g com p o-

n en ts to CDSs; de te rm in in g th e p lacem en t sequ en ce ;

fin d in g th e ren d ezvou s location s; an d p lan n in g th e

d evice p a th s. Figu r e 2 sh o ws th e laye r s o f th e

p rob lem . Th e CDS assign m en t is th e p rocess o f

assign in g th e variou s com p on en t typ es to occu py

sp ecific b in s in th e two CDSs. Th e co m p on e n t

p lace m en t sequ en ce is a com bin ato r ial op tim ization

p rob lem to m in im ize assem bly tim e . Th e ren d ezvou s-

p lan n in g p rob lem is th e p rocess o f d ete rm in in g th e

m ee tin g position s o f th e p lacem en t robo t an d th e

CDSs, an d th e m eetin g position s o f th e p lacem en t

robo t an d th e m ob ile X-Y tab le . Wh en th e com bin ed

degr ees o f freed om ( dof) o f th e two coord in ated sub-

system s is above th e m in im u m n eed ed , an in fin ite

n u m ber o f p ossib le r en dezvou s-location so lu tion s exist

fo r eve ry p o ten tial p ick o r p lacem en t e xch an ge.

T h e re fo r e , fo r a give n se q u en ce o f p icks an d

p lace m en ts, a co r re spon d in g se t o f op tim al ren d ez-

vou s location s m u st be d ete rm in ed . In ou r case , fo r a

given m u lt i-co m p o n en t p lace m en t se qu e n ce , th e

op tim ality o f a po ten tial se t of r en d ezvous locatio n s

can be d ete rm in ed by m easu rin g th e over all m o tion

tim e . To ach ieve op tim al r e su lts, in d ivid u al robo t

path s be tween th ese r en d ezvou s locatio n s m u st also

be o p t im ized . T h is r o b o t p a th sub -op t im iza t io n

p rob lem is n o t ad d re ssed in th is p ap e r sin ce it h as

been exten sively add re ssed by th e rob o tics re search

com m un ity ( Cao an d Dod d s 1996) . H e re in , it is

sim p ly assu m ed th at m in im um robo t-m otion tim e can

be ach ieved by m in im izin g th e Car tesian d istan ce

trave lled by th e in d ivid u al d evice s. Fo r th e two -

p lace m en t-robo t case , th e p rob lem h as two ad d ition al

laye rs o f robo t job assign m en t an d co llision avo id -

an ce . Alth ou gh com p on en ts ar e p laced on e at a tim e ,

accord in g to an ove rall sequ en ce , each com p on en t is

p lace d by on ly on e of th e two robo ts. Th is requ ire s

each robo t to be assign ed th e com p on en ts it is

r e sp o n sib le fo r p la cin g. Sin ce co m p o n e n ts a r e

assum ed to be p laced sequ en tially, th e p lacem en t

sequ en ce is id en tified as a variab le . T h e th ird task is

th e so lu t io n o f th e r e n d e zvo u s-lo cat io n -p lan n in g

p rob lem for eve ry pa ir o f in te ractin g m ob ile devices.

O n ce th e r en de zvo us p ositio n s h ave been d e te r-

m in ed , sin ce th er e ar e two gan try robo ts sh arin g

th e worksp ace it is n ecessary to coord in ate th e action s

o f th e two p lacem en t robo ts to p reven t co llision s. Th e

fin al p rob lem is th e robo t-path -p lan n in g p rob lem . As

p e r th e sin gle -r ob o t p r ob le m , h e r e in it is also

assum ed th at m in im um robo t-m otion tim e can be

ach ieved by m in im izin g th e d istan ce trave lled by th e

in d ivid ual m ob ile d evice s.

2.1.3. T he assembly cycle. In o rde r to calcu late p lacem en t

cycle tim es, th e ove ra ll boa rd -pop u lation assem bly

p rob lem is d ivid ed in to in d ivid u al cycles. Figu re 3

sh ows th e p rocess o f a gen e r ic p ick-an d -p lace cycle.

T h e robo t star ts th is cycle at its p r eviou s p lacem en t

locat ion an d th e CDS star ts at its p r eviou s p ick

location . Th e CDS m ove s to th e cu rr en t p ick location ,

Path #1, wh ile th e robo t sim u ltan eously m ove s th e re as

we ll to r en d ezvou s with th e CDS, Path #2. Th e robo t

th en p icks th e com p on en t from th e CDS. Wh ile 1 an d

2 are h ap pen in g, th e X-Y tab le m oves to th e cu r ren t

p lacem en t location , Path #3, wh e re it m ee ts with th e

robo t arr ivin g from th e cu r ren t p ick location , Path #4.

Wh ile 3 an d 4 are h app en in g, th e CDS is allowed to

m ove , with ou t waitin g, to th e n ext p ick locatio n .. Th e

rob o t th en p laces th e com p on en t an d th e cycle

r epeats.

2.2. Proposed solu tion approach

Th e goal o f th is p ap er is th e d eve lop m en t o f a

m e th od o logy to op tim ize th e assem bly p rocess ou tlin ed

above . Rath er th an op tim izin g on e p aram ete r at a tim e ,

a m e th od th at allows u s to op tim ize all p aram e te rs

sim u ltan eo usly is ch osen . Th is is ad van tageou s, as m an y

of th e p ar am e ter s are in te rdep en den t an d th e m od -
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ification o f on e prob lem param e te r affects an o th e r .

Th e use of a GA was ch osen as th e so lu tion ap proach

fo r th e p rob lem at h an d . Th e pa ram e te rs for bo th th e

sin gle - an d two-robo t p lacem en t p rob lem s are en cod ed

in to gen om es ( GA d ata str in gs) . Th e fitn e ss ( ob jective

fun ction valu e) is used to d ete rm in e wh ich gen om es

ar e ch osen for rep rod u ction . Th e gen e tic ope ra to rs

gen e r ate n ew offsp rin g, wh ich ar e eva lu ated , an d th e

en tir e p rocess is rep eated u n til th e best gen om e is

de te rm in ed . To en cod e th e sin gle-robo t p aram e te r s, a

co m p ou n d gen om e co n sistin g o f a ser ie s o f sub -

gen om es is p rop osed : a sequ en cin g sub-gen om e , two

CDS allocation sub-gen om es, an d a r en d ezvous-p o in t-

p lan n in g sub-ge n om e.

Fo r th e two -robo t case, th e so lu tion str ategy m u st

also con sid e r th e co llision avo idan ce be tween th e two

p lacem en t robo ts. As th e p aram e te rs o f sequ en cin g an d

device position s d ur in g p ick-an d -p lace ope ration s affect

bo th th e co llision avo id an ce p rob lem an d th e p e rfor -

m an ce of a given p lacem en t strategy, it is advan tageou s

to ch eck bo th sim u ltan eou sly wh en sear ch in g for an

op tim u m solu tion . T h e re for e th ese par am e ter s were

in tegrated in to a sin gle ob jective fun ction . T o en cod e

th e two -robo t p aram e te rs, a com p ou n d gen om e con -

sist in g o f a ser ie s o f sub -gen o m es is p rop o sed : a

sequ en cin g sub-gen om e , two robo t-assign m en t su b -

gen om es, an d a ren d ezvo u s-p o in t-p lan n in g sub-gen -

om e .

3. The single -robot problem (Bonert et al. 1998)

T h e go a l o f th e sin gle -p lace m e n t-r o b o t T SP+

problem is to m in im ize th e to tal assem bly tim e. Th e

cycle tim e is u sed d irectly as th e basis for th e fitn e ss

sco r e o f a given GA gen om e . Alth ou gh th e so lu tion o f

th is p rob lem was de tailed by Bon e r t et al.. ( 1998) , it is

br ie fly r e-ite r ated h er e to clar ify th e r en d ezvous-p o in t-

p lan n in g p rob lem for th e two -robo t case .

3.1. Calcu lating cycle time

As d iscu ssed in section 2, for a p o ten tial p lace -

m en t sequ en ce th e cycle tim e p e r com p on en t can be

calcu lated based on th e selected ren dezvou s location s

be tween th e d evice s an d th e ir in itial location s. In

ord er to con ve rt th is collection o f p osition s in to tim e,

on e n eed s to kn ow th e trajecto ry o f each d evice from

on e p o in t to th e n ext. For sim p licity, in th is p ape r it

is assu m ed th at all d evice s m ove in stra igh t lin e s

be tween two p o in ts at d evice s’ m axim um allowable

sp eed s. ( O win g to th e m od u lar ity o f th e p ropo sed

solu tion , on e m ay u tilize on e of th e m an y robo t-

trajecto ry op tim ization tech n iqu es p rop osed in th e

lite ratu r e.)

From figu re 4 on e can see th at th e re are fou r

m otion tim es th at n eed to be calcu lated :

( a) th e robo t m otion tim e-to -p ick-location pk
r ti

( b) th e CDS-m otion -tim e to p ick location d t i

( c) th e robo t m otion tim e-to -p lacem en t-location pl
r t i

( d ) th e X-Ytab le m otion tim e-to -p lacem en t location

tt i .

Th e ove ra ll assem bly tim e t fo r a com p le te p op u la-

tion o f a PCB is calcu lated h e r ein as fo llows:

t 5
XN

i 5 1

C i (1)

wh ere Ci is th e tim e it takes to com plete cycle i an d N is

th e n um ber o f com p on en ts on th e PCB. O n e can n o te

th at th e cycle Ci can be d ivid ed in to two p arts: th e tim e

be for e th e en d of th e com p on en t p ick op e ration , an d

th e tim e afte r th e com p on en t p ick op e ration .

3.1.1 . T he time before the end of the component-pick

operation . Th e lim itin g even t is th at bo th th e robo t

an d th e co rr e spon d in g CDS h ave to be at th e p ick

locat ion be fore th e p ick op e rat ion can proceed .

Th e refo re , th e m axim u m of th e CDS an d robo t

m otion tim es to p ick location m u st be con sid e r ed as

th e ove r all p r e-p ick tim e . Th e robo t m otion tim e-to -

p ick-location with r esp ect to th e star t o f cycle Ci is

sim p ly pk
r t i . Fo r th e CDS, on th e o th er h an d , th e

por tion o f m ovem en t th at occu rs with in cycle Ci is o f

in te r est. Th u s, it is n ecessary to co rr ect th e CDS

m otion tim e to p ick location d ti by sub tr actin g th e
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Figure 4. Illu stration of cyclic device m otion tim es.



tim e th e CDS h as h ad off in th e last cycle
of f

d t i . To

com p le te th e calcu lation o f th e fir st p ar t o f th e cycle ,

th e actual com p on en t-p ick tim e
pk

Ci m u st be con -

side r ed as well. Th u s, th e first par t of th e cycle tim e
pick

Ci is

pick
C i 5 m ax [

pk

r t i , (dt i 2
of f

d t i )] 1 pk
ci (2)

In ( 2) th e CDS off tim e (
of f

d ti ) is e ssen t ially th e

secon d p art o f th e last cycle in wh ich th e CDS was

u tilized . Th e re for e , th e secon d p art o f th e cycle will be

exp lain ed fir st to clar ify th e d iscu ssion of th e CDS off

tim e .

3.1.2. T he cycle after the component-pick-up operation . Th is

tim e is calcu lated with re sp ect to th e last kn own m otion

of th e robo t, wh ich is th e en d of th e ith com p on en t-p ick

ope ration . In o rd e r to de te rm in e th e m in im u m tim e for

th e secon d p ar t o f th e cycle , on e h as to de te rm in e th e

m axim u m of th e tim e th e robo t take s to m ove to th e

p lace m en t location pl
r t i , an d th e tim e th e X-Y table take s

to m ove to th e sam e location tti. Th e X-Ytab le ’ s m o tion -

tim e-to -p lacem en t-location m u st con sid e r th e pe r iod

th at th e tab le was p reviously o ff. In ad d ition , th e actu al

com p on en t-p lacem en t tim e
pl

ci h as to be add ed to th e

cycle tim e . Th e re for e, th e secon d par t o f th e cycle
place

Ci

is

place
C i 5 m ax[

pl

r ti , (tt i 2
of f
t tt )] 1 pl

ci (3)

In ( 3) th e X-Y-tab le off tim e is equal to th e en tir e

first p ar t o f th e cycle
pick

Ci, n am ely

of f
t ti 5 m ax[

pk

r t i , (d t i 5
of f

d t i )] 1 pk
ci (4)

Fu rth erm o re , in ord er to calcu late th e CDS off

tim e in cycle Ci on e h as to d ete rm in e th e last tim e

th e CDS was p icked from . If th e CDS was used in th e

last cycle C i-1 , wh e re th e ith com p on en t is p icked

from th e sam e CDS as th e ( i ± 1) th com pon en t, th en

th e o ff tim e is equ al to th e secon d p art o f th e

p r eviou s cycle
pla ce

Ci± 1:

of f

d t i 5 m ax[
pl
r t i 2 1, (t t i 2 1 2

of f
t ti 2 1)] 1 pl

ci 2 1 (5)

O th e rwise, if th e co m p on en t is p icked fro m a

d iffe ren t CDS, th e o ff tim e m u st in clu d e th e ad d ition al

cycles th e CDS h ad tim e off. Th en , th e ove r all o ff tim e

is equ al to th e secon d p art o f th e last cycle th e CDS was

p icked from , p lu s all cycle tim es u p to th e cu r ren t cycle

th at th e CDS was off:

of f

d t i 5
Xi 2 1

j 5 k 1 l

C j 1 m ax[
pl

r tk , (ttk 2
of f
t tk )] 1 pl

ck (6)

wh ere th e in d ex k in th e sum m ation co rr e spon d s to th e

last com p on en t p icked from th e CDS u n d e r con side r a-

tion .

Th e com p le te equ ation for a sin gle cycle Ci is th en

th e sum of th e first par t o f th e cycle
pick

Ci an d th e

secon d par t o f th e cycle
place

Ci:

C i 5 m ax[
pk

r t i , (d t i 2
of f

d t i )] 1 m ax[
pl

r t i , (t ti 2
of f
t t i )]

1 pk
ci 1 pl

ci

(7)

3.2. Methodology

With th e above de fin ition o f th e ob jective fun ction

an d its var iou s in p u t p aram e ter s, it is p ossib le to m od el

an y m u lti-r obo t coo rd in ated system . Th e m e th od o logy

ad ap ted in th is pap e r is th e sim u ltan eou s so lu tion o f

th e m u lti-leve l op tim ization p rob lem u sin g a GA as th e

search en gin e . Nam e ly, th e op tim al gen om e com p rise s

th e best p lace m en t sequ en ce o f th e com p on en ts as we ll

as th e best ren d ezvou s location s be tween th e robo tic

d evice s.

Sin ce on e of th e goals o f ou r work was to exp lor e

th e e ffect o f th e in trod u ction of m ore d of to an

assem bly system , our software is recon figu r ab le to ru n

d iffe r en t se t-up s: op tim izin g th e p osition s o f all-fixed

d evice s; op tim izin g th e fixed location o f th e X-Y tab le

with a m ob ile CDS con figu r ation ; op tim izin g th e fixed

lo ca t io n s o f th e C D Ss with a m o b ile X -Y tab le

con figu r ation ; an d , an all-d evices-m o vin g con figu ration .

T h e software also allows u ser s to e ith e r de fin e th e

location s o f all th e com p on en ts in th e b in s o r h ave th e

GA op tim ize th e ir location s.

3.3. An example

A sim ple PCB p op u lation sequ en ce o f six com p o-

n en ts is op tim ized . Th e gen e ral system set u p d escr ibed

in section 2 is u sed . T h e system con sists o f on e

p lacem en t robo t, two CDSs an d an X-Y tab le . Th e

two -dof gan try-typ e p lacem en t robo t can m ove at a

m axim u m speed of 2 m / s. Th e X-Y table can m ove at a

m axim u m speed of 0.5 m / s. Th e CDSs m ove at a

m axim u m speed of 1 m / s ( Y axis) .

Fo r th e system con figu r ation wh ere all d evice s can

m ove an d in te r act to yie ld th e op tim al assem bly tim e ,

th is sim u lation r e su lted in a to tal tim e of 1.525 s for a

p lacem en t sequ en ce o f ( 0, 1, 2, 5, 4, 3) . Figu re 5 sh ows

th e robo t p ick-an d -p lace p ath an d th e op tim al ren dez-

vo u s location s, fo r a u ser -d e fin ed CDS-com p o n e n t

allocation case .

4. The two-robo t problem

Section 3 p re sen ted th e ob jective fun ction for th e

sin gle-robot TSP+ p rob lem . T h is section will first d e fin e
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th e ob jective fun ction for th e two -robo t case an d th en

so lve th e T SP+ p r o b le m fo r th e ge n e r ic syste m

con figu r ation sh own in figu r e 6. Fo r clar ity p u rp oses,

th e co llision avo id an ce issu e will be ad dre ssed , in

section 4.2, on ly after th e sequen cin g an d ren d ezvou s-

po in t-p lan n in g p rob lem s h ave been d iscu ssed in section

4.1.

4.1. Problem solu tion withou t collision avoidance

considerations

4.1.1. T he objectiv e function . T h e ob je ct ive fu n ction

evalu ates an d assign s a fitn e ss va lu e to a gen om e .

Assem bly tim e is used d irectly as th e basis for th e fitn e ss

sco re . A gen o m e for th e two -rob o t case with n o

collision -avo idan ce con sid e r ation con sists o f fou r par ts:

th e sequ en cin g sub-gen om e , two robo t-assign m en t sub -

gen om es, an d th e r en d ezvou s-po in t sub -gen om e .

Fo r a given robo t, th e co rr espon d in g p ath d e term i-

n ation p roced u re is sim ilar to th at o f th e sin gle-robot

p rob lem . Th e robo t path con sists o f m otio n s be tween

altern atin g p ick-an d -p lacem en t location s. Th ese loca-

tion s d epen d on th e p osition s of th e CDSs an d th e X-Y

tab le. ( i.e . ren d ezvou s locatio n s) .

4.1.2. Calcu lating motion times. Th e cycle tim e Ci fo r two -

robo t system is d e fin ed by

C i 5 m ax[R t i , t ti ] 1 pl
ci (8)

wh ere th e robo t tim e R ti is th e tim e in wh ich th e

robo t un d er con sid e r ation exe cu tes all tasks r equ ired

an d m ove s from th e last p lacem en t location to be

ready to p lace th e n ext com pon en t at th e cu r ren t

p lacem en t location . T h e X-Y tab le tim e tti is th e tim e

th e tab le take s to m ove from th e last p lacem en t

location to th e cu rren t p lacem en t location . T h e robo t

cycle tim e R ti can be d ivid ed in to : th e tim e be fore th e

p ick op e ration , an d th e tim e after an d in clu d in g th e

p ick ope ration .

Th e com p letion o f th e first p ar t o f th e robo t cycle

tim e R t1st
i d ep en d s on bo th th e CDS m otion an d th e

robo t’ s m o tion to th e p ick location . Th e re for e , th e fir st

par t o f th e robo t cycle tim e is th e m axim u m of th e tim e

th e robo t takes to r each th e p ick locatio n an d th e tim e

th e CDS take s to reach it. Th e form er is th e robo t

m otion tim e to p ick location pk
r t i m in us th e robot o ff

tim e of f
r t i . Th e latte r is th e CDS m otion tim e to p ick

location dti m in u s th e CDS off tim e
of f

d t i . T h e re for e

R t1s t
i 5 m ax[(

pk

r t i 2 of f
r ti ), (d ti 2

of f

d t i )] (9)

Th e secon d term in ( 9) of f
r ti is th e tim e th e cu r ren t

robo t h as been off sin ce its last p lace m en t ope ration . If

th e ith com p on en t is p laced by th e sam e robo t as th e ( i-

1) th com p on en t, th en

of f
r t i 5 0 (10)

O th e rwise, it is p laced by th e o th er robo t an d

of f
r ti 5

Xi 2 1

j 5 k 1 1

C j (11)

wh ere th e in d ex k rep re sen ts th e last cycle in wh ich th e

cu r ren t robo t m oved .

Th e fou r th te rm in ( 9)
of f

d t i is th e tim e p e riod th at

th e cu rren t CDS h as n o t been in volved in a p ick

op e ratio n an d h as h ad t im e to m ove toward s its n ext

p ick location . In ord er to calcu late
of f

d t i , th e to tal tim e

of th e last cycle in wh ich th e CDS was p icked , Ck, is

taken , an d th e tim e th e CDS was bu sy is sub tracted from

it. T h e CDS is bu sy for th e first p ar t o f th e robo t cycle

tim e R t1s t
k , an d th e com pon en t p ick tim e

p k
ck . If th e ith

com p on en t is p icked from th e sam e CDS as th e ( i-1) th

com p on en t, th en k=i Ð 1 an d

M . Bon ert et al.306

Figu re 5. Robo t p ick-an d-place path .

Figu re 6. Th e two-robot e lectron ic-comp on en t p lacem en t
m ach in e con figu ration .



of f

d t i 5 C i 2 1 2 m ax [(
pk

r t i 2 1 2 of f
r ti 2 1),

(d ti 2 1 2
of f

d ti 2 1)] 2 pk
ci 2 1

(12)

O th e rwise , it is p icked from th e oth e r CDS, wh e re it

is also n ecessary to ad d all th e o th e r cycles th at th e CDS

h as been off:

of f

d ti 5
Xi 2 1

j 5 k

C j 2 m ax [(
pk

r tk 2 of f
r tk), (d tk 2

of f

d tk )] 2 pk
ck

(13)

wh e re th e in d ex k is th e last cyc le in wh ich a

com p on en t was p icked from th e CDS u n d e r con side r a-

tion .

Th e secon d p art o f th e robo t cycle tim e R t2n d
i

dep en d s on th e p ick op eration tim e
pk

Ci an d th e robo t

m otion tim e to p lacem en t location pl
r t i wh ich occu r

sequ en tially

R t2n d
i 5 pk

ci 1 pl
r t i . (14)

Ad d in g th e first an d secon d p ar ts o f th e robo t cycle

tim e , th e over all r obo t m otion tim e requ ired in ( 8) is

obtain ed as fo llows:

R t i 5 R t1s t
i 1 R t2n d

i 5 m ax [(
pk

r t i 2 of f
r ti ),

(d t i 2
of f

d ti )] 1 pk
ci 1 pl

r t i .
(15)

4.2. T wo-robot problem with collision -avoidance

considerations

As d iscu ssed in section 1 th e two basic collision -

avo id an ce app roach es n o ted in th e lite ratu r e are th e

p a th -p lan n in g-b ased ap p ro ach an d th e t im e-d e lay-

base d ap p roach . T h e co llision -avo id an ce ap p roach

prop osed h e r e ad d s a safe ty d e lay to on e of th e two

robo ts, de layin g its m o tion u n til th e o th er robo t is n o

lon ge r on its path . T h is m e th od m ay app ear to be an

ap p roach based on tim e d elays; h oweve r , sin ce co llision

avo id an ce is in tegrated in to th e GA ( as d escr ibed

below) th e en d re su lt is a com bin ation o f p ath ch an ge s

an d tim e d e lays.

Fo r a given GA gen om e, p o ten tial co llision s are

ave rted by ad d in g a safety d e lay to on e of th e two

robo ts. Th u s, th e tim e it take s to com p le te th e assem bly

for th at p ar ticu lar con figu r ation becom es lon ge r ( th e

fitn e ss o f th e gen om e th at is based on th e assem bly tim e

becom es lowe r) . Th is is wh e re th e co r rection for

co llision avo id an ce as p ar t of th e GA-op tim izat ion

evalu ation becom es valuab le. Sin ce th e var iab les th at

affect th e op tim ization o f th e system also de te rm in e

wh e th e r collision s occu r , a sepa rate co llision -avo id an ce

co r r ection carr ied ou t afte r th e p ath -p lan n in g op tim i-

zation cou ld in ter fer e with th e re su lt. H e re , with th e

co llision avo id an ce in tegr ated in to th e op tim ization , as

is possib le with th e GA, it is still p ossib le to en su re th at

th e so lu tion is n o t on ly co llision free bu t also op tim ized .

4.2.1. T he objective function . T h e GA objective fun ction

evalu ates a gen om e an d assign s a fitn e ss va lu e to it. In

th is section th e ob jective fun ction is id en tical to th e on e

p resen ted in section 4.1.2 with an ad d ition al te rm

re lated to co llision avo id an ce .

4.2.2. Calcu lating motion times. Th e cycle tim e C i is

calcu lated u sin g ( 8) . H oweve r , th e exp re ssion fo r th e

robo t cycle tim e is m od ified by on e ad d ition al safe ty-

d e lay te rm sd
r t i :

R ti 5 m ax [(
pk

r ti 2 of f
r t i ), (d t i 2

of f

d t i )] 1 pk
ci 1 pl

r t i 1 s d
r ti

(16)

Before th e use o f th e safe ty-d e lay te rm in ( 16) on e

m u st de te rm in e if a co llision is possib le at all. It is

assum ed th at th e robo ts do n o t stop an ywh ere excep t at

th e p ick an d p lacem en t location s. Im m ed iate ly afte r a

p lacem en t op e ration , th e cu r ren t robo t star ts to m ove

back to its p ick location .

To carry ou t a collision ch eck, th e robo t state m u st

be m od e lled in sp ace an d tim e . In o rde r to sim p lify

th e co llision d etection p rocess, it was d ecid ed to

m od e l th e robots as `walls’ m ovin g across th e work-

sp ace , as sh own in figu r e 7. Th is m od e llin g sim p lifica-

tion redu ces th e state o f th e robo t ( for co llision

avoid an ce calcu lation s) to two var iab les, th e robo t X-

coord in ate an d a tim e at wh ich th e robo t occu p ies th e

co r r espon d in g p osition .
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Figu re 7. Th e robots m ode lled as walls for collision avoid an ce
de tection .



In figu re 7 for th e p lacem en t o f a com p on en t

Robot 1 m oves from CDS 1 to th e p lacem en t location .

Its m axim u m trave l toward th e o th er robo t is th e X-

coord in ate o f th e p lacem en t location o f com p on en t i,

r1wi. Th e cu rr en t robo t ( Robot 1 in th e exam p le ) can

collid e with th e o th er robo t ( Robo t 2) th at m ay still be

in th e com m on worksp ace . Th e re fore , in d e term in in g

wh e th e r a safe ty de lay is r equ ired , on e m u st ch eck all

p r eviou s cycles, u p to th e last cycle , in wh ich th e

cu r ren t robo t m oved . Ch eckin g th ese p reviou s cycles is

n ecessary sin ce th e cycle sequ en ce de te rm in es on ly

wh e n th e com p on en ts ar e p laced , an d n ot wh en th e

associated p lacem en t robo t star ts m ovin g. With a large

en ou gh robo t o ff-tim e, a robo t in cycle i can star t

m ovin g d u r in g cycle k+1, an d reach th e p lacem en t

location ( p oten tially in th e o th e r robo t’ s path ) to wait

fo r th e X-Y tab le .

Fo r a co llision to occu r , th e position an d tim e for

th e two po ten tially co llid in g robo ts h ave to m atch .

Th e re for e , th e co llision ch eck for th e cu rr en t robo t ( in

cycle i) ch ecks all p revious cycles u n til th e cu r ren t robo t

last m ove ( cycle k) . T o ch eck for an over lap , cycles

( k+1) to ( i Ð 1) ar e exam in ed to en su re th at th e cu r ren t

robo t p lacem en t location in th e X axis ( r1wi) d oes n o t

cro sso ve r with an y o f th e o th e r ro bo t ’ s p r evio u s

p lacem en t location s ( r2w(k+1 ) to r2w(i-1 )) . If an over lap

occu rs in on e or m ore o f th e p reviou s cycles, fu r th e r

te stin g to ch eck th e tim e var iab les is n ecessary to

con firm or d isp rove a co llision .

In th is p ap e r , co llision is d efin ed as a situation in

wh ich th e cu r ren t robo t en te rs th e ove r lap r egion

be for e th e o th e r robo t h as left it. In th e case in wh ich

bo th p osition an d tim e var iab les in d icate th at th e robo ts

ar e in th e ove rlap region at th e sam e tim e , a p r even tive

str ategy m ust be d eve lop ed . Th e ap p roach h ere is to

in tr od u ce a d e lay to th e cu r ren t ( cycle ’ s) rob ot ’ s

m o tion to allow th e o th er robo t to leave th e over lap

region be for e th e cu rr en t robo t en te rs it.

Afte r all th e cycles j=( k+1) to ( i Ð 1) h ave been

tested for co llision , it is p ossible to calcu late th e exact

am ou n t o f tim e d e lay r equ ired to avo id a co llision for a

par ticu lar cycle j. Th e d elay in trod u ced is th e tim e

requ ired by th e obstru ctin g robo t to clear th e over lap

ar ea be fore th e cu rren t robo t en te rs th e ove rlap area

( Bon e rt 1999) .

4.3. Simulation examples

Th e fo llowin g two con figu r ation s we re con sid er ed

fo r a six-com p on en t board :

( a) all d evice s m ovin g with user-d e fin ed -CDS alloca-

tion ; co llision -avo id an ce rou tin e is n o t em p loyed

( b) all devices m ovin g, with user-d e fin ed -CDS alloca-

tion ; co llision -avo id an ce rou tin e is em p loyed .

Fo r case ( a) , th e sim u lation yie ld ed a m in im u m

total tim e of 1.061 s with a p lacem en t sequen ce o f ( 4,

2, 3, 0, 5, 1) . Figu r e 8 sh ows th e p lo t o f th e two

robo ts’ p osition s ( X-coord in ate ) ve r sus tim e , allowin g

for a qu ick visu al co llision id en tification . O n such

p lots, an y location wh ere th e lin e rep re sen tin g Robo t

1’ s m ovem en t crosse s Robo t 2 ’ s lin e in d icate s a

co llision even t. Th e r e are two co llision even ts in th e

exam p le con sid er ed . T h e first occu r s wh en Robo t 2

co llid e s with Robo t 1 wh ile tryin g to p lace Com p o-

n en t 2. Th e secon d co llision occu rs wh en Robo t 2
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Robot 1

Robot 2

Figu re 8. Robo t X-coor d in ate versus tim e ; n o co llision -

avoid an ce rou tin e .

Robot 1

Robot 2

Figure 9. Robot X-coord in ate versus tim e; with collision -
avoid an ce rou tin e .



tr ie s to p lace Com p on en t 1 an d co llid e s with Robo t 1

p lacin g Com p on en t 5.

Fo r case ( b) , wh e re co llision -avo id an ce is con sid -

er ed , th e sim u lation yie ld ed a m in im u m to tal tim e of

1.151 s with a d iffe r en t p lacem en t sequ en ce o f ( 5, 1, 3,

2, 4, 0) . Figu r e 9 shows th e robo ts’ position s ve rsu s tim e .

In th is case , as exp ected , th e robo t tim e lin e s d o n o t

cross; n o co llision s occu r .

Th e prop osed m e th od o logy an d th e sim u lation

too ls we re also used to p lan an assem bly p rocess for a

com m ercial PCB. Th e p lace m en t o f all th e su rface

m ou n ted com p on en ts on a n e two rk card sh own in

figu re 10 was m od elled .

Th e com p on en ts we re n um bered from 0 to 36. Th e

sim u lation for th e sin gle-robo t case , ( all d evice s m ovin g

with d yn am ic CDS allocatio n ) r esu lted in an assem bly

tim e of 11.530 s with a p lacem en t sequ en ce o f ( 2, 35,

28, 14, 9, 12 , 11, 21 , 17 , 32, 31 , 10 , 18, 36 , 29 , 1, 6, 8, 5, 3,

0, 25, 33, 34, 30, 7, 15, 24, 26 , 22, 20, 4, 19, 27, 16, 13,

23) . Th e sim u lation for th e two-robo t case re su lted in a

tim e of 6.123 s with a sequ en ce o f ( 33, 6, 32, 22, 29, 0,

19, 24, 3, 13, 20, 2, 11, 7, 15, 16 , 9, 27, 14, 18 , 21, 36, 10,

8, 4, 5, 35, 1, 17, 12, 31, 26 , 28, 23, 30 , 25, 34) .

5. Conclusions

Th is p ape r h as p r esen ted a gen e ralized p o in t-to -

po in t ( PTP) m otio n -p lan n in g tech n ique for m u ltip le

coord in ated assem bly robo ts. Th e p rop osed ap p roach

m in im izes assem bly tim es u sin g gen e t ic algo rith m s

( GAs) . Specifically, as an exam ple area th e op tim ization

o f th e e lectron ic com p on en t p lacem en t p rocess was

ad d re ssed .

Th e co llision avo id an ce str ategy p rop osed is a ru le -

based ap p roach an d is d ir ectly in co rp o rated in to th e

objective fun ction o f th e GA. Sin ce th e p aram e ter s o f

sequ en cin g an d device p osition s du rin g p ick-an d -p lace

op e ra tion s affect bo th th e collision avo id an ce p rob lem

an d th e p e rform an ce of a given p lace m en t strategy,

bo th are sim u ltan eou sly op tim ized .
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