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A b s t r a c t 

Thi s pape r  present s a n approac h t o describin g 
grou p behavio r  usin g simpl e loca l  interaction s 

among individuals .  W e propos e tha t  fo r  a  give n 

domai n a  se t  o f  basi c interaction s ca n b e define d 

whic h describe s a  larg e variet y o f  grou p behaviors . 

The methodolog y w e presen t  allow s fo r  simplifie d 

qualitativ e analysi s o f  grou p behavio r  throug h th e 

use o f  share d goals ,  ki n recognition ,  an d minima l 

communication .  W e als o demonstrat e ho w thes e 

basi c interaction s ca n b e simpl y combine d int o 

mor e comple x compoun d grou p behaviors . 

To validat e ou r  approac h w e implemente d a n ar -
ra y o f  basi c grou p behavior s i n th e domai n o f  spa -

tia l  interaction s amon g homogeneou s agents .  W e 

describ e som e o f  th e experimenta l  result s fro m tw o 

distinc t  domains :  a  softwar e environment ,  an d a 

collectio n o f  2 0 mobil e robots .  W e als o describ e 

a compoun d behavio r  involvin g a  combinatio n o f 
th e basi c interactions .  Finally ,  w e compar e th e 

performanc e o f  homogeneou s group s t o thos e o f 

dominanc e hierarchie s o n th e sam e se t  o f  basi c be -

haviors . 

Introduction 

Our  wor k i s base d o n th e belie f  tha t  intelligenc e is , 

at  leas t  partially ,  a  socia l  phenomenon .  I n orde r 

t o understan d an d analyz e intelligen t  behavior ,  w e 

need t o stud y agent s situate d i n socia l  contexts . 
We examin e grou p behavio r  b y focusin g o n on e o f 

th e simples t  socia l  contexts :  a  collectio n o f  agent s 

sharin g c o m m o n goals ,  a n analog y t o a  famil y o f 

kin . 

Grou p behavio r  i s a  resul t  o f  th e loca l  interac -

tion s betwee n th e member s o f  a  group ,  an d thei r 

interaction s wit h th e environment .  Loca l  dynam -
ic s betwee n individual s produc e consequence s a t 

th e collectiv e level .  Thus ,  grou p behavio r  ca n nei -

the r  b e analyze d nor ,  fo r  th e purpose s o f  A I  an d 

robotics ,  synthesize d b y observin g a  singl e individ -

ual .  However ,  eve n th e behavio r  o f  a  singl e agen t 

i s unpredictable ,  an d th e th e multi-agen t  cas e i s 

considerabl y mor e comple x (Lozano-Perez ,  Maso n 

& Taylo r  1984 ,  Cann y 1988 ,  Brook s 1991) . 

I n thi s pape r  w e presen t  a  methodolog y fo r  de -

scribin g grou p behavio r  whic h allow s fo r  simpli -

fied  synthesi s an d analysis .  Ou r  approac h con -

sist s o f  observin g a  grou p behavio r  a s a  collectio n 

of  bcisi c behavior s consistin g o f  simpl e loca l  in -

teractions ,  an d combine d int o mor e comple x ag -

gregates .  W e demonstrat e ho w th e us e o f  share d 

goals ,  ki n recognition ,  an d limite d communicatio n 

ai d i n generatin g suc h grou p behaviors .  Finally , 

we validat e ou r  methodolog y o n bot h softwar e an d 

physica l  agents ,  an d evaluat e an d discus s th e im -

plication s o f  th e experimenta l  data . 

Inferring Goals 

Th e behavio r  o f  a  societ y a s a  whol e i s determine d 

by th e tempora l  consequence s o f  th e loca l  interac -

tio n betwee n th e individuals .  Thes e loca l  inter -

action s ar e determine d b y th e agents '  goals ,  th e 

amount  o f  informatio n eac h agen t  ha s abou t  th e 

others ,  an d th e agents '  abilit y  t o ac t  o n tha t  infor -

mation .  O n e o f  th e determinant s o f  th e complex -

it y o f  a  societ y i s  th e amoun t  o f  varianc e a m o n g 

th e individuals. ^  Fo r  th e purpose s o f  thi s work , 

th e varianc e ca n b e expresse d a s th e differenc e i n 
individua l  goals .  W e hav e studie d th e effect s o f 

th e differenc e i n th e goa l  structur e an d th e abilit y 

t o communicat e thos e goal s o n th e complexit y o f 

th e society . 

I n orde r  fo r  a  societ y t o function ,  i t  mus t  over -

come condition s o f  persistin g inter-agen t  interfer -

ence .  Eve n i n th e simples t  societ y i n whic h al l  o f 
th e agent s hav e identica l  goal s a t  al l  times ,  con -

flicts,  suc h a s competitio n fo r  resources ,  ca n arise . 

I n mor e divers e societie s wher e agents '  goal s differ , 

increasingl y comple x conflict s ca n persist ,  includ -

in g clobberin g o f  eac h other' s work ,  deadlock ,  an d 

'Assumin g th e varianc e i s manifeste d i n th e indi -
vidua l  behavior . 
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oscillations . 

I t  m a y appea r  necessar y fo r  agent s t o b e abl e 

t o infe r  eac h other' s goal s i n orde r  t o locall y ac t 

i n suc h a  wa y a s t o produc e coheren t  globa l  re -

sults .  Thi s abilit y  require s a  hig h computationa l 

an d cognitiv e overhea d (Gasse r  &  N .  Huhn s 1989 , 

Rosenschei n &  Geneseret h 1985 ,  Axelro d 1984) . 

However ,  wor k i n bot h developmenta l  psycholog y 

jin d etholog y indicate s tha t  inferrin g th e goal s o f 

othe r  agent s i s no t  necessar y fo r  a  larg e repertoir e 

of  comple x interaction s (Tomasello ,  Kruge r  & 

Rathe r  1992 ,  McFarlan d 1987 ,  Goul d 1982 ,  Rosen -

tha l  &  Z i m m e r m a n 1978) .  Th e alternativ e i s t o 

bas e interaction s o n observabl e externa l  behavio r 

and it s  interpretation .  O f  course ,  th e interpre -

tatio n i s determine d b y th e amoun t  o f  knowledg e 

aveulabl e t o th e agent .  I n developmenta l  an d etho -

logic£i l  wor k th e knowledg e i s  innat e an d difficul t 

t o circumscribe .  I n contrast ,  computationa l  an d 

robo t  experiment s allo w u s t o var y th e goal s an d 

th e amoun t  o f  built-i n knowledge .  W e hav e per -

forme d a  numbe r  o f  suc h experiments .  I n particu -

\ai ,  ou r  wor k ha s demonstrate d tha t  significan t  in -

formatio n abou t  a n individual' s goal s i s reflecte d 

i n th e behavior ,  th e externall y observabl e state , 

an d ca n b e obtaine d wit h minima l  i f  an y direc t 

communication . 

Homogeneity and Similarity 

To evaluat e ho w muc h knowledg e an d communica -
tio n i s necessary ,  w e hav e focuse d o n th e simplest , 

bu t  b y n o mean s simple ,  for m o f  a  society ,  on e con -

sistin g o f  homogeneou s agents ,  o r  kin .  Th e agent s 

ar e homogeneou s i n tha t  the y ar e situate d i n th e 

same world ,  embodie d wit h simila r  abilities ,  an d 

hav e simila r  goa l  structures .  Suc h similarit y ha s 

importan t  implications . 

Identica l  an d simila r  agent s hav e innat e knowl -

edg e o f  eac h other .  Thus ,  homogeneit y allow s fo r 

leavin g m u c h o f  th e informatio n abou t  th e worl d 

implicit .  Sinc e agent s shar e a  c o m m o n goa l  struc -

ture ,  thei r  behavio r  i s implicitl y o r  explicitl y  pre -

dictabl e t o eac h other . 

I n additio n t o predictability ,  homogeneit y of -

fer s th e societ y flexibility  i n tha t  agent s ar e in -

terchangeable .  Give n thei r  similarity ,  agent s d o 

not  nee d identitie s an d thu s d o no t  requir e abili -

tie s fo r  identification .  Further ,  irregula r  behavio r 

of  an y individua l  shoul d no t  seriousl y affec t  th e 

group ,  sinc e n o particula r  agen t  o r  grou p o f  agent s 

i s critical . 

Takin g advantag e o f  homogeneit y depend s o n a 

fundamenta l  property :  agent s mus t  b e abl e t o rec -

ogniz e kin ,  othe r  agent s o f  th e sam e kind .  Wi t h 

thi s ability ,  whic h i s innat e an d ubiquitou s i n na -

ture ,  eve n th e simples t  o f  loca l  interaction s ca n 

produc e purposiv e collectiv e behavior . 

Th e followin g exampl e describe s th e us e o f  ho -

mogeneit y an d ki n recognition .  I f  whe n drivin g o n 

a two-lan e roa d w e encounte r  a n oncomin g car ,  w e 

ar e confiden t  tha t  th e righ t  behavio r  i s t o sta y i n 

our  lane ,  sinc e th e othe r  ca r  wil l  follo w th e sam e 

strategy." ^  However ,  i f  instea d o f  a  ca r  a n elephan t 

i s approaching ,  ther e i s n o clearl y righ t  behavio r 

sinc e ther e i s n o wa y o f  predictin g wha t  th e ele -

phan t  wil l  do. ^  A s homogeneit y an d similarit y 

greatl y reduc e individua l  cognitiv e requirements , 

we us e the m fo r  simplifyin g th e proces s o f  bot h 

generatin g an d understandin g grou p behavior . 

Group Behavior from Basic 

Interactions 

Irrespectiv e o f  th e simplicit y o f  th e individu -

als ,  th e globa l  consequence s o f  eve n th e sim -

ples t  loca l  interaction s ca n b e arbitraril y  com -

plex .  I n general ,  i s  impossibl e t o predic t  precisel y 

or  eve n qualitativel y wha t  th e global-leve l  behav -

io r  o f  suc h a  syste m wit h interactin g component s 

wil l  b e (Matari c 1992 ,  Weisbuc h 1991 ,  Wiggin s 

1990 ,  Nicoli s k  Prigogin e 1989) .  Societie s ar e b y 
natur e comple x system s an d a s suc h d o no t  len d 

themselve s t o an y traditiona l  method s o f  analysis . 

Whil e i t  i s  impossibl e t o predic t  th e behavio r  o f 

an arbitrar y society ,  w e propos e tha t  i t  i s  possi -

bl e t o perfor m qualitativ e analysi s i f  th e behavio r 

of  th e syste m ca n b e represente d a s a  collectio n 

of  basi c interaction s whos e dynamic s ar e wel l  un -

derstood .  Basi c interaction s ar e behavior s typica l 

fo r  a  particula r  society .  Thes e behavior s ar e sta -

ble ,  repeatable ,  observabl e a t  a  globa l  level ,  an d 

determine d b y th e goal s an d loca l  interaction s o f 

th e individuals .  Basi c grou p behavior s ar e ob -
servabl e i n th e interactio n spac e o f  th e particu -

la r  society .  Th e mos t  obviou s one s tak e plac e i n 

physica l  spac e (suc h a s flocking ,  herding ,  follow -

ing ,  traffi c  jams) .  Mor e comple x one s operat e i n 

informationa l  space .  Fo r  example ,  individua l  com -

petition s fo r  authorit y repeatabl y lea d t o th e for -

matio n o f  dominanc e hierarchies .  Similarly ,  cer -

tai n pattern s o f  stoc k tradin g lea d t o stoc k marke t 

crashes .  I n bot h cases ,  th e interaction s betwee n 

individual s ar e simpl e bu t  th e resultin g globa l  be -

havio r  i s complex . 

Our  wor k i s  base d o n th e belie f  tha t  mos t  o f 

Încidentally ,  w e us e a  simila r  strateg y wit h ou r 
robot s 

^Exampl e du e t o Ro d Brooks . 
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grou p behavio r  consist s o f  suc h simpl e basi c inter -

actions .  Consequently ,  whil e th e exac t  behavio r  o f 

each individua l  ma y no t  b e known ,  th e collectiv e 

behavio r  i s qualitativel y predictabl e an d rejieat -

able .  Whil e i n practic e mos t  societie s ar e to o com -

ple x (i n term s o f  individuals '  behavio r  ii s  wel l  a s 

thei r  interactions )  t o b e modele d analytically ,  sta -

bl e grou p interaction s ca n b e use d fo r  qualitativ e 

analysis, *  a s wel l  a s fo r  designin g grou p behaviors . 

We hav e applie d th e concep t  o f  basi c grou p be -

havior s t o a  collectio n o f  softwar e an d hardwar e 

agents ,  an d hav e focuse d o n thei r  manifested ,  ob -

servabl e interactions .  Consequently ,  i n thi s wor k 

interactio n mean s action .  B y placin g ou r  experi -

ment s i n physica l  space ,  w e ca n demonstrat e grou p 

behavio r  o n simpl e example s o f  physica l  inter -

action s an d spatia l  patterns .  W e use d th e con -

straint s impose d b y th e environmen t  an d th e me -

chanic s o f  th e agent s t o construc t  a  se t  o f  basi c 

interaction s w e cal l  behavio r  •primitives  (Matari c 

1992)  whic h allo w fo r  a  variet y o f  grou p behav -

iors .  Th e nex t  sectio n describe s ou r  experimenta l 

methodology ,  environments ,  an d results . 

Experimental Methodology 

and Results 

The goa l  o r  ou r  wor k i s t o elucidat e socia l  inter -

actio n b y synthesizing ,  observing ,  an d analyzin g 

phenomena simila r  t o thos e ob.serve d i n biology , 

sociology ,  an d anthropology .  Sinc e behavio r  ob -

servatio n i s th e primar y methodolog y fo r  testin g 

our  theories ,  i t  i s  importan t  t o attemp t  t o identif y 

th e effect s o f  th e experimenta l  environmen t  fro m 

thos e intrinsi c t o th e interactio n bein g observed . 
Towar d thi s end ,  w e us e tw o ver y differen t  tes t  en -

vironments ,  on e i n softwar e an d on e i n hardware . 

The softwar e environmen t  consist s o f  a n inter -

actio n modele r  whic h allow s fo r  implementin g a 
variet y o f  agen t  type s an d grou p size s situate d i n 

a simplifie d versio n o f  th e physic s o f  th e world . 

The mai n purpos e o f  th e modele d environmen t  i s 

observin g an d testin g a  variet y o f  grou p behavior s 

and comparin g the m t o thos e observe d o n biolog -

ica l  an d syntheti c agents . 

The hardwar e environmen t  consist s o f  a  collec -

tio n o f  2 0 foot-lon g mobil e robot s capabl e o f  de -

tectin g eac h other ,  an d equippe d wit h a  forklif t  fo r 
pickin g up ,  carrying ,  an d stackin g objects .  Thes e 

basi c abilitie s ar e use d t o construc t  variou s task s 

*Ai i  analogou s notio n ca n b e foun d i n comple x dy -
namics .  Basi c grou p interaction s correspon d t o attrac -
tors ,  th e region s o f  phas e spac e i n whic h th e behavio r 
of  th e syste m i s stable . 

and experiments ,  i n whic h th e robot s ar e ru n au -

tonomously . 

Whil e th e variou s sensory ,  mechanical ,  an d com -

putationa l  limitation s o f  th e hardwar e environ -

ment  severel y limi t  th e type s o f  experiment s tha t 

can b e implemented ,  th e environmen t  offer s som e 

uniqu e features .  I n particular ,  a  physica l  im -

plementatio n introduce s th e unavoidabl e varianc e 

among th e agent s whic h ha s a n effec t  o n th e re -

sultin g grou p behavior .  I n spit e o f  th e identica l 

software ,  th e robot s behav e differentl y du e t o thei r 

slightl y varie d physica l  properties .  Thi s varianc e 

provide s a  stringen t  tes t  fo r  ou r  grou p behavio r 

strategies . 

Communication and Cooperation 

I n orde r  t o focu s o n th e simples t  loca l  interactions , 

as wel l  a s contro l  th e effect s o f  communicatio n o n 

grou p behavior ,  w e impose d som e limitation s o n 

th e typ e an d amoun t  o f  communicatio n availabl e 

t o ou r  agents .  N o explici t  one-to-on e communica -

tio n betwee n th e agent s wa s use d i n an y o f  th e ex -

periments .  W e defin e explici t  cooperatio n a s a  se t 

of  interaction s whic h involv e exchangin g informa -

tio n o r  performin g action s i n orde r  t o hel p anothe r 

agent .  I n contrast ,  implici t  cooperatio n consist s o f 

action s tha t  ar e a  par t  o f  th e agent' s ow n goal -

achievin g behavior ,  bu t  ma y hav e effect s i n th e 
worl d tha t  hel p othe r  agent s achiev e thei r  goals . 

I n th e describe d experiments ,  cooperatio n i s im -

plicit ,  a s agent s affec t  on e anothe r  throug h thei r 
externa l  stat e an d actions . 

We conducte d a  numbe r  o f  test s o f  variou s be -

havior s usin g n o direc t  communication ,  an d re -

lyin g entirel y o n th e agent s sensin g th e externa l 

stat e o f  others .  W e subsequentl y adde d a  loca l 

broadcas t  abilit y  fo r  som e behaviors ,  allowin g th e 

agent s t o transmi t  a  simpl e messag e withi n a  smal l 

radius .  Consequently ,  ou r  wor k s o fa r  ha s use d n o 

explici t  cooperatio n betwee n agents . 

Thes e communicatio n an d cooperatio n con -

straint s wer e chose n i n orde r  t o tes t  th e limit s o f 

implici t  communicatio n a s advocate d b y th e pre -

viousl y describe d developmenta l  psycholog y an d 

etholog y theories . 

Experiments 

Our  experiment s t o dat e ar e base d o n physica l 

interaction s amon g agents .  Consequently ,  th e 
demonstrate d grou p behavior s ar e th e variou s 

manifeste d collectiv e spatia l  an d tempora l  pat -

terns .  W e hav e develope d a  collectio n o f  simpl e lo -

cal  rule s tha t  implemen t  th e followin g basi c grou p 

behaviors :  collisio n avoidance ,  following ,  disper -
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sion ,  aggregation ,  homing ,  an d flocking. 

Thes e behavior s wer e demonstrate d t o b e re -

peatabl e an d reliabl e ove r  multipl e time-extende d 

trials .  Th e behavior s wer e show n t o b e stabl e ove r 

a variet y o f  initia l  conditions ,  an d insensitiv e t o 

smal l  perturbation s i n th e variou s perceptua l  an d 

effecto r  variables .  Further ,  mos t  o f  th e behavio r 

primitive s wer e implemente d wit h multipl e algo -

rithms ,  whos e variation s i n performanc e wer e du e 

t o th e implementationa l  details ,  bu t  whos e overal l 

behavio r  wa s consistent .  Th e detail s o f  th e robo t 

implementatio n ar e describe d i n Matari c  (1992) . 

Additiona l  experimenta l  dat a i s availabl e bot h nu -

mericall y an d o n vide o tape . 

Combining Behaviors 

crowde d 

1 dispersio n 
dro p 

alon e 

avoidinpy^y^^^^gj-^j^^^s^amlerin g 

interferenc e 

picku p / 
/ 

sens e puc k 

jlon e 

avo id iny^^ ,n in ^ 

homin g 
m 

"  interferenc e 

sens e h o m e 

r 
homin g y  followin g | 

behin d ki n 

homin g 

crowde d 
flockin g 

Figur e 1 :  Th e behavio r  structur e o f  th e foragin g 

agents .  Shade d state s indicat e carryin g a n object . 

Basi c behavior s ar e italicized . 

The basic behaviors generated by the interac-

tio n primitive s demonstrat e ho w ver y simpl e loca l 

interaction s ca n generat e a  variet y o f  usefu l  globa l 

behaviors .  Furthermore ,  the y constitut e usefu l 

buildin g block s fo r  compoun d behaviors ,  whic h 

consis t  o f  spatia l  an d tempora l  combination s o f 

th e baisi c behaviors .  I n ou r  experimenta l  spatia l 

domain ,  thes e behavior s includ e herdin g (consist -

in g o f  flocking  an d homing) ,  convoyin g (avoidanc e 

and following) ,  foragin g an d gathering ,  etc . 

We ar e currentl y demonstratin g foragin g an d 

gathering ,  whic h combine s th e describe d basi c be -

haviors .  Th e high-leve l  goa l  o f  th e grou p i s t o col -

lec t  object s foun d anywher e i n th e environmen t 

and delive r  the m home .  I n additio n t o havin g th e 

basi c socia l  behavio r  repertoire ,  individua l  agent s 

ar e als o abl e t o recogniz e an d manipulat e objects . 

However ,  the y hav e n o mode l  o f  th e environment , 

nor  a  globa l  vie w o f  it . 

The interna l  behavio r  structur e o f  th e eac h o f 

th e agent s i s identical ,  an d specifie s th e condition s 

triggerin g eac h o f  th e basi c socia l  behavior s (Fig -

ur e 1) .  Foragin g i s initiate d b y dispersion ,  fol -

lowe d b y a  searc h fo r  objects .  Findin g a n objec t 

trigger s homing .  Encounterin g anothe r  agen t  wit h 

a diff'eren t  immediat e goa l  (a s manifeste d b y it s ex -

terna l  state ,  e.g .  no t  carryin g a n object) ,  induce s 

avoidance .  Conversely ,  encounterin g kin ,  anothe r 

agent  wit h th e sam e externa l  stat e (carryin g some -

thing ,  o r  approachin g a n are a wit h fre e objects ) 

trigger s following .  Thre e o r  mor e follower s initi -

at e flocking.  Reachin g hom e an d depositin g th e 

objec t  restart s dispersion . 

Foragin g demonstrate s ho w basi c behavior s ca n 

be combine d int o a  higher-leve l  compoun d behav -

ior .  Th e combinatio n i s simpl e i n tha t  conflict s be -

twee n tw o o r  mor e interactin g agents ,  eac h poten -

tiall y  executin g a  diff'eren t  behavior ,  ar e resolve d 
uniforml y du e t o agen t  homogeneity .  Sinc e al l  o f 

th e agent s shar e th e sam e goa l  structure ,  the y wil l 

al l  respon d t o th e environmenta l  conditio n consis -

tently .  Fo r  example ,  i f  a  grou p o f  agent s i s flocking 

towar d hom e an d i t  encounter s a  fe w agent s dis -

persing ,  th e diff'erenc e i n th e agents '  externa l  stat e 

wil l  eithe r  induc e ki n followin g o r  non-ki n avoid -

ance ,  thu s dividin g th e grou p again . 

Our  experiment s hav e serve d t o demonstrat e 

tw o points :  1 )  coheren t  grou p behavior s o f  spa -

tiall y  interactin g physica l  agent s ca n resul t  fro m 

simpl e loca l  interaction s an d 2 )  complex ,  time -

extende d collectiv e behavior s o f  suc h agent s ca n 

resul t  fro m a  simpl e combination s o f  relativel y fe w 

basi c grou p behaviors .  W e ar e no w lookin g fo r 

simila r  simpl e interaction s producin g globa l  con -

sequence s i n other ,  non-spatia l  domains . 

Heterogeneous Groups 

I n th e experiment s describe d s o fa r  th e agent s 

were full y  homogeneous .  A s a  contro l  study ,  a s 

wel l  a s a n attemp t  t o addres s a  large r  variet y o f 

socia l  interactions ,  w e hav e introduce d dominanc e 

hierarchie s int o ou r  agen t  societies . 

I n particular ,  w e hav e teste d th e performanc e 

of  dominanc e hierarchie s usin g hierarchica l  contro l 

strategie s o n tw o o f  th e basi c behavior s describe d 

above :  aggregatio n an d dispersion .  Thes e tw o be -

havior s wer e chose n becaus e simpl e performanc e 

evaluatin g criteri a coul d b e applied .  Specifically , 

give n sufficien t  space ,  aggregatio n an d dispersio n 
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Figure 2: The performance of two different aggre-

gatio n algorithm s base d o n tim e t o reac h stati c 

state .  Tw o terminatio n condition s wer e tested :  a 

singl e aggregat e (dat a point s show n wit h boxes ) 

and a  fe w stabl e group s (dat a point s show n wit h 

dots) .  Th e performanc e o f  hierarchica l  algorithm s 

i s interpolate d wit h soli d line s whil e th e homoge -

neous one s ar e interpolate d wit h dotte d lines . 

can reach a static state, i.e. obtain the desired dis-

tanc e betwee n th e agents .  Consequently ,  i t  i s  rela -

tivel y simpl e t o compar e th e performanc e o f  differ -
ent  aggregatio n an d dispersio n algorithm s base d 

on th e tim e eac h require d t o reac h stati c termina -

tio n conditions .  I n contrast ,  followin g an d flockin g 

ar e no t  a s simpl y evaluate d du e t o thei r  dynami c 

nature . 

I n thi s se t  o f  experiment s th e collectio n o f  agent s 
was cleissifie d int o a  tota l  order ,  base d o n a  ran -

doml y assigne d uniqu e I D number ,  thu s simu -

latin g a n establishe d peckin g orde r  i n th e grou p 

(Chas e 1982 ,  Chas e k  Rohwe r  1987) .  Unlik e 

th e homogeneou s algorithms ,  i n whic h al l  agent s 

moved simultaneousl y accordin g t o identica l  loca l 

rules ,  i n th e hierarchica l  ccis e th e I D numbe r  de -

termine d whic h agent s wer e allowe d t o mov e whil e 

other s waited .  (I n al l  cases ,  a  simpl e precedenc e 

orde r  wa s establishe d suc h tha t  withi n a  smal l  ra -

diu s th e agen t  wit h th e highes t  I D go t  t o move. ) 

As i n th e homogeneou s case ,  w e teste d multipl e 

hierarchica l  algorithm s fo r  eac h o f  th e grou p be -

haviors . 

Usin g th e softwar e environment ,  w e conducte d 

20 experiment s wit h eac h grou p siz e (3 ,  5 ,  10 ,  15 , 

and 2 0 agents )  an d eac h o f  th e algorithms .  Ad -

ditionally ,  w e teste d th e algorithm s o n tw o differ -

ent  degree s o f  tas k difficulty .  Fo r  aggregatio n w e 

teste d tw o terminatin g conditions :  a  singl e aggre -

gat e containin g al l  o f  th e agents ,  an d a  smal l  num -
ber  o f  stabl e aggregates .  Th e forme r  terminatin g 

conditio n i s mor e difficult .  Similarly ,  fo r  disper -

6 8  1 0 1 2 1 4 U i g -

Number of Agents 

20 

Figur e 3 :  Th e performanc e o f  tw o differen t  disper -

sio n algorithm s base d o n tim e t o reac h stati c state . 

Two initia l  state s wer e tested :  a  rando m distribu -

tio n (dat a point s show n wit h stars )  an d a  packe d 

distributio n (dat a point s show n wit h crosses) .  Th e 

performanc e o f  th e hierarchica l  algorithm s i s in -

terpolate d wit h soli d line s whil e th e homogeneou s 

ones ar e interpolate d wit h dotte d lines . 

sion we tested two initial conditions: a random 

distributio n o f  initia l  positions ,  an d a  packe d dis -

tributio n i n whic h al l  o f  th e agent s star t  ou t  i n on e 

hal f  o f  th e availabl e space .  Th e latte r  conditio n i s 

more difficult . 

We foun d that ,  i n th e cas e o f  aggregation ,  hier -

archica l  strategie s performe d slightl y bette r  tha n 

totall y homogeneou s ones .  Figur e 2  plot s th e av -

erag e numbe r  o f  move s a n agen t  take s i n th e ag -

gregatio n tas k again s th e differen t  grou p size s an d 

th e tw o differen t  terminatin g conditions :  a  sin -

gl e aggregat e an d a  fe w stabl e groups .  Bot h hier -

archica l  an d homogeneou s algorithm s behave d a s 

expected ,  improvin g o n th e simple r  o f  th e tw o ter -

minatin g conditions .  Thei r  performanc e decline d 

consistentl y wit h th e growin g grou p size . 

Unlik e aggregation ,  i n th e cas e o f  dispersion , 

homogeneou s strategie s outperforme d hierarchica l 

ones .  Figur e 3  plot s th e averag e numbe r  o f  move s 

an agen t  make s i n th e dispersio n tas k fo r  th e differ -

ent  grou p size s o n tw o differen t  initia l  conditions : 

a rando m distribution ,  an d a  packe d initia l  state . 

Again ,  bot h hierarchica l  an d homogeneou s algo -

rithm s improve d wit h th e easie r  initia l  conditions . 

Althoug h th e performanc e differenc e betwee n 

th e homogeneou s an d hierarchica l  algorithm s wa s 

repeatabl e an d consistent ,  i t  wa s small ,  an d it s 

magnitud e barel y surpasse d th e standar d devia -

tio n amon g individua l  trial s fo r  eac h o f  th e algo -

rithm s an d grou p sizes .  Th e standar d deviatio n 

was particularl y significan t  i n th e cas e o f  smal l  ( 3 
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and 5 )  grou p sizes .  W e believ e tha t  th e differenc e 

betwee n th e tw o strategie s woul d b e negUgibl e o n 

physica l  agents . 

The experiment s comparin g simpl e hierarchica l 

and homogeneou s algorithm s demonstrat e tha t  fo r 

th e describe d domai n simpl e hierarchica l  strate -

gie s d o no t  improv e th e globa l  performance .  I n ou r 

experiments ,  hierarchie s wer e assigne d randoml y 

sinc e al l  o f  th e agent s ar e identical .  Mor e com -

ple x hierarchica l  strategie s coul d b e devised ,  bu t 

woul d requir e a n increase d perceptua l  an d cogni -

tiv e overhead .  Fro m ou r  dat a w e ca n hypothesiz e 

tha t  fo r  simpl e spatia l  domain s 1 )  th e simplest , 

homogeneou s solutio n work s well ,  an d 2 )  quit e a 

bi t  mor e knowledg e an d processin g i s require d t o 

significantl y improv e it . 

Conclusions 

In this paper we discussed an approach to describ-

in g an d synthesizin g grou p behavior .  W e propose d 

tha t  fo r  a  give n domai n a  se t  o f  basi c interaction s 

can b e identifie d fo r  describin g a  larg e variet y o f 

grou p behaviors .  T o validat e ou r  approac h w e 

hav e demonstrate d a n arra y o f  suc h basi c grou p 

behavior s i n th e domai n o f  spatia l  interaction s o f 

mobil e agents .  W e implemente d an d teste d th e 

basi c behavio r  se t  o n tw o distinc t  domain s an d 

ar e currentl y usin g i t  t o tes t  compoun d behavior s 

wit h variou s goa l  structures . 

Our  wor k t o dat e ha s demonstrate d th e sim -

plifyin g advantage s provide d b y agen t  homogene -

it y an d similarity .  W e hav e als o show n tha t  fo r 

simpl e spatia l  behavior s n o dominanc e hierarchie s 

ar e necessary ,  o r  indee d helpful .  W e ar e currentl y 

extendin g ou r  approac h t o domain s involvin g in -

formatio n trading ,  imitatio n an d socia l  learning . 

I n orde r  t o gai n furthe r  insigh t  int o th e dynam -

ic s o f  grou p behavior ,  w e ar e continuin g t o pursu e 

a syntheti c approach ,  b y generating ,  testing ,  an d 

evaluatin g behavior s i n varyin g environment s an d 

contexts . 

Acknowledgement s 

Matt Marjanovic wrote the flocking software and 
th e tool s fo r  recordin g an d displayin g robo t  data . 

Stanle y Wan g an d Owe n Wesslin g continuall y 

fixe d th e hardwar e an d patientl y ra n experi -

ments .  Thi s researc h wa s supporte d i n par t  b y 

th e J  P L contrac t  95933 3 an d i n par t  b y th e 

Advance d Researc h Project s Agenc y unde r  O N R 

gran t  N00014-91-J-4038 . 

Reference s 
Axelrod ,  R .  (1984) ,  Th e Evolutio n o f  Cooperation , 

Basi c Books ,  Ne w York . 

Brooks, R. A. (1991), Intelligence Without Rea-
son ,  i n 'Proceedings ,  IJCAI-9r . 

Canny, J. F. (1988), The Complexity of Robot Mo-
tio n Planning ,  Th e M I T Press ,  Cambridge , 
Massachusetts . 

Chase,  I .  D .  (1982) ,  'Dynamic s o f  Hierar -
chy Formation :  Th e Sequentia l  Develop -
ment  o f  Dominanc e R e ationships' .  Be -
haviou r  80,218-240 . 

Chase, I. D. & Rohwer, S. (1987), 'Two Meth-
ods fo r  Quantifyin g th e Developmen t  o f  Dom-
inanc e Heirarchie s i n Larg e Group s wit h Ap -
plicatio n t o Harris '  Sparrows' ,  minima /  Behav -
io r  35 ,  1113-1128 . 

Gasser ,  L .  &  N .  Huhns ,  e .  (1989) ,  Distribute d Ar -
tificia l  Intelligence ,  Pitman ,  London . 

Gould ,  J .  L .  (1982) ,  Ethology ;  Th e Mechanism s 
and Evolutio n o f  Behavior ,  W .  W .  Norto n L 
Co. ,  Ne w York . 

Lozano-Perez ,  T. ,  Mason ,  M .  T .  &  Taylor ,  R .  H . 
(1984) ,  'Automati c Synthesi s o f  Fin e Motio n 
Strategie s fo r  Robots' ,  Internationa l  Journa l 
of  Robotic s Researc h 3(1) ,  3-24 . 

Mataric, M. J. (1992), Designing Emergent Be-
haviors :  Fro m Loca l  Interaction s t o Collec -
tiv e Inte l  igence ,  i n 'Fro m Animal s t o An -
imals :  Internationa l  Conferenc e o n Simula -
tio n o f  Adaptiv e Behavior' . 

McFarland, D. (1987), The Oxford Companion 
t o Anima l  Behavior ,  m 'Oxford ,  Universit y 
Press ' 

Nicolis ,  G .  &  Prigogine ,  I .  (1989) ,  Explorin g Com-
plexity ,  W .  H .  Freema n an d Co. ,  Ne w York . 

Rosenschein, G. k Genesereth, M. R. (1985), 
Deal s Amon g Rationa l  Agents ,  i n 'IJCAI-85' , 
pp.  91-99 . 

Rosenthal,  T. L. k Zimmerman, B. J. (1978), So-
cia l  Learnin g an d Cognition ,  Academi c Press , 
New York . 

Tomasello ,  M. ,  Kruger ,  A .  C .  k  Rather ,  H .  H . 
(1992) ,  'Cultura l  Learning' ,  t o appea r  i n Th e 
Journa l  o f  Brai n an d Behavio r  Sciences . 

Weisbuch, G. (1991), Complex System Dynam-
ics ,  i n 'Lectur e Note s Vol .  II ,  Sant a F e Insti -
tut e Studie s i n th e Science s o f  Complexity' , 
Addison-Wesley ,  Ne w York . 

Wiggins, S. (1990), Introduction to Applied 
Nonlinea r  Dynamica l  System s an d Chaos , 
Springer-Verlag ,  Ne w York . 

710 


	cogsci_1993_705-710



