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Abstrac t 

Any designer of intelligent agents in a inultiagent 
syste m i s face d wit h th e choic e o f  encodin g a  strat -
egy o f  interactio n wit h othe r  agents .  I f  th e natur e 
of  othe r  agent s ar e know n i n advance ,  a  suitabl e 
strateg y ma y b e chose n fro m th e continuu m be -
twee n completel y selfis h behavio r  o n on e extrem e 
and a  philanthropi c behavio r  o n th e other .  I n a n 
open an d dynami c system ,  however ,  i t  i s  unrealis -
ti c t o assum e tha t  th e natur e o f  al l  othe r  agents , 
possibl y designe d an d use d b y user s wit h ver y dif -
feren t  goal s an d motivations ,  ar e know n precisely . 
I n th e presenc e o f  thi s uncertainty ,  i s  i t  possibl e t o 
buil d agent s tha t  adap t  thei r  behavio r  t o interac t 
appropriatel y wit h th e particula r  grou p o f  agent s i n 
th e curren t  scenario ? W e addres s thi s questio n b y 
borrowin g o n th e simpl e ye t  powerfu l  concep t  o f  re -
ciproca l  behavior .  W e propos e a  stochasti c decisio n 
makin g schem e whic h promote s reciprocit y amon g 
agents .  Usin g a  packag e deliver y proble m w e sho w 
tha t  reciproca l  behavio r  ca n lea d t o system-wid e co -
operation ,  an d henc e clos e t o optim2i l  globa l  perfor -
mance ca n b e achieve d eve n thoug h eac h individue d 
agen t  choose s action s t o benefi t  itself .  Mor e inter -
estingly ,  w e sho w tha t  agent s wh o d o no t  hel p other s 
perfor m wors e i n th e lon g ru n whe n compare d wit h 
reciproca l  agents .  Thu s i t  i s t o th e bes t  interes t  o f 
ever y individua l  agen t  t o hel p othe r  agents . 

I n t r o d u c t i o n 

The design of intelligent agents that will interact 
wit h othe r  agent s i n a n open ,  distribute d syste m in -
volv e th e modelin g o f  othe r  agent s an d thei r  behav -
io r  (Gasser ,  1991 ;  Hewit t  1991) .  Assumin g al l  agent s 
wil l  b e cooperativ e i n nature ,  efficien t  mechanism s 
ca n b e develope d t o tak e advantag e o f  mutua l  coop -
eration ,  whic h ca n produc e improve d globa l  perfor -
mance.  But ,  i n a n ope n system ,  assumption s abou t 
cooperativ e agent s o r  system-wid e c o m m o n goal s ar e 
har d t o justify .  Mor e often ,  w e wil l  find  differen t 
agent s hav e differen t  goal s an d motivation s an d n o 
rea l  inclinatio n t o hel p another  agen t  achiev e it s ob -
jectives . 

'With due apology to William .Shakespeare. 

Th e abov e situatio n ma y appea r  t o b e hopeless .  I f 
an agen t  canno t  assum e othe r  agent s t o b e coopera -
tive ,  i t  migh t  a s wel l  solv e it s problem s individually . 
But  thi s lead s t o inefficien t  proble m solvin g perfor -
mance becaus e agent s mis s ou t  o n mutuall y benefi -
cia l  interactions .  Eve n i f  tw o individua l  agent s ar e 
self-motivated ,  the y shoul d cooperat e i f  suc h a n ar -
rangemen t  i s beneficia l  fo r  both .  Th e questio n there -
for e is ,  whe n shoul d a n agen t  hel p anothe r  agent ? 
We canno t  rel y o n in-buil t  inclinatio n toward s coop -
eration .  Th e decisio n t o cooperat e shoul d b e mad e 
t o serv e th e agent' s ow n interests .  I n thi s paper , 
we provid e a  decision-makin g paradig m tha t  enable s 
autonomou s agent s t o accep t  o r  declin e request s fo r 
cooperatio n fro m othe r  agent s base d o n loca l  rathe r 
tha n globa l  considerations . 

We cissum e agen t  action s t o b e self-motivated . 
Thi s mean s tha t  a n agen t  wil l  hel p anothe r  agent , 
onl y i f  suc h a n actio n i s  beneficia l  t o itsel f  i n th e 
shor t  o r  th e lon g run .  W e us e th e concep t  o f  reci -
procit y t o sho w tha t  whe n agent s hel p other s wh o 
hav e helpe d the m i n th e pas t  o r  ca n hel p the m i n 
th e future ,  cooperativ e behavio r  ca n evolv e ou t  o f 
self-motivation .  W e propos e a  stochasti c metho d 
fo r  decidin g whethe r  on e agen t  shoul d hel p anothe r 
agen t  o r  no t  i n a  particula r  situation .  Agent s wh o 
use thi s stochasti c reciprocit y mechanis m ar e calle d 
reciprocativ e agent s W e analyz e th e effect s o f  selfis h 
agent s (agent s wh o receiv e hel p bu t  d o no t  recipro -
cate )  o n th e behavio r  o f  othe r  reciprocativ e agents . 
We als o characteriz e th e performanc e o f  individua l 
agent s (agent s w h o neve r  hel p eac h other )  an d phil -
anthropi c agent s (agent s w h o alway s hel p other s i f 
requested) ,  an d demonstrat e tha t  a  societ y o f  recip -
rocativ e agent s ca n approximat e philanthropi c be -
havio r  unde r  prope r  environmenta l  conditions .  Ou r 
result s sho w tha t  clos e t o optima l  syste m perfor -
mance ca n b e obtaine d withou t  sacrificin g individua l 
preference s o r  autonomy . 

Coordination of multiple agents 

Multiagent systems are a particular type of dis-
tribute d artificia l  intelligenc e (DAI )  syste m (Bond , 
1988) ,  i n whic h autonomou s intelligen t  agent s in -
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habi t  a  worl d wit h n o globa l  contro l  o r  globall y con -
sisten t  knowledge .  I n contras t  t o cooperativ e prob -
le m solver s (Durfee,Lesser ,  Corkill ,  1989) ,  agent s 
i n multiagen t  system s ar e no t  pre-dispose d t o hel p 
eac h othe r  ou t  wit h th e resource s an d capabilitie s 
tha t  the y possess .  Thes e agent s m a y stil l  nee d t o co -
ordinat e thei r  activitie s wit h other s t o achiev e thei r 
own loca l  goals .  The y coul d benefi t  fro m receivin g 
informatio n abou t  wha t  other s ar e doin g o r  pla n t o 
do,  an d fro m sendin g the m informatio n t o influenc e 
what  the y do . 

Coordinatio n o f  proble m solvers ,  bot h selfis h an d 
cooperative ,  i s a  ke y issu e i n th e desig n o f  a n effectiv e 
D AI  system .  Th e searc h fo r  domain-independen t  co -
ordinatio n mechanism s ha s yielde d som e ver y diflfer -
ent ,  ye t  effective ,  classe s o f  coordinatio n schemes . 
Wherea s som e o f  thes e wor k use s architecture s an d 
protocol s designe d off-lin e (Fox ,  1989 ;  Smith,1980 ) 
as coordinatio n structures ,  other s acquir e coordina -
tio n knowledg e on-lin e (Durfee ,  1988 ;  Sekara n Sen , 
1994) .  I n addition ,  som e o f  thes e wor k assume s 
agent s t o b e cooperativ e wit h c o m m o n system-wid e 
goal s (Durfee ,  1988 ;  Fox ,  1981) ,  an d other s assum e 
self-motivate d agent s wit h individua l  goal s (Gene -
sereth ,  1986 ;  Gmytrasiewicz ,  1991) .  Th e othe r  di -
mensio n t o conside r  i s i f  w e ar e analyzin g a  singl e 
instanc e o f  agen t  interactio n o r  i f  w e ar e considerin g 
an ensembl e o f  agen t  interaction s (e.g. ,  i n th e pris -
oner' s di lemm a proble m (Rapoport ,  1989) ,  mos t  o f 
th e forma l  analysi s assum e repeate d interactions) . 

I n thi s paper ,  w e assum e agent s hav e individua l 
goal s o r  task s t o complete .  Thes e individua l  goals , 
however ,  ca n b e achieve d mor e expedientl y i f  a n 
agen t  receive s assistanc e fro m othe r  agents .  Thi s 
suggest s tha t  bot h individua l  an d overal l  syste m 
performanc e wil l  improv e i f  agent s ca n intelligentl y 
shar e tasks .  W e wil l  conside r  agent s w h o repeatedl y 
interac t  wit h eac h other ,  an d henc e pas t  histor y o f 
proble m solvin g ca n b e use d t o decid e futur e cours e 
of  action .  Th e questio n her e i s th e following :  give n 
tha t  ther e ar e scope s fo r  cooperation ,  ho w shoul d 
self-motivate d agent s choos e whe n t o cooperat e an d 
when no t  t o cooperat e wit h anothe r  agent ? I n th e 
followin g sectio n w e provid e a n on-lin e mechanis m 
t o answe r  thi s question . 

Reciprocal decision making 

In a companion paper (Sen, 1995) we have shown 
tha t  reciproca l  behavio r  ca n b e use d effectivel y b y 
agent s t o balanc e thei r  workloads .  I n tha t  paper , 
eac h tcis k coul d b e carrie d ou t  b y an y agent ,  an d 
agent s coul d exchang e task s t o improv e loca l  perfor -
mance.  I n thi s pape r  w e find  ou t  i f  reciprocit y i s 
sufficien t  t o promot e cooperatio n whe n agent s can -
not  transfe r  tasks ,  bu t  ca n us e hel p fro m other s t o 
reduc e th e cos t  o f  performin g a n eissigne d task . 

We assum e a  multiagen t  syste m wit h A ^  agents . 
Each agen t  i s assigne d t o carr y ou t  T  tasks .  T h e 
jt h tas k assigne d t o th e it h agen t  i s  <,j ,  an d i f  agen t 
i  carrie d ou t  thi s tas k o n it s own ,  th e cos t  incurre d 
i s  Clj .  However ,  i f  anothe r  agen t  k  helpe d agen t  i  t o 
carr y ou t  thi s task ,  th e cos t  incurre d b y eac h o f  the m 
i s C ? .  W e assum e tha t  2  *  Cf j  <  Clj ,  whic h implie s 
tha t  i f  tw o agent s togethe r  wor k o n th e sam e task , 
th e combine d effor t  require d t o proces s th e tas k i s 
les s tha n wha t  i t  woul d tak e on e o f  the m t o pro -
ces s it .  Sinc e th e savings ,  C/ ^  — Cfj ,  obtaine d b y 
th e agen t  bein g helpe d i s greate r  tha n th e cos t  in -
curre d b y th e helpin g agent ,  Cfj ,  ther e i s a  ne t  sav -
in g o f  effor t  fo r  th e entir e system .  Thi s save d effor t 
when combine d wit h reciproca l  behavior ,  ca n lea d t o 
a syste m wit h effectiv e individua l  a s wel l  ci s grou p 
performance .  So ,  th e gai n o f  a n individua l  i s  no t  a t 
th e expens e o f  th e group . 

Th e obviou s questio n i s wh y shoul d a n agen t  in -
cur  an y extr a cos t  fo r  anothe r  agent ? I f  w e con -
side r  onl y on e suc h decision ,  cooperatio n make s lit -
tl e sense .  If ,  however ,  w e loo k a t  a  collectio n o f  suc h 
decisions ,  the n reciproca l  cooperatio n make s perfec t 
sense .  Simpl e reciprocit y mean s tha t  a n agen t  wil l 
hel p anothe r  agen t  i f  th e latte r  ha s helpe d th e for -
mer  i n th e past .  Bu t  simpl e reciprocit y b y itsel f  i s 
not  sufficien t  t o evolv e cooperativ e behavior .  Thi s 
i s because ,  n o on e i s motivate d t o tak e th e first  co -
operativ e action ,  an d henc e nobod y eve r  cooperates ! 
I n spit e o f  al l  th e potential s fo r  cooperatio n an d th e 
benefit s tha t  i t  ca n provid e them ,  agent s carr y ou t 
thei r  o w n task s withou t  eve r  offerin g t o hel p others . 

I n rea l  life ,  i n additio n t o pas t  experience ,  reci -
procit y include s a  predictiv e mechanism .  A n agen t 
ca n hel p anothe r  agent ,  i f  i t  expect s futur e benefit s 
fro m th e latter .  I n absenc e o f  a  genera l  domain -
independen t  predictiv e mechanism ,  w e propos e a 
much simple r  bu t  equall y effectiv e stochasti c choic e 
mechanis m t o circumven t  th e proble m o f  simpl e reci -
procity .  W e wil l  defin e S', t  an d Wi k a s respectivel y 
th e saving s obtaine d fro m an d extr a cos t  incurre d 
by agen t  i  fro m agen t  k  ove r  al l  o f  thei r  previou s ex -
changes .  Also ,  le t  Bil e — Si k — Wi k b e th e balanc e o f 
thes e exchange s (obviously ,  fi,fc  =  —Bk i ) .  W e no w 
presen t  th e probabilit y  tha t  agen t  k  wil l  hel p agen t 
i  carr y ou t  tas k i,j .  Thi s probabilit y  i s  calculate d 
as: 

Pr{i,k,j) = ^ 

1 - h ex p 
O^-fi-^Lg-Bk .  ' 

wher e C^^ g i s th e averag e cos t  o f  teisk s performe d 

by agen t  i  (thi s ca n b e compute d on-lin e o r  preset) , 
an d 0  an d r  ar e constants .  Thi s give s a  sigmoida l 
probabilit y  distributio n i n whic h th e probabilit y  o f 
helpin g increase s a s th e balanc e increas e an d i s mor e 
fo r  les s costl y tasks .  W e includ e th e Cav g ter m be -
caus e th e probabilit y  o f  helpin g shoul d depen d o n 
relativ e an d no t  absolut e cos t  (i f  th e averag e cos t  i s 
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Extr a cos t 

a n d D  f r o m th e depot .  A n agen t  ca n carr y onl y 
o n e packe t  a t  a  t im e b y itsel f  o r  wit h th e hel p o f 
anothe r  agent .  O n arrivin g a t  th e depot ,  a n agen t 
i s assigne d th e nex t  packe t  i t  i s  t o deliver .  A t  thi s 
point ,  i t  check s fo r  othe r  agent s currentl y locate d i n 
th e depot .  I f  so ,  i t  ask s th e othe r  agen t  fo r  hel p t o 
delive r  thi s packet .  T h i s request s m a y o r  m a y no t 
b e honore d 

The cost incurred by agents is the time taken to 
delive r  packets .  A n agen t  take s 4  t im e unit s t o cove r 
uni t  distanc e i f  i t  i s  carryin g a  packe t  b y itself .  T h e 
spee d o f  travelin g increase s t o uni t  distanc e pe r  t im e 
uni t  w h e n anothe r  agen t  i s helpin g it .  W h e n agent s 
ar e returnin g t o depo t  afte r  delivery ,  the y trave l  uni t 
distanc e i n uni t  t ime . 

F igur e 1 :  Probabilit y  distributio n fo r  acceptin g re -
ques t  fo r  cooperat ion . 

10 ,  incurrin g a n extr a cos t  o f  1 0 i s  les s likel y tha n 
incurrin g a n extr a cos t  o f  1) .  D u e t o th e stochasti c 
natur e o f  dec is ion-mak in g s o m e initia l  request s fo r 
cooperat io n wil l  b e grante d w h e r e a s other s wil l  b e 
denied .  T h i s wil l  b rea k th e deadloc k tha t  prevente d 
s imp l e reciprocit y f r o m providin g th e desire d sys te m 
behavior . 

We presen t  a  s a m p l e probabilit y  distributio n i n 
Figur e 1 .  Th e constan t  0  ca n b e use d t o mov e th e 
probabilit y  curv e lef t  (mor e incline d t o cooperate ) 
or  righ t  (les s incline d t o cooperate) .  A t  th e onse t  o f 
th e experiment s Bk i  i s 0  fo r  al l  i  an d k .  A t  thi s poin t 
ther e i s a  0. 5 probabilit y  tha t  a n agen t  wil l  hel p an -
othe r  agen t  b y incurrin g a n extr a cos t  o f  / ? *  C^^g . 
Th e facto r  t  ca n b e use d t o contro l  th e steepnes s o f 
th e curve .  Fo r  a  ver y stee p curv e approximatin g a 
ste p function ,  a n agen t  wil l  almos t  alway s accep t  co -
operatio n request s wit h extr a cos t  les s tha n 0*Cavg , 
but  wil l  rarel y accep t  cooperatio n request s wit h a n 
extr a cos t  greate r  tha n tha t  value .  Simila r  analyse s 
of  th e effect s o f  / ? an d r  ca n b e m a d e fo r  an y cooper -
atio n decisio n afte r  agent s hav e experience d a  num -
ber  o f  exchanges .  I n essence ,  / ? an d r  ca n b e use d t o 
choos e a  cooperatio n leve l  (Goldman ,  1994 )  fo r  th e 
agent s a t  th e onse t  o f  th e experiments .  Th e leve l  o f 
cooperatio n o r  th e inclinatio n t o hel p anothe r  agent , 
however ,  dynamicall y change s wit h proble m solvin g 
experience . 

A package delivery problem 

In this section, we present a simple package deliv-
er y proble m whic h w e wil l  us e t o demonstrat e th e 
effectivenes s o f  ou r  propose d mechanis m t o evolv e 
cooperativ e behavior .  Eac h o f  N  agent s i s assigne d 
t o delive r  T  packet s fro m a  centralize d depo t  t o ran -
d o m destination s locate d a t  a  distanc e betwee n 1 

E x p e r i m e n t a l  result s 

In this section, we present experimental results on 
th e packag e deliver y problem ,  wit h agent s usin g th e 
reciprocit y mechanis m describe d befor e t o accep t  o r 
den y a  reques t  fo r  hel p fro m anothe r  agent .  W e var y 
th e numbe r  o f  agent s an d packet s t o b e delivere d b y 
eac h agen t  t o examin e th e effect s o f  differen t  envi -
ronmenta l  conditions .  Value s o f  othe r  parameter s 
use d are :  D  =  10 ,  r  =  4 ,  an d ^  =  0.5 .  Result s 
ar e average d ove r  1 0 differen t  randoml y generate d 
dat a sets ,  wher e a  dat a se t  consist s o f  a n ordere d 
assignmen t  o f  packag e deliverie s t o agents .  Al l  th e 
agent s ar e assigne d th e sam e numbe r  o f  dehveries . 
Th e evaluatio n metri c i s th e tota l  cos t  incurre d b y 
th e agent s t o complet e al l  thei r  deliveries . 

We use d thi s domai n t o investigat e th e effect s 
of  agen t  characteristic s o n overal l  system s perfor -
mance.  I n ou r  experiments ,  philanthropi c agent s 
alway s agre e t o hel p anothe r  agen t  whe n requested ; 
selfis h agent s reques t  fo r  hel p bu t  neve r  hel p oth -
ers ;  individua l  agent s neithe r  cis k fo r  hel p no r  pro -
vid e hel p t o othe r  agents ;  reciprocativ e agent s 
use th e balanc e o f  cos t  an d saving s t o stochasticall y 
decid e whethe r  t o accep t  a  give n reques t  fo r  coop -
eration .  I n homogeneou s environment s (wher e al l 
agent s ar e o f  th e sam e type) ,  w e expec t  th e grou p 
of  individua l  agent s an d th e grou p o f  philanthropi c 
agent s t o provid e th e tw o extreme s fo r  syste m per -
formance .  Th e individua l  agent s shoul d incu r  th e 
highes t  cos t  t o complet e thei r  deliverie s (becaus e 
no on e i s cooperating) ,  whereai s th e philanthropi c 
agent s shoul d shoul d incu r  th e leas t  cost .  W e ex -
pec t  reciprocativ e agen t  behavior s t o li e i n between . 
Th e frequenc y o f  occurrenc e o f  cooperatio n possi -
bilitie s shoul d determin e whic h o f  th e tw o end s o f 
th e spectru m i s occupie d b y th e reciprocativ e agents . 
Whethe r  selfis h agent s ca n benefi t  a t  th e expens e o f 
reciprocativ e agent s depend s o n th e percentag e o f 
selfis h agent s i n th e grou p an d th e tota l  numbe r  o f 
interaction s the y ar e likel y t o encounter .  I t  woul d 
see m tha t  reciprocativ e agent s shoul d perfor m bet -
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te r  becaus e wit h sufficien t  interaction s the y becom e 
philanthropi c toward s eac h other ,  a  possibilit y  de -
nie d o f  th e selfis h agents . 

For  th e first  se t  o f  experiments ,  w e chos e th e num -
ber  o f  agents ,  A^ ,  a s 10 0 an d varie d th e numbe r  o f 
deliverie s pe r  agen t  fro m 10 0 t o 50 0 i n increment s 
of  100 .  Experiment s wer e performe d o n homoge -
neou s group s o f  individual ,  reciprocative ,  an d phil -
anthropi c agents .  Result s fro m thes e se t  o f  experi -
ment s ar e presente d i n Figur e 2 .  A s expected ,  th e 
performanc e o f  th e individua l  agent s wa s th e worst , 
and th e philanthropi c agent s wa s th e best .  Th e in -
terestin g thin g i s tha t  th e performanc e o f  th e recip -
rocativ e agen t  i s almos t  identica l  t o tha t  o f  phil -
anthropi c agents .  Thi s i s a  significan t  resul t  be -
caus e i t  show s tha t  unde r  prope r  environmenta l  con -
dition s (frequen t  an d prolonge d interaction s wit h 
possibilitie s o f  cooperation) ,  self-motivate d behav -
io r  base d o n reciprocit y ca n produc e mutuall y co -
operativ e behavio r  tha t  lead s t o near-optima l  sys -
te m performance .  I n addition ,  wit h mor e deliveries , 
th e saving s i n cos t  incurre d i s mor e wit h reciproca -
tiv e an d philanthropi c agent s ove r  individua l  agents . 
Th e rati o o f  correspondin g point s o n th e tw o curve s 
shoul d b e th e same ,  however ,  a s i t  i s  determine d b y 
th e probabilit y  o f  anothe r  agen t  bein g abl e t o hel p 
one agen t  wit h it s delivery .  Fo r  th e packag e deliv -
er y proble m describe d i n th e previou s sectio n thi s 
probabilit y  i s  largel y determine d b y th e m a x i m u m 
distanc e traverse d fro m th e depot ,  D ,  an d th e num -
ber  o f  agents ,  A^ . 

We als o performe d a  simila r  se t  o f  experiment s b y 
fixing  th e numbe r  o f  deliverie s pe r  agen t  a t  50 0 an d 
varyin g th e numbe r  o f  agent s fro m 2 5 t o 5 0 t o 7 5 
t o 100 .  Result s fro m thes e se t  o f  experiment s ar e 
presente d i n Figur e 3 .  Sinc e th e averag e distanc e 
of  a  packag e destinatio n fro m th e depo t  i s 5.5 ,  th e 

averag e cos t  incurre d b y a n individua l  agen t  fo r  de -
liverin g a  packe t  i s 2 2 o n th e wa y ou t  an d 5. 5 o n th e 
way back ,  fo r  a  tota l  o f  27.5 .  T o delive r  50 0 packets , 
therefore ,  th e expecte d cos t  incurre d b y a n individ -
ual  agen t  i s  13,750 .  Thi s fac t  i s verifie d i n th e figure. 
As i n th e previou s experiment ,  th e performanc e o f 
th e individua l  agent s wa s th e worst ,  an d th e phil -
anthropi c agent s wer e th e best .  T h e performanc e o f 
th e reciprocativ e agent s wa s ver y clos e t o tha t  o f  th e 
philanthropi c agents ,  an d thes e improve d wit h mor e 
agents .  Th e reaso n fo r  thi s improvemen t  wa s tha t 
wit h mor e agents ,  ther e i s mor e scop e fo r  coopera -
tion .  However ,  a  leve l  o f  saturatio n i s reache d whe n 
al l  cooperatio n oppurtunitie s hav e bee n exploited . 
At  thi s point ,  a n increas e i n th e numbe r  o f  agent s 
do no t  lea d t o furthe r  improvemen t  i n syste m per -
formance . 

The next set of experiments were designed to find 
out  th e effect s o f  includin g selfis h agent s i n a  grou p 
containin g reciprocativ e agents .  W e expecte d tha t 
selfis h agent s shoul d b e abl e t o obtai n som e hel p 
fro m reciprocativ e agents ,  an d thei r  performanc e 
woul d b e bette r  tha n individua l  agent s bu t  no t  a s 
goo d a s tha t  o f  reciprocativ e agents .  Fo r  thes e se t 
of  experiments ,  w e chos e T V — 10 0 an d th e numbe r 
of  deliverie s t o b e 500 .  W e varie d th e percentag e o f 
selfis h agent s i n th e group .  Result s ar e presente d i n 
Figur e 4 .  Th e averag e performanc e o f  th e grou p lie s 
i n betwee n th e performanc e o f  th e selfis h an d recip -
rocativ e agents ,  an d move s close r  t o th e performanc e 
of  th e selfis h agent s a s th e percentag e o f  th e latte r  i s 
increased .  Th e selfis h agent s ar e abl e t o exploi t  th e 
reciprocativ e agent s t o improv e thei r  performanc e 
significantl y ove r  individua l  agents .  Thi s i s becaus e 
ther e ar e m a n y reciprocativ e agent s an d the y d o no t 
shar e thei r  balanc e informatio n wit h othe r  reciproca -
tiv e agents .  I f  a  reciprocativ e agen t  woul d l-iroadras t 
th e continuou s denia l  o f  reques t  fo r  hel p b y a  selfis h 
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Figur e 4 :  Averag e tota l  cos t  incurre d b y eac h agen t 
t o complet e al l  deliverie s a s th e percentag e o f  selfis h 
agen t  i n a  grou p o f  reciprocativ e agent s i s varied . 
T h e individua l  an d th e philanthropi c agen t  result s 
do no t  contai n selfis h agent s an d ar e presente d fo r 
comparison . 

agen t  w h o ha s go t  a  positiv e balanc e wit h th e re -
questin g agent ,  th e selfis h agen t  woul d no t  b e abl e t o 
exploi t  othe r  reciprocativ e agents .  Sinc e reciproca -
tiv e agent s incu r  extr a cos t  fo r  selfis h agent s withou t 
bein g reciprocated ,  thei r  performanc e i s noticeabl y 
wors e tha n th e performanc e o f  philanthropi c agents . 
So,  th e presenc e o f  selfis h agent s ca n lowe r  th e per -
formanc e o f  th e whol e group . 

T o furthe r  analyz e th e relativ e performanc e o f  self -
is h an d reciprocativ e agents ,  w e ra n a  se t  o f  experi -
ment s varyin g th e numbe r  o f  deliverie s whil e keepin g 
A'^  =  10 0 o f  whic h 2 5 agent s wer e selfis h i n nature . 
Result s fro m thes e experiment s ar e presente d i n Fig -
ur e 5 .  A n interestin g resul t  wa s tha t  wit h fe w de -
liverie s t o make ,  selfis h agent s outperforme d recip -
rocativ e agents .  Thi s ca n b e explaine d b y th e fac t 
tha t  th e numbe r  o f  reciprocativ e agent s wer e larg e 
enoug h compare d t o th e numbe r  o f  deliveries ,  whic h 
allowe d selfis h agent s t o exploi t  reciprocativ e agent s 
fo r  mos t  o f  it s  deliveries .  T h e performanc e o f  th e 
reciprocativ e agent s wa s affected ,  a s the y coul d no t 
recove r  fro m th e extr a cos t  incurre d t o hel p thes e 
selfis h agents .  Wi t h sufficien t  deliverie s t o make , 
however ,  reciprocativ e agent s emerge d a s th e clea r 
winner s Thi s lend s furthe r  credenc e t o ou r  clai m 
tha t  i t  i s  ultimatel y beneficia l  fo r  a n agen t  t o b e 
reciprocativ e rathe r  tha n selfis h i n domain s wher e 
cooperatio n i s alway s beneficia l  t o th e group . 

Conclusions 

In this paper, we have shown that agents acting 
i n thei r  o w n self-interes t  m a y find  i t  practica l  t o 
hel p eac h other .  Unde r  appropriat e environmenta l 

Figur e 5 :  Averag e tota l  cos t  incurre d b y a n agen t 
t o complet e al l  deliverie s wit h differen t  numbe r  o f 
deliveries . 

conditions ,  suc h a  grou p o f  agent s ca n als o delive r 
near-optima l  globa l  performance .  Thi s i s a  signifi -
can t  resul t  becaus e i n a n open ,  distribute d environ -
ment ,  th e onl y defensibl e strateg y a n autonomou s 
agen t  ca n follo w i n decidin g it s action s i s tha t  gov -
erne d b y self-interest .  Ou r  analysi s an d experiment s 
sho w tha t  reciproca l  behavio r  ca n serv e self-interes t 
as wel l  a s globa l  efficienc y concerns .  Since ,  recipro -
catin g behavio r  produce s bette r  performanc e i n th e 
lon g ru n ove r  selfis h o r  exploitativ e behavior ,  i t  i s 
t o th e bes t  interes t  o f  al l  agent s t o b e reciprocative . 
I t  i s  interestin g t o not e tha t  ou r  propose d mecha -
nis m wil l  automaticall y trac k behavio r  change s (e.g. , 
i f  a  reciprocativ e agen t  become s selfish )  an d ad -
jus t  agen t  response s accordingly .  Thi s i s a  powerfu l 
scheme tha t  allow s fo r  dynami c behavio r  adjustmen t 
t o sui t  th e change s i n th e environment .  Ou r  result s 
hol d fo r  domain s wher e cooperatio n alway s lead s t o 
aggregat e gain s fo r  th e group .  I t  woul d b e instruc -
tiv e t o stud y th e eflfect s o f  relaxin g thi s constraint . 

T h e curren t  reciprocatio n schem e ca n b e enhance d 
or  modifie d t o addres s othe r  type s o f  agen t  interac -
tions .  I f  a n agen t  i s unabl e t o individuall y identif y 
othe r  agents ,  i t  ca n us e it s overal l  balanc e o f  interac -
tion s t o decid e whethe r  o r  no t  t o accep t  a  reques t  fo r 
cooperation .  Bu t  thi s als o create s ne w possibilitie s 
fo r  exploitativ e agents .  W e als o pla n t o investigat e 
mor e comple x domain s suc h a s distribute d monitor -
ing ,  distribute d informatio n gathering ,  etc .  t o fur -
the r  evaluat e th e strength s an d limitation s o f  ou r 
propose d mechanism . 
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