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Abstract

Variner seleclion s an oporlanl procms in many sodal inlerclions, peroiiliog indi-
viduals Lo docraase lhe risks associaled wilh cooperalion. Io lange populalions, deloclors
nay «mcapc punishroenl by roving [ram pariner Lo parlner, bul defocloms 1o smaller popu-
lalions riak secial molalion. We lnweslipale Lhame poesibalilics lar an evolulionar y primoner’s
dilernoms in which apenls nae expoclod payals Lo choose and refuse parlners. lu cornparison
Lo randan or round-robin pariner malehing, we [nd Lhal ihe averape payolls allained wilh
proferential parlner seleclion lend 1o be more namowly conlined 1o a lew molaled payall
replons. Moel ocolopios evolve Lo esmiially Mol cooperalive behavior, bul when apenls are
mloloranl of defeclione, or when lhe cosls of refusal and socal molation are smoall, we also
ace Lhe anorpmes of walllower ccolopies In which all apenls are soqally molaled. Belwoen
Lheme Lwo exlromne, we sos Lhe anopomes of ocolopia whose agenla lend Lo aopape I a
amall mmnber of defoclions falowed by cooporalion Lhermaller. The allor ocaopio extabil
a plelhora of inlaresling sogal nlemelion pallemas.

Keywards: Evolulionary (Garne; Heraled 'osoncer’s Dilaoma: Parlner Chaees and Helusal:
Arlifical Lile: Gemelic Alparilhm; Finile Anlomala,



1 Imtroduction

Fallowing ihe palh-brealing work of Axelrod (1934 1987; Axclrod aod Diow, 1933}, the
Heraled Prisoner’s Dilaoma (W'D} 3 now comnmanly nsed by rescarchers o explore the
poleniial anorpenee of mulually cooperalive behavior ammong non-allrnistic apenls [eoc, la
exanple, Miller, 1939 and Lindgren and Noardahl, 1994}, These sludies have shown ihal
mnuluall y cooperalive behavior Lends Lo anenee i Lhe number of pamne iloeralions s dlher
unknown or infimle, Lhe frequeney of mnilnally cooperalive play in milial game oralions =
sullicenlly bigh, and Lhe peredved probabilily of lolure inlerclions wilh any given curreni
oppomml 13 sullicenlly L.

Moml sludies of the 1D assume Lhal individual players bave no coniral over which
oppomnls lhey play. Ulayers are malched as game parlnes cilhor randomly or by means
of a delerminislic nechanismn such as round-robin o prid paghborhood play. 1o real-lfe
silualionas, however, apenls are nol always prisonars who have no allamali ve bul, Lo play Lhdr
amipned D parnes. Insload | sodal inlerelions are oflen characlerized by Lhe proferential
chace and refmsal of parlmers. lo whal ways, Lhen, mmpghl Lhe inlroduclion of preforential
pariner soleclion change the nalure of Lhe 10007

'revious nmcarch mpppsla Lhal, depoending upan lhe prodss populalion slmelure, the
dedsion rles nsed [or parlner seleclion, and the penallios npossd Lo rejoclod olers and [or
deading nol Lo play, cooparalom or defloclom may benelil Fan preleremlial parloer seleclion.
For exanple, Kilcher (1992} and Schuessler [1989) show thal Lhe oplion of refoeing Lo play
proviously defocling players an ineraass Lhe [lums of coopoalive playas and allow Lhan
Lo invade defocling populalions. Orbell and Dawes [ 1993) aneue Lhal i is Lo Lhe beneli of
gocicly as a whole Lo ovolve sodal sluclura Lhal allow mdividuals 1o opl oul of paone.
Their experimenls indicale Lhal burans who are lhanselves cooperalively inclined tend 1o
be mare oplimislic aboul lhe cooparali ve mlanlions of olhar playeraand henes o play mare
games, In Eshel and Casali-Shore [(1982), boneldal assorialive mixing moay occor dlher
bemanae apenls playing lhe swne slmalgey arc more likely Lo aucounler mach olber, or boanse
apenle playing cooperalive slalao aclively selocl mach olber.

The abilily Lo wcll vely ek oul known cooperalors as parlners also providas an meemlive
[ixr appemis Lo be relably cooperalive, so ihal Lhey will be chosen as parlners, and Lhis
polenlially moceses Lhe meidomes of compreralion i a sodely [Tolleck, 1938}, Hirahleiler
and Hasronmen (1939} Ood Lhal pronp osdmdsn can permoil cooperadi ve apgenls 1o prolecl
Lherpmel wem [ran deloclors. Qo Lbe olber band , Dupgallon (L1991} shows Lhal lhe abilily
Lo choose parlners in kg populadions divided nlo isolaled palches ooy permoil rowviog
deleclors Lo mowve [ran one palch Lo lhe nexl, avolding oslrdan while Lalon g ad vanlag: of
ezmach palch n luro.

Fially, Lhe wlroduclion of prelrenilial parloer sceleclion remlls n social nolworks of
inleracling players. Who chooses whomn, and why, allecls who doem well | and Lhis o furn
allrcls Lhe ovloome of Lhe overall pane. Quealions aboul sodal nelwork lormalion are key
Loundermlanding sodelics. How do groups brm? Whal roles dohighly connecled individuals
play? Sodal nelworks are also nloraling bocanss Lhey are palbways lor Lbhe lansimssion of
discames, nformalion, and cullural Lmils.



There are scveral aspecls Lo Lhe parlner—scleclion problan. In this volumne, Orbell ol al.
aludy slmaleapios Lhal ndividuals bl nee 1o sclocl belween slrangers, and ask whelber il 1=
beller for players Lo pay lor wlormalion aboul a siranper a lo coelloaly sesume Lhal they
are [ike Lhernael vem, Here we asmone Lhad all sirangers look Lhe sune, and keens more oo the
queslion of whal individuals do onee they have sane informmalion abonl analber player.

Iu a provious paper [Slaoley ol al | 1994}, we slodied an 11D chaes and relusal mocha-
vimn Lhal combines aclive choice of polenlial pane pariners with Lhe abilily Lo rehse play
wilh lhome judped 1o be wlolmable Playors nse canlinmally updatled expocled payolls 1o
amems Lhe ralalive dosirabilily of polenlial parlners. This use of cxpecled payalls is ool
Lo maplure Lhe idea Lhal players aliempl o selecl parlners ralionally, s some depros of
anlid palion , oven thongh lhey do nol know Lhar parlnoers’ slraloio and payals. Qur chdes
and refusal mnechanisn is thus more Desible and peneral than oan y of 1he nochan ismns siud-
1ed by provious resmarchers, allhongh 1 does nol eumrenlly allow lor Lhe infarmalion avchangs
belweoen plyers asmooed by Kilcher, Also, we considered asingle soall population, so thal
deleclors cannol rove [rom one solaled populalion Lo the nexl, as In Duopalkin (1991}, bul
inslezad risk eveninal oslradsm.

Iu parlionlar, we sludied how Lhe abiily bolh Lo choose and Lo rehse polonlial pamne
pariners alocls nlerclions arnong a small el of sitaple 2D siralepioes, and wensed a lve-
player populalion Lo ilnslrale Lhe fomnalion of seaal nelworks. We also canduclod a number
of evolulionary somlations. The inleraclion dynarnics in bolh our analylical and sioolalion
aludics were sem Lo be camplex, even lor mnall populalions. (Cholce 13 nsed by all playars
Lo home in quickly on Lhose who will cooperale wilth Lhern, This permnils nies players 1o
inleracl wilh cach olher, bul also allows prodalory individuals 1o lele and fonn long-lenn
relalionships wilh viclizns wilhin Lhe lieil of occasional defeciion Loleraled by lhe refusal
mochanism. (u Lhe olbher hand, rafusal cnsures Lhal very nasly players do poorly bocanss
repemlod ly defocting players are Lyplaally el radized as olber players iInencaeingd y renee Lhdr
olfera. Indeod , wallllower populalions somneliine anerpged 1o which all players deloclod nnlil
Lhey bogarne solilary, nalber making nor accepling pane oflers [rom alber players, Qwerall,
bowever, we obsorved cooperalion Lo apape much more quickly and [requenlly wilh chaes
and rehmmal of parloers than with ronod-robin maleling,

Iu ihizs papar we proscol a vadely of new analylical and swonlalion Godings ao lhe
ovolulionary 1) wilh cholce and refusal of parlnes, o evololiooary WDACH or shorl.
We fral review n Scclion 2 ihe basic slruclure and boplemenlalion of the evolulionary
IWPD/CH, In parlionlar, we discuss Lhe (nile slale machines used 1o represent players® 1°1D
alralopgics as wall as Lhe poelic alporilbm weed Lo evolve Lhe player populalion [ran an
inilial, randoroly-chosen population.

Ulayers in our co-cvolulionary [moncwark cannol necomar ly junp Fom adelocling mode
ol behavior o a cooperalive one. In parlicolar, he pomelic maloerial available in oor nilial
populalion conslrains ils [ulure evolulion. This palbh dependence luros oul Lo be parlic-
wlarly oparlani lor ihe nlerprelalion of the WN/CK smoolation sludis reporied in the
prasenl paper, since we work wilh relalively soall populalions of hily plwems. Seclion 3
Lhus underlakes an analylical charcloerimlion of Lhe disbribolion of behaviors in the nilial
player populalion. In parlicular, il i shown Lhal a nnilonoly dislo buled sceclion of panelic



alruclures [or Lheme players toplis a nommilonn scloclion of Lhar W siralepion, one thal
1= hiphly blased Lowards simple slralagaa.

Iu the foal Lwo scclions we delal a series of siom lation sludies Lhal bave bem cond neled
Lo explore the senalivily of evolulionary WDYCK onlcomes Lo chanpges 1n key paramnelers.
In parlicular, we [ral describe ane-pararneler and lwo-paramelor senmiivily slodies for the
paramnclers characlorizimg Lhe cholcc and relumal inochanism We Lhen reparl on experiinen is
conducled lo lesl lhe scosilivily of aulcomes Lo chanpes in lhe polenlial comnplexily of
players’ 1D slralaios, as moamred by Lhe number of slales o Lheir Onile slale machine
repremcnlalions. Als, we briclly sumnmnarie: prelininary sludies in which iwo key pamonelers
characlord=ng Lhe choiee and refumal mechanizn are meorporaled inlo the pemealic slmelure
of cach player and allowed Lo cvolve over 1ime. Floally, we discuss Lhe sanalivily of he
behavioral diversily of our populalions Lo changes 1o the oplaomiation of Lhe pmelic
alporilhin nacd Lo evave our player populalions.

2 The Evolutionary IPD/CR Simulations

Each sirnulalion discussed in Lhis paper = inilialieed wilh arandanly poemled popolalion
of W players, whoss prmelic code spodfion thedr straloaeies lor playing an Hemled prisoner’s
dilernom. The sioulalion Lhen canmala of a soquenes of pamemlions wloraspaced wilh pe-
nelic sleps.  Fach proeralion plays an I'DYCR lowrnamenl congaling of § oalions o
which Lhe apenls chuome and refuse parloers for prisaoer’s dilemma pames. o Lhe penelic
alep, Lhe scares rom ihis lowrnamen] are used 1o assms mech player’s relalive (o and a
new populalion of & playes 13 ey pocmled via a goelic alporilbm wilh aossover and

mulaliom.

2.1 Prisoner’a Dilemmsa

The oneshol prsoucr’s dilenmna pamne = a pame belweon two players. Fach player bas lwo
pomaible moves, cooparale o or defecl d, and cach player moosl move wilbool knowing ihe
mowve of Lhe olber player. Il bolh players defocl, cach rocdves a payoll £, Il bolh cooperale,
tmach rocaves a payoll £ which s sliclly prealer than £, Finally, il one delecls and ihe olber
cooparales, Lhe cooperaling player rocaves the lowesl pomible payall £ oand Lhe defocling
pla.yur roced ves Lhe highcat Pmaiblu Paﬂ.ru[[ H, where £« B <0 « H. The I.:a}rcﬂa are also
reslriclod Lo mlialy (L4 H)/2 < ) 80 lhal nosynch ronteed albornalions of coperalion and
defeclion wilh Lhe samne parlner do nol yicld as bipgh an average payall as repealed monlual
cooparalion. Table | shows Lhe parlicolar walue of Lhese payolls wsed 1o onr simoolalions,
which malisly Lheme remlriclions.

The dilerninain Lhe one-shal PD pgarne s thal, i belk playes dokeel, bolh do worse Lhan
il bolbh had cooperaled, yoel Lhere 8 always an inemiive lor an ndividual player Lo delocl.
The el rapauss Lo dafoclion 18 Lo defecl,, bomnse Lhis avads Lhe lowesl payoll, £ and the
beml remponse Lo cooperalion is Lo defocl, bomise Lhis achiowes Lhe hiphesl payoll, A
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Table I The 'Y payoll maltx for player | nsed in all sioonlalions. Player 1's moves are
given acrom Lhe Lop and player 2's down Lhe side.

2.2 The IPD/CR Tournsment

The prisoner’s dilooinas game applics bo a varicly of raal-world silualions 1n which differeni
[irmnm of parlner seleclion ocour. Here we consider an abslracl model for a browd class of
silualions where Lhe playors inleracl, locall y and wish 1o pair up dlbher wilh Lhar bosl chaes
or wilh an acceplable choice who approwches themn and offers Lo inleracl,. A conerele exanple
of Lhis silualion bl b Lhe daling seme.

Individuals need Lo use soone kind of procedure Lo delermnine who Lo approach, and he
accoplabilily of lhose who approsch than II'DACE playos do Lhis by kesping a running
awverape [or aach olher player of the payolls Lhey bave recdved [rorn ihemn, While burnans
presumably use more complex rules Lo sdecl parluers, incorporal ing more delails abonl aach
person lhey know, 1his melhod al lessl perpils players 1o uese somne depros of anlicipalary
belaviar in delermining Lhdr game pariners.

I i= also sssumned thal sslking sancons Lo mleracl enladls o polenlial cosl —such s the
aharne of being relusod - whercas bang approached is copllas. 1o addilion, a [possibly snall)
coal 18 itnposcd oo wallllower players who ndlber mabkenor aceepl ollers, which Lends 1o detor
Lhis kind of bohasior,

We sludy a slighlly simoplified version of the cholee and ehml loomaroenl of Slan-
ley el al [1994). Each panralion plays a lournamenl consisling of § ileralions. Al lhe
bepinning of cach leralion ¢ > 1, mch player nosssocales an expoclod payol wilh oach
olher player e, denoled by m_ g (rejn). This cxpecled payoll 13 used Lo delermine which
players are Lolerable as parlners and which player il will chooss.

(iven any player n, anolber player mois lefemmble for player pin loralion ¢ and ooly if

; (L}

where 1 13 Lhe mindmvm doferenee boel. Il any players are lolerable Lo player m, Lhen 1
mnabem an oflar Lo Lhe player ma for whom e expocled payoll ws_g [rr|re) =3 hipghal, wilh any
Liem being sellled by a mandomn draw.

Aller Lheme cholces arc camnplelod | cach player = piven an opporlonily o reloss olloms,
Each player refuses all ') parne ot rocaved [rom inlolaable players and accopla all
olhers, Playem cannol opl ool of an oflar roccived [rom a player Lhey judped Lo be lolomble
al Lhe baanning of Lhe ieralion. Each lime an ofler 1s refused | the player making Lhe aller
recaves a refreel pepefl, A A player who [nds all playars wiolemble, and Lhns nather
makem nor accepls any olloms, receives a wellflower peyafl, W, All aceopled 1D pamne ol
are Lhen played. Even when iwo playors choose maech olber, Lhey only play one I'D) pame
wilh ech olher.

iy [T} =T



Iu ihe mwilial deralion |, prior Lo any iolersclions, all plwems have Lhe saone wdief
expeeled payal m lor cach player, Aller his, expocled payolls are mnodified whenover Lwo
players wleracl. Consider any Llwo players moand . U e neilher made nor acecpled a 1)D
gamne oller [rom e io lhe comend Herlion £, Lhen n's expocled payoll g (reje) [or the play
of a I'IY parne wilh re In ilerlion £ = nol chanpged. Qo Lhe olher band , mppose player =
alher rocaved al'l) payoll or a relusal payoll [rom inloracting wilh player ra. Lel Lhis payall
be demoled by 8. Then player m's cxpecled payoll fom pler i modiflied by Laking a
weighled averapis over player v's payoll nslary wilh player e,

milra|n) = wmia(raln)+ (L — whts (2)

where Lhe memery weighl w conlrols Lhe relali ve woephling of dislani Lo rocenl payolls

In an IPDYCR game, Lhe players bhave sane dagres of conlrol over Lhe numbe of PPD
pamnes Lhey play—eoquivalen iy, over Lthe numober of nowes Lhey mabke—and players nol pas-
Lidpaling m ') garnes can slill recsive wal llower and relusal payolls. Dilarenl players can
Lherelore end up playing dilferenl inmbers of parne, and nol all payalls are assodaled wilh
gamne plays. Canscquenlly, al the end of Lhe lovrpamenl, we e Lhe filness of aach
player by ila average payall score clenlaled as Lhe Lolal s of s payolls divided by the
Lolal nember of ils payolls. Nole Lhal 1bis definilion of (lness, combined wilh Lhe parluer
scleclion procodure, nplios thal an awerape populalion [lness grealer than 30 is possble.

2.3 Representation of IPD Strategies and Genetic Algorithm

Fallowing previous sludies of Lhe evolulion of slral.qees or iloaled prisoner’s dilonom [ & xal-
rod, 1987 Miller, 1989 Lindpgren, L9891}, cach player in our sivon lalions is uniquely aemocialed
wilh a [xed delennimslic slmlepy for playing ') apainsl an arbilacy oppowml an indsl-
nile imrnber of o, where the only infomnation cach player bas abool ils eorrenti 1Y pamne
parlner 13 ila play hislory wilh lhal parlner. e WD/CH slralaey s Lhen delarmined by ila
[inile slale moachine Lopalher wilh Lhe choles and refusal procedure and pararnelors deseri bed
absowve,

W have iopleanenled our model in lwo dilferenl codes, which nee dillorent delerninislic
[inile slale machine slmelnra: Moors machines se wnplonmboed n Miller (1989} and Meaaly
machinem wilh a prodelermined imlial slale, which we will refer Lo as 11°D mmachines” and
which are lluslraled in Fignre 2 Fach of Lheme slruclons allows a player Lo use a variable
arnounl of ils play history wilh mach parlner lo delermoine ils moves in plays wilh ihal
parimer.

!This mechaniam fer updating evperted payeffa ia & aperial caae of criterien filtering, ie., the diect
updating of experted return fimeticone om the baaia of paat retum cbasrratioma [ae Teafataion, 197T9).

*Frrmally, the IPD mo-hines are chameterioed by a aiv-tuple (M, s, Sa;, 2 F), where: M = {2, d} ia
the act oemalting of the twn peaible maeves for el PO gamae play, either ceoperate o or defert 8 4y £
M s an initisl maeve 5 14 & finite ast of Internal atatear a; € 5 1o the indtial atate reanlting froro the mitial
maeae thyl A S W M — M 1aan putput funetien mdiratme the weact meewe to he talen sa o famwetien of the
current aate and the merent mewe of cne's cppenent ) awd o5 @ Mo M — 5 14 & atate tramition fun-tion

Inliratig the mewt atete aa s fumetion of the current atate, the rurrent maeve of one's cppement, and the et
moaewe te be talen,




PPe=eudo-code for a single run.
Initialization.

Chocar T, 7, wl B, T, and the nomber of TPD mochine of otea
For coch of = 1... 30 ployer do
Creabe an [P D machine: with noifmmly disribnke] volid cntica.
For coch ploger mot
Scst mm n} ko o,
Sct abokr of plogor nowith rapect oo plogor ko the nitol atoke
End for
Sot fitness{n} ond nim pepsF Fafn} b0
End for

Main Loop.

For g = 1. __Genevstions do
For t = 1... fievatiens do
For mch af m = 1. .30 plogera, ootk Pl hraling o= Dalpe
For mch of n = 1... 30 playerado
I any rinjn} = 7, then
Sdort o playor M oofinmdy Prom tho o wiith mao e mfm g,
dokeon offor of ploy to ploger mo
Eod for.
For cach cffer made by o playor n too ploger m, §F fbhey bowe oof plaged o ghic Boration, then
If m{n|m} = 7, then
Fhyoa nand m ploy o privoncs’a G0 omime gome,
Tpdete tholr aind e and oetion recorda reapecting one anather, and
Flyor n Hevowda it PO pago i from player me ond vlise vors.
Ha
Flyor n Aecowcd o redinaal pog off e o plogor o
Hod W-dhen clae
End fer.
For mch plogrer n for which PleppCherak = Exlae do
Inyoment num_peye f fr{n}.
B fitnesnn) = fitneenn} 4 W
Eod for.
End for
Forcochof n=1...30 plogrer, ot fHimern) = fitncrn) + num geyel fonk
Thik: aotiatica
Order the popolotion by Bincaa, breoking dea by oo rmod ooy acdsstion
Schert B polira of paronta from the top 30 by ronlotke wheed acdeegiion
Frodoy 6 palra of offapring by aingle poiiok cnooacwer
Jonk e coch offapring.
Heploor the bt cam 10 mycamb ov g of the poopol ok ion wiith the 10 ofopriing.
Enod for

Record.

Flyorn rovcdveg o pogoff of 7 feom plogor mo
Sct m{m )} = wrmm ) 4 {1 —w) I
Incroment niom o e o n)

Sct fimrryn) = fitnesnn} 4 &0
Sct DN hrabin} = Fruc
Hedmnen

Mutation.

lototng o ploger TP D machine]
With probobiity 6 o 1000, onvest the Dkl oction
For coch orrcer, with probobility B In 1000, na: nniform rondsm adestion & detormne s oewr dodimdon aoke

For codh oo labed, wiith probabiBlicy 6 o 1000, evork che oedlon
Hedmen

6
Figure L Psendo-code Tor LPDYCRH



Tit-For-Tat Tit-For-Two-Tats

QC/ C ()C/ C D/D
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Fiure 2: Two llnslralive I mnachines, which are Mealy machines wilh Oxoed milial slales.
A player mabkes an wilial mowve, cllhar cooparals ¢ or defocl d, and Lhen enlerm 1he milial
alale |; Lhis iriiial nove s indicaled nexd Lo Lhe amow colenng stale | Qoo Lhe playar beas
arrived al a currend slade, s nesd inove I conditioned oo Lhe previons move of ile parlner as
well as an Lhe currenl slale. This move soquence hen delerinines a lmngiion Lo a new slals.
A lrandlion Lo a new slale 1s indicded by an arrow, and Lhe mowve sequence or sequences
Lhal remull o Lhis fransilion are ndicaled beside the armow in & move-slash-moove formoad..
The previous move of Lhe parlner appears 1o the lofl of Lhe slashinark and Lhe nexd, nove of
Lhe player appoars Lo the dphl of Lhe slashiark

The reprascolation of W'D slmalaio alocls wrios aspecls of our cvaulionary sludy,
melnding the dislribolion of bebaviors o Lhe inilial randomly-chosm populalion of playaers
and Lhe mmammer i which recombinalion and mulalion aole new players. Our use of Lwo
diferenl represcolations has reulled o poooerally siomlar exporienial onloomes, allbonph
aang sublle diferences bave besn delecled.  We bave Lbns checked Lo somne oexlend thal
our expeimenlal mlconm are ol sSmply arlifecls ar=og [ran oor parlienlar choice of
ropresanlalion.

Unlem olhorwise noled, ihe sionlalion remlls reporled o lhis paper are based oo he
D machine represenlalion shown n Fignre 2. However |, man y of Lhese remlls bave also
bexm wverified nsing Moore machines.

The panelic slmelure of meh player 13 a bil slring which cucodes ita 11°D) or Moore
machine, In ihe Joaling v - w sludies Lhis ponelic struciure i angroenled wilh alhe the
T or Lhe w wlia. This penclic slmelure delermines ils behavior nnder mach possible scl of
drcumnsiances, bul players wilh diferent penelic slmelures can be observalional ly equi valend
in lhe conlexl of our WD/CRH parne.

Al Lhe end of cach lonmarnend, Lhe corrend peneralion of ¥ players 8 ranslormoed inlo
a now player populalion of Lhe sane siwe via a ppoelic alporilhom thal vaa dilizn | erossover
and moulalion: and 1bis new population Lhen enpmgees o anolber 1PDJCE Lournaonend..

Mure prodscly, al Lhe baginmng of Lhe gonelic slep, mach player 1o Lhe enrrenl populalian
i asgpnod a (loess oqual Lo ils averape payoll score por payoll recoived. Coples of the X
moal [l players are relained n Lhe noxd gpneralion, and ihe bollom &% — X players are
replacod by olspring of the lop X playemns.

Varenla are scloclod by mmans of a ronlelle whoesl scecion [Goldberg, 1939, p. L), Two
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parculs are sclocled [ — X} /2 Lines fan Lhe Lop X players wilh a probabilily direclly
proparlional Lo ihar relalive o, A player = allowoed 1o moate wilh daedl

The recanbinalion [aomover) of iwo 11D machine parenis i3 accamplished as follows.
Unlems olhorwize slaled | cach machine bas L6 slalo and 15 coded as a slring consisling of 161
bils. [The Ol bil spocifies Lhe mitial mowve, bits 2-129 are nsed for Lhe 32 slale fransiion
arrows, cach of which ns= [our bils Lo spedly Lhe nexl slale, and bils 130-16] are used
by ihe 32 arrow labels, which cach use one bil o spocily the move ¢ or d.) We gowerale a
random variable g hal = disloboied nomformly over the dserele ramge 1,2, 161, The
bils i posilions g hrough L6l of the pareolal bil sirings are exchanped 1o oblan Lhe bl
alrinpga [or lwo ollapring

Meaxl, ihe bil slrings of Likme lwo olspring are subjecled Llomnlalion. For Lhe inilial move
and Lhe 32 arrow labels, mech bil 18 Dippod wilh probabilily p. For the 32 stale ranslion
arrows, mwlalion af Uhe slnle drorsdion ermew (Lo, all fonr bils) occurs wilh probabilily e
and , anes a slale lransilion arrow has booen selecled for mnlalion, a npilormoly dislriboied
random value 13 sdecled o bhe discole mops L2 .. L6 and coded as a new four-bal
repremenlalion for lhe stale Lmnsilion arrow. @ The probabilily Lhal one o more monialion
opcralars are appliod Lo a given ofspring = 0.0L65.

3 Distribution of Behavior in the Initial Population

Our player populalions are snall, toplyinge Lhal aoly a small o beel of paegble 1) sloalagies
Lends Lo be explored o cach run. This 1s mpodally irue given our soall moolation rale. The
penclic malorial available in Lhe mitial population 18 Lherelore one arucial faclor delarmining
Lhe behavior of any spedlic mo. In parlicolar, al low wlom of w lhe wallllower ocologies
we descnbe in Lhe nexl seclion are only obsaved when Lhe expecled mmber of molnally
cooperalive individuals in the ilial populalion is smoall Moreosver, our 1nilial sel of 11
alralopgics 3 ol chosen [ran a wmlorm dislobolion of all poesible Y slralaqges. Insload
sclocling cach arrow and cach arrow label o a unilormn distribulion creales an inilial
dislribuiion of 1Y slralopios Lhal = bighly based lowards sinple slral.qaes.

In Lhis seclion we delermine Lhe probabilily lhal a randoanly chosen 1) machine, as
described n seclion 2.3, exhibils a piven Lypo of sall play m oan 11 gamne play apainsl a
clane of ilsell. We also delermnine Lhe expocled number of sell-eooperalors,

By couslmclion, all mova n lhe sdlplay of an 1°D) machine are synchranized, alher
bolh & or bolh & Forlhermore, some move and 1ls associaled slale moosl eveninally recur in
acll play, aller which ihe machine will loop andlemly Lhrangh Lhe mlarim sequmes of moves
and slales, The sell-play bebavior of Lhese 1P mnachines can Lherelore be chanelorized by
a self-pley alring of lhe oo A H, whore A and B ane slimgs conssling of ¢ and & moves
Lhal are assodaled wilh stale transilions. The siring A represenls a series of mnows [and
alale lrandlions) made ivilially in scll play bul nol repaaloed, while B reprosmis asais o
mnowes [and slale transilionsy thal Lhe 10D machine repeals Lherealler, The siring A always

®The mutstion procesa wea incerrectly reperted in Stanley et sl [1881) sa crmaating aclely of point
myutatiome of the bit atring,.



coulaing al lesel Lhe milial move bomnse 1 1s utnrepealable. Likewise, & always conlains al
lesml ane eniry, a move whoee associaled slale lmanslion amow panls Lo lhe sane slale as
Lhe slale lransilion arrow amocalod wilth Lhe Lol enlryin A

To 1lusirale 1he poinl ihal cach aolry of a scllplay sloog represanls bolb a move and
a slale lransiion, consider Lhe Lwo scll-play sirings e and coc. Bolh represel pure sdll-
cooparalion, bul an I machine wilh Lhe lomner slriog nees only one slals o ile sclll play
while ane wilh Lhe laller slong nss al kol iwo. This dislinelion i3 nonln vial al the level
of evolullon. An exarpinalion of lhar diwraons shows Lhal lhe scllplay sloog of an 111D
machine wilh a ce scllplay slring can only b allocled by Lhree poinl molalions [chanpging
eilher the milial or Lhe sscond &, or chanping Lhe destinatlion of Lhe arrow marked ofe ool of
Lhe 1rilial slale)y while ihe coo scdFplay slrng can be modified by Gve dilirenl monlalions.

Lamma 1. Phereare 2. I:En.}m divtined posabke spevs Deaifons Tor an msiade 00 reacbinge

Praaf:

The WD mnachine has n slales and an inilial move. For esch siale, Lhe 1D machine
musl remacl Lo dlber a ¢ or a d inpul, hus lwo arrows carraponding Lo lhae lwo poesible
inpuls ronsl be spedfied. An arow mosl g lo aoe of noslales and be Labeled wilh aoe of
Lwo moves, mnplying Lhere are 2 dillorenl waya Lo specily a given arrow. The Lolal number
of arrows 1n an r-slale 10D machine o 2re, nol connling Lhe arrow paoling Lo Lhe nilial
alale, 5o we bave [Zn)® ways Lo spocily Lhan, Muolliplymg his by the lwo possible ilial
mnowes pives Lhe desited fommoula. O
Thearem 1.

Lol 5=1.K denole ascll-play siring, and lel ey, 2 £ {o,d} demole, respoctively, Lhe lrsl
characler of A Lhe lasl characlor of A and Lhe lael chanecloer of . Lol ne and ng denols the
uumber of characlers of lype ¢ and d in 5, respeclively. For any slalanenl &, denole by [5]
Lhe lmlh valne ol & L1l & is lroe; 01 b 1= false. Then Lhe number of n-slale 1D mnachines
Lhal have Lhe sclbplay sirimg A H 1a:

nl(n — L}

e —{ite H | :
(2r) fm—rme+[z=g}[r —ma+ [z = d]}!

(3)

Praaf:

W slarl by counling Lhe mumber of ways Lo place Lhe amows labeled wilh the enlnes of
Lhe sell-play alring

The [l colry of Lhe sall play siring involwes no choles; s arrow poiols Lo stale | and
13 labeled 2. For cach subscquenl eniry of Lhe ol Fplay slring, aparl oo Lhe lasl eniry, the
arrow labeled wilh Lhal enlry koads oo Lhe correnl slade; and Lhe slale Lo which Lhe amow
pauls may be ooy chosen from Lhoee slales Lhal do nol yel have an ammow wilh Lhe maone
Label panling w ithan The arrow o lhe Lol enlry o Lhe sellplay siriog monsi point to the
garne slale as Lhe arrow comaponding Lo Lhe move inmeoedialely preceding the colon i the
gcll-play slring.

This mnemans we make an ordered choiee of [re— [z = o — [z = ¢] ) slala @l o (n—[z =}
Lo be Lhe bead slales of Lhe arrows carresponding o cooperalion and an ardered choies of
(e — [& = d] — [z = d]} slales oul of [ — [ = d]} Lo be lhe hoad slale of Lhe arrows

f



corrempanding Lo defoclion. The sublraclion of [ = ¢ and [2 = &] [rom the 50l of avilable
alales lakes inlo account Lhal 1he wilial move e up one of Lhe moves Lhal conld olhorwise
be assodaled wilh the milial slale. The sublracion of [z = ¢ and [z = & [fom Lhe sl of
arrows Lhal nood hewd slalos reflocla Lhe Gl Lhad Lhe boad stale of Lhe lasl amow i diclaled
by Lhe poeilion of Lhe colon in 5 Since slales may be Lhe heads of a ¢ arrow and for a d
arrow , Lhe chdems are independonl and Lhe Lolal number of cholces i

[r— [&= c]}!(n — [z = )] (4)
n—r+[z=dfin—ngt+ [z=d]}
Since exaclly one of [#= o] and [¢ = d] = L, Lhe numeralor can be sinplified 1o el (n— L)L
This iransfomns Lhe above Lo

[ — L} (5)
(r—met[z=c)lp—mit [z= )l '

Any ralale WD machine ham a lolal of 2r arrows, nol conoling the arrow associal.od
wilh lhe inilial nowve. We exphcilly chose the deaaiplion of ne + my — L of Lhese arrows 1o
Lhe course of laying ool Lhe scll-play string. Il g = =, Lhen we bhave chosen cnonph arrows
Lo cnsure thal Lhe 1D machime will exhibil Lhe daired sol play; bul, if g # =, Lhen we
musl cnmure Lhal Lhe head slale of Lhe slale lransilion amow amodaled wilh g lransils Lo
Lhe swrne nexl slale, and 1= labeled wilh Lhe sane mowve, rggard lem of whelber Lhe previous
move was a ¢ of ad (1o, rgardlas of whelher 1his head slale i being enlered fom g o
[rom z}. This requires Lhal we Ol n ane addilional amow descnplion.

Thus, Lhe tolal numnber of arow doaiplions llled in dunng the conme of spod g
Lhe aulf—p]a_}rai.ringia n.+ ma + [y;é z]—J.. This lewves P — me — 10g — [y;é 3]+ L arroes
descriplions Lo be flled in. Sines Lhere are 2n dilerenl waya Lo [l in och arrow daaiplion,
we gou Lhal Lhere are

(o 6

add 1l iorel chotens ol ansemalod wilh a}::dfﬁng the a:.‘.lf—pla.y aloog. Muli.ipl_}li.ug Lhe cheovices
yiclds the dedired formula (3}, O

Carallary 1.
Un., m oy, aod 2 are as in Theorern 1, Lhen the probabibly of a rand ol y-peneraded
WD machine baving a given sell-play strionge A H is

n.![n.— J.}!
9. ()it tb®I 1 (n —n, 4 [z = }(m — ma+ [z =} (7

Praaf:
Divide equalion 3 by the Lolal nnoober of possible 2D machines cornpuied in Lemoroa L
O
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Call an 'Y machine self-mope miioe o self-defecling 1l 1la solFplay slring consisls en-
lircly of ¢ o & mowes, rapeclively. The nexl remll 18 walid for bolh sell-cooperalive and
gcll-defocting 1171 mnach ines:

Thearam 2.

The probabiily Lhal a randownly-prnaraled U1 mnachine s solFooopoaralive ia

T =L}
EE [2n¥in — Ol (5}

Praaf:

Wilh an il nove Lhal ool come balore Lhe colon, and up Lo e slales comaponding
Lo olher poleniial moves m the selbplay slring, al losl one of which mousl come afler the
colon , we sce thal Lhe number § ol ol in a scllplay slring consisling alirdy of ¢ moves
13 n the mnpe 2 < 1 € n4 L. Marcover, 1o a slring wilh § such e, Lhere are § — | places
Lo pul Lhe colon.

The index of mmmalion will run aeoss the number of paessible ks o oa complolely
cooparalive soll-play slong, minns one. For a given § and colon podlion, ooonls [T} moay
be flled in wilh me={ ma =0, and & =y = =z = ¢ Lo yicld Lhe probabilily

nl [ﬂ- - J.}!
2. (Enpfn—{+ L)) (%)

Since Lhere are § — | placa the colon could be placed, Lhe probabilily of an 11'D machine
baaving a sollplay siring wilh § cooporaloe and no delecls 1s, alfler caneellalion,

(n— LN — L)
2. (Znftn — {4 1) (10}

Il we Lhen mum over Lhe possible walne of § and correcl Lhe ndex Lo run from L lon, we
oblain fomonla [8). O

Far laler purposas, Table 2 compules the expocled munbar of sdboooporalive n-slale
I°D machines in a mondomly-chosen populalion of dwe Lhily.

To romp, Lemnma | counls Lhe lolal number of D mnachines wilh o slales. Thooremn L
counls Lhe number of r-slale WD machines Lhal bave a given sellplay stong, In Carollary
L we oblain Lhe probabilily thal a randomn WD machine will have a given sell-play siring.
Fially, in Thooran 2 we mum over all purely cooperalive sellplay sloogs Lo oblan ihe
probabilily thal a randomn 1D machine will be sl coopeorali ve.

The remulls in Lhis seclion bawe lwo mporland oplicalions. Firsl, Lhe wse of unilonn
acleclion Lo delermnine arrows and arrow labels for Lhe imtial populalion of 1) mnachines
alronply avors shorl sell-play slimgs. Sinee the millal population conlains Lhe penelic
malenial available lor cvadulion, and ouly mulalions can inloeduee new malenal | Llds blas
probably alecls Lhe evolulionary palhs explored by our sysiem. Socond, as will be discussed
i Seclion 5.2.2, iu sane parrncler rgiing Lhe anopames of wallllower ocolopics deor s
as lhe expoclod number of sell-cooperalive playoers in the nitial populalion increse, Here
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n | Profbeldily Hoeelalion | o | Pebelifly  Baoeebiion
L 0.25 7.0 12 0.0615 L 8456
2 0.1878 n.625 L3 0.0578 L7730
K 0.L525 4. 1833 14 0. 05446 L6373
4 0.129% J3.3065 L 0o5L7 L.An0?
a 0.1l J.402 L6 00451 L4721
g 0. L0 30208 LT 00467 L4016
T 0.08L 27287 L5 0. 04446 LT
5 0.08249 24872 L4 0.0426 L2700
f 0.07ez? 2.7866 20 0.0409 12262
L 0.0706 21171 20 0.8 Lol

Table 2: The probabilily lhal a randamly pmeraled p-slale 1D machine will b sl
cooperalive, and lhe expocled number of sollcoopoeralive one oul of Lhirly.

wo have ouly addnmsed lhe 1ol distribulion of scll-play slrings. However, lhe rale al
which evalulion drives our populalions Lo a slale where mosl players are poenolicall y sitn L
(e Stoucker ol al [1994)) makes Lhe scllplay sliog delarmine imeh of Lhe behavior of
tnany ocologics,

4 Simulation Findings: Overview

In prelimmary IPDJCE sionlalion slodie reporled m Slanley ol al. [1994), we ound ihal
Lhe overall crnerpgenes of cooporalion was faelor wilh chaes and refusal than wilh round-robin
pariner scleclion as nsed m Miller (1989}, As well, the milial dip o overall avergpe (oo
wan dlher much mare shallow o missing colirely. Allbough a lanee nunboer of ocologios
emnengod Lhal were ementially monlvally cooparalive, olbar ccolopies had an averapge oo
Lhal ranained nearly conslant for mmany prmeralions al levels below Lhe mnloal cooperalion
paayoll, or which displayed olher Birly regolar payol pallorne. Inloreslingly, when we overlad
Lhe averape Mlocma fan diforanl runs al Lhe same paramneloer valne, Lhe average Olomss
oflen cluslered aronnd wsrnall number of values.

Theme poweral Indings conlinne Lo hold for he mare exlonmive sludiks reporled 1o the
prement paper. lodeed, the enbanesnent of the apenemes of cooperalion appears even
more dramalic when we comnpare our raaulis Lo random ralber Lhan o ronnd -robin parloer
scleclion | a mnors appropriale comparison becanss Lhe Lolal number of panes played s ore
simnilar. In Lhia scclion we premanl a bricl over view of Lhese and olber simonlalion Godings. A
mnore delalled discuseion is given in Soclion §.

When parloors are chosen randomly and no rafusal = allowed , many populalions never
evolve Lo [ull cooperalion. Qo Lhe olber hand, only a soall Imelion evol ve Lo [ull delection
Lhe neml go Lo melarslable slales which lie belwoan lhoese lwo cascs. As depicled n Fiore
J3b), Lheme olocls show up vimally as dlber noisy horizonial lnes or Lhin bands when he
averapge (oo for 40 muns wilh 40 dilferenl mndom scods are praphically suparinposed.
Some of Lheme are ey Lo undersland: 3.0 reflecls Mlly cooperalive play; 2.8 18 a popolalion
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Murpnber of I'layers N =130
Mumnber of Generalions [Tournaments) 7 2 A0
Nurnber of Heralions poer Tournameni  § = 150
Ivitial Expecled Payoll mo = 3.0
Minirmm Tolemnes Lavel: r= 186
Bemmal Payoll: A=10
Wal [lowrer Payoll: W = L8
Mernory Wephl: w=07
Mumnber of Elile X =20
Mulation Probabiliy po= /1000

Thable 3 Paraneler Seliings [or Lhe Slandard 1PDJCE Seemario

in which ach player delecls exaclly onee apainel mch olher player; and so on. The owverall
averapge Olomms 1o, lhe average of lhe average Olocs wcoes Lhe d muns) slays well below
3.0, Lhe [oll-cooperalion payoll [see Fignne 3la)).

Coulrasl Lhis wilh Fignre 4, which depicla Lhe averape (lomsm of 40 dillrenl runs al the
slandard 1N/ CE pararneler selliogs specified in Table 3 Qnee apain, ool all populalions
ovolve Lo ll cooperalion. 1o nearly all of hae pariially noncooparalive evolved populalions
mach player deflocls, on average, aoly onee apainsl cach olher player. Thos, while hori=ontal
bands are cvidenl i bolb Fymre 3k} and Fignre 4 b}, lhe average Olocme lor Lhe aller
casne Lend Lo clusler in jusl wo namow rogions; and Lhe overall averape: (lnessos achioved [ar
Lhe standard IWN/CK sconario are bigher Lhan for randan chobee.

Figure 4 illnsirales a commnonl y observed confipnralion [or averapge Oloomsem o Lhe ovo-
lntiomary WNVCR: walnes cluslarod Girly phlly mlo a small immber of narrow repons. Far
sane paramncler sellings, however, Lhe number of of thae opons o be larpe and mare
difuzely dislobuled. Also, choiee and refusal can lead 1o slualions where Lhe players delecl
apainal cach olher a small inmber of i and Lhen emse gane play allagelber, beoomning
wall Jowera, The lalloer silualion bappens, lor axample, when the standard 1IPDACK somario
13 perlurbed noany of the following thros ways: Lhe refusal payoll 13 inaeassed wolil bange
refused bocomem an allraclive allemalive 1o moinal defeclion; Lhe memary weipghl ia low-
ered unlil cooparalom rehase Lo lolermle cven a single deleclion; or Lhe walllower payol 1=
meremsed o a lovel lying aoly aliphlly below Lhe moloal cooperalion level, The Oral iwo
canem are Ulnslraled by Figures §and 6, rapeclively

Diempile allaning sinilar averagie [nmes, Lhe populalions wilh averape [locsses noany
one repon consisl of prmolicall y diverse players wilh nloraclion pallerns poculiarl y adapled
Lo Lhe cholee and refusal mechanismn, Por examnple, as daaibed [uriber in Secian §, the
aource af Lhe spiking in averape [limses fom 269 Lo 3.0 obsrved in Fignre 418 an inlocale
dance belweo one sel of milally mpacions bul allimnadel y love-sbmek playoers [“Boba™ ) and
anolher sel of lanplingly cooperalive players [“Haguels™). A more delailed examinalion of
Lhe Gednaling secal nelwak simclure ansiog in the evololionary IPDACK i3 given oo
companion paper [Smoncker ol al | 1994}, These slruciures are slronply reminiseenl of the
gocial nelwork slmclura obsorved o roal-world scllings.

Il the choice and refusal pararnclors T and w are allowed Lo cval ve over 11me along wilh
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Random Choice. 40 runs. 150 iterations per generation. Random choice. 40 runs.
3o e [ C s R T I -—
r T e ST 3.0 i 0 VA AR AR

2.5 -

2.0

Average of population average score
Population average of the average score

0 50 100 150 200 250

0 100 200 300 400 500 Generation Number

Generation number

Fiure 3: Handomn choice evolved [or 500 pmemlions. Each player choosem cxaclly one
pariner al randan on meh of Lhe LA0 ilermlions comprisog an ' lonmarnend. [a) The
overall averge [lnes achicved by succesmive ppooralions woross 40 runs. The dashed lines
(error bounda) show Lhis overall average (s plus or minns one slandard devialion. [b)
Each |ine shows Lhe averape [loes achicved by sucoms we prooralions dutng one of Lhe 40
runs. Mole lhe wide spread and Lhe honzounlal bands The bands Lend 1o occur bocanse
populalions bocane penelicall y hornogemeons and mulanis end Lo do poorly.

Lhe plagers” 'Y slralopion, then populalions fequenily evolve Lo be mlolerant of any player
who delecls oven ones apminsl a cooporalor. Inloralingly, as disoussed more carchilly 1o
Seclion i, Lhe populations wilh cvolved T and w walnes lend Lo achiove averagpe Glocmoes lying
belweon lhase of populalions wilh lxed choles and rehml paronelers and those allamed by
populalions nang modomn pariner choice. Howewver, the wricl y of behaviom obsorved 1o the
populalions wilth evalved T and w valne i3 jusl as proal as lor Lhe populalions wilh flxed
chace and refumal paramnelors.

5 Simulation Studies: Detailed Results

In Lhis seclion we delail a wricly of sioonlation slodies Lhal bave bom candueled Lo explare
Lhe senmilivily of DK evololiovary oulcomes Lo chanprs in key paramnelors, Weslarl by
explaining Lhe coneepl of a [ines rggion, need below Lo aid he reparling of our sionlalion
[indings.

6.1 Fitness Regiona

Az mom in Seclion 4, ihe averape Olnemo achicwved by sucemss ve peooraliong in runs of the
ovolulionary WH/CKE [romn differenl wilal random seods bend Lo cusler aronnd a sooall
unmnber of kevels, We refer 1o Lhae levels as mgens 9 01 Heplon 87 1s the dusler
of average [nemses rouphly conlered aronnd Lhe averapy [nes achioved by a bommaeen cons
(prnclically identical § populalion whaee scll-play slring 4. # congials of an 1nilial slimge A of
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Stamdard pQereters 40 runs \PD/CR. Stamdard PQereters. 40 runs.
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Average of population average score

Population average of the average score
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[ 1.5
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Fyure 4: WDNCH cvol ved far 500 generalions wilh all paramnelors al thar slandard semario
levels, A= in Figure 3, oach player chooses al ol one parlner inomeh Hemlion. [a) Qwerall
averapge [l acom 0 s and aror bounda. (b} Averpe Oloem achicoved by moocmive
prneralions for 40 individual runs. Mole how low Oloess lovels are achioved in canparison Lo
Fyure 3. The jumpain averapge (oo [ram the floos rqpon noar 269 Lo a lovel above Lhe
mulual coopemlion [inems rggian al 3.0 are obsarved frequenily, and indicale the Haguel-
and-lhe-Bobs phenananon disommoed 1o Lhe Lexd.
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Fyure §: WD/CH wilh a biph reb=l paydl (= 2.75.). Al olba parameler sellings are
al slandard scemario levels. [a) Owerall averapge (lnoms acrom 40 runs and arror bounds. [b)
Mverage Mloesa for 40 individual rons, The high reh=al payoll 13 30 allraciive thal some
runs ol lrapped 1o a wal llower silnalion where cach player delocls apainsl aach ol her player
[our linem and Lhercaller collecls walllower payolls. Every lime a more cooperadi ve player
appaars, lhe deloclors lake advanlags of i Lo collecl remml payolls; Lhe cooparalor el
scores poorly and irnmeoedialel y dics oul. The apporanes of such cooporalors = indicaled by
apikes n Lhe average Moo,
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Fiure 6: 1I'D/CE wilh low manory weighl (w = 0.4} All olher pammeloer scliings are
al slandard semano levels, [a) Owverall averagy: [loemes aorom 40 mns and aror boonds,
(b} Averapge Olumsea for 40 mdividual mos. Here e paramneles are such Lhal cooperalars
do nol accepl any deleclions, and muinal deleclors o ouly play mach olher iwics bolore
prafoerning Lo bocome salllary. Also, a fow populalions booome lrapped oo walllower silua-
Lions for man y prnoralions, wilth molanl coopermlors achicving even lower payolls Lhan Lhar
defecling relall ve.

n defeclions ollowed by aalring H consisting enlirel y of cooperalions. Thua, repgion 237 18 the
[lnem clusler ronghly conlored around Lhe average floes 30 of a bomopeneons popolalion
wilh a scll-play slrimg co. . e, raglon O 13 ronghly emlered aronnd Lhe averape: (lnes of a
bomogemeons population wilk soll-play siring d:c. . ¢, and so lorlh,

MNole Lhal Lhe prodse averapy [looss ancharimg a ragion ¥ wilh 7 > 0 depends ou Lhe
WD CH parameler scliings. For example, piven Lhe slandard selimgs n Table 3 wilh £ =

G0 eralions belwesn paelic slepa, lhe avergee fnes ancharing £ ia 2,89 [deriving Lhis

value 13 noolnvial (Sooncker ol al., 1994} ) bol lhis averagpe (o os incrosa monolonicall y Lo
30 as f becornes arbilmrily larpe. Also, Lhe player populations of the ccologics lyinge wilkin
a parlicular (lnems npfion can wvary monoously [ran one anolber; and | even lor any one of
Lheme ocolagion, the succomive ponaralions are mrely hanogemeous. For exarnple, rqgion £*
mnay coulan ocolopios consisling of a bornogeemems population of players baving a sell-play
alring wd: ¢, ccaloplos canmsling of a mixed populalion of players baving sellplay siomes de
and dee, as well as ccologios consisling of a bomaeencons populalion baving aoeelFplay slooge
d:c

Finally, ihe [lness clusler conlered roughly aronnd the walllower payol WO will be
raeforred o as the wellflower repion. The ccologia [alling n lhis repan Lypically consisl
of player populalions Lhal nilially copegs: o muinal defeclions and nlliadely mmd up as
wasll [orwera,
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5.2 Sensitivity to Changes in the IPD/CR Parametera

A seriem of sanalivily expenmenla wore conduelod for varions mubacla of Lhe 1°D {UH paran-
elers, keeping all reroaining pararnelers al Lhar slandard 17D C K scomario sellings as sied
in Table 3. 1o all cxpenmenls cxeepl the Doalng r case reporled laler, he wal llower payall
W wam el oqual Lo m.* Mg will be sem below, an imporiant oplication of Lhese sensilivily
experimnenlais thal lhe IPNPCE paramelems T, w, and mp bave dascly conpled olecls oo the
ovolulion of player populalions.

Fiure 7 daaiba bow lhe mean and slandard devialion of averape [inoesss chanpe
whem Lhe ninizmmn laleranes level T, the memary waephl w, the inilial expocled payall mp,
and lhe refumal payoll A are varied one al aline [rom Lhar slandard scmano seliings. Pa
tmach lemled pararneler confipnralion, 40 mns were made nsing 40 dilferenl nilial modom
scods, remulling 1n 40 dislinel ocolopios, and cach ron conmaled of Hl ponoralions of players.
The moean averapge [locsees f for the (nal 25 peneralions are indicaled by squars, and the
dispersion of wch mean s wdicaled by an aror bar piviog a range of plus o minns one
slandard devialion & aboul Lhis mnean B

Az mom in parl [d) of Figoare 7, f drops preapilously o raponse Lo lnoomsa 1o the
refumal payoll, B, bocanse nearly all populalions evol veinto walllower ccologies. Surprisingly,
bowever, parls [a) Lhrough (o) indicale thal inoroses In T, w, or wp have Lille olecl oo .
In parlicular, ihe plaer populalions for Lhe Ooal 25 paerlions are more cooperalive on
averape Lhan Lhe populalions cvolved wilh randomn parlner cholce; comnpare Fypure 3. As
acm in parl [b), Lhis ranains tme even when the memmary waphl w is sel al 0.9, impl ying
Lhal playem ouly pradually mmove away [romn Lhe common expocled payoll mp Lhey milially
bave for all polential pamne parlnors ®

In conlrasl, Lhe averape slandard devialion, 7, lends Lo ncrcase wilh inocasa Inomp o
R and also Lo vary spnificanily in response Lo inoosa o T and w, lral decressing and
Lhen meramng, Thess Oodings are consistenl wilh Lhe following obsorwalions. Wilk low T,
bigh w, and high wp, allbangh H° and 1 (loes rggions are evidenl, many coologios peraisl
oulside Lheme rg@ons 1n no discarnible pallan,. As dllustraled n Figore 8, ibds raolis ooa
Larpe: dispersion n average llnesma. I coulrasl, for more inlennodiale pamoneler sollings,
near the slandard scemario valnes and Lo low g, alinosl all ccologies e wilhin dalhe he
B0 o the O [iness repions, implying a relalively smaller dispoergon o average Ilnesses.
Fially, for high v and low w, Lhe ccolopian Lend 1o divide belwesn Lhe cooperalive [lnes

4Intuitively, it meakea little aenee for & player o refuse [accept) an offer whese expected payoff B higher
[lower) then the experted payeff W fom ceantion of gare play.

5The myeana and atandard deviaticma fh and & are determoined in the following manmer. For earh parameter
aetting, we firat determine the aversge fitnea (s ) attained by each of the A0 elogis @ during each
generation ¢ = 1,... 30. We then calkulate the mean miy) of the average fitnesass mife, ) acmaa the A0
erolegied a for each . As in Figurea 2(a)-3 (&), the means mily) tend to evel out by abewt the 25th
peneration, with only amall aubtesrquent vafatione COobasjuently we determame the oversll meean i by
taling the average of the meand () acres generations ¢ = 235, ..., 30. Alas, for each paramster aetting,
we calrulate the average atandard deviation # of the sverage fitnesass mie, ) achieved by the A0 eoologie =
ever pemerationg g = 25, .., M0

1 hen w ia et at 1.0, all playemn remain indifferent comerning their cheire of partner dine the Ditial
experted payeff, M, 18 never updated. The value w = 1.0 waa waed {0 penerate the randory chedce reaulta
reperted In Figure .
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Fiure 7 Scosilivily of average lnoss Lo pammelor varialions. For cach indicaled pa-
rarneler selling, Lhe square indicaloes the eman averagpes [iness achioved by Lhe 40 ocolopies
over lhe [ual 25 poneralions, and Lhe aror bar pives a [lwo slandard devialions) range of

dispersion aboul Lhis ocan.
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Fiure 8: Expeorimenlal Ondings wilh low miniimmn leleranee level [T = 040} Al olher
paramncler sellings are ol standard sconario lovels, [a) Qwverall averagee [iness wcross 40 mons,
and error bounds. (b} Averaps [lness [oe 40 individoal runs.

regiion B9 and Lhe walllower [loms rggion, raemlling anee apain 1o a ralber larpe dispardon
i awverage [lumso,

Table 4 provides a more delailed doaiplion of Lhe one-paramelo smalivily onlcanes
sumntnarized o Figure 7 lor 7, w, mp, and #. Canlion musl be exodsed o inlerpreling thae
remlls; Lhe somewhal dilforenl onlcomes obsorved 1o Lhe our dilferanl 40-run experienis
underlaken al slandard sconaro paramelar selliogs (sec 7= L6, w = 0.7, mg = 3.0, and £
= L0} mdicale thal our munple size is Loo moall Lo e 1hal all nloraling plaommore
Lhal o occur al a parlicnlar paramneler sclling are aclnally i ovidenes. Table § reporis
resulls for a Lwo-pararnelor soomilivily atud_}r m which T and g were varied L:guthur. A=
befare, 40 mus woere made far cach kmled pammmelsr confignralion, and oaech mn consisled
of Al gemeralions.

The pararncler m delarmine Lhe 1nilial rosclions of Lhe playems Lo cach olber. As soon
in Tables 4 and 5, signilicani changes in avalulionar y ouleornes oflen ocour when mp deviales
[romn Lhe mulval cooparalion payol 300 A walne of wp prmala than 30 cucourapes playars
Lo exporimnenl by playing pgamnes wilh many new parlners, while a valne of m kwer Lhan 3.0
enoourapsa players 1o slick wilh Lhoss Lhay have alrcady played.

The exopenonaly chosen inilial expoclod payoll mp can be dead wrong as an asssmemnent of
a polanlial parlner. Therelore, a player's monory as anbodied o ils correnl ex poecled payalls
can be lantarnonnl Lo fanlasy, The mernory wephl w, which weiphls pasl expocloed payalls
ralalive Lo newly oblained payols 1n mch player’s npdaling algorlhm (2}, can lhus play
an irnporiant rale in olesliing or amplilying unwarranled oplimismn or pessinisn slemnming
[romn an mappropriale sclliog lor m.

In parlienlar, piven slandard sconanio sellings lor oller paramneler walnes, dranalic
chanpem ooonr n evolulionary onleornes when w is sel low cnough Lhal any defeclion againsl
a cooperalion resulls n imnediale relhmal of all biore PD-pgame ollors. As ssen in Thble 4,
Lhe emnerppnes of wallllower ocalaeles 1 Lhen common. Qo Lhe olber band , w = | remllain
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r=W | mimmmm | phenomena w | mirimmn | phenanens
0.2 L.a N O nt W 0.10 LA o5 w
0.4 L.0 N0 Ot P kg || 020 L. N9 W
0.6 L.a IR nit N (Y 0.2 L b0 W
0.8 L3 LA it N L3 0.0 L& L0 W
L.a LA 1A nit N 0.35 L& no W
L.2 L& N Ot O 0.40 L& L0 b W
L4 L3 N O ndlt & 0.50 L& OF 07 (g, W,
L.g L7 1F nil' 4 0.60 L3 oot o3 0y L
L8 L6 1A it f 03 0.65 L& Nonddt
2.0 L7 ndf nft 005 || 070 L& FPLE T FL
2.2 LA FF o PR U 0.75 L3 N i ndt nid
2.4 LA IR Wy 0.50 L& nil ni)f nild
7.8 74 P W 0.590 13 N it nd®
s f
L. 2.4 A 0.00 L2 Do N g
L8 24 IF WA, h 0.20 L. DY ni 0 IR
2.0 20 iF 0.50 L3 O nid' g
2.2 22 Fr Pl 0.7 L3 D0 it SN
2.4 2.3 niF L.oao L& B0 it 13 4, 0
2.8 L& ndF L1 L25G L3 FFL PL L o
2.8 L6 1A N L.a0 L3 noor N
2.0 L& LA i 0y L7h L& D0 ot 13 .4
3.2 L2 1P O Ly (h 2.00 L. O nidt N
J.4 L2 1R ot 18 N 2.20 L2 N, %l WY
J.6 L2 IR nit nif 2.40 L2 L0 it N Wy
4.0 L& IR nft N 2.7h L2 We o ot opa 13 g

.00 L2 W He
324 L2 W, N

Table 4 Oneparamncler smalivily remlls, “Minionmn" is a rough chamclarzalion of the
miniumn averags [l achioved by any of Lhe 40 ccalopian aller an nilial iranmienl slape
[delernined by inspeclion), and pives a crude sensa of the lovel of cooperalion evineed. The
phenanena columns indigale the wriouws bohaviars obscrved or the 40 ccolopis, rouehly
in order of thar Fequency. 8™ = [loems repion n, W = wallllower rqaon, & = an ccology
which persisls [or a long 1ime whoss dompinanl subpopulalion has a sdlplay stioe wilh
a shorl cyclic soclion, and (F = alber coolopies wilh nearly conslanl (lnem acom many
prneralions. Also, & = noisy avergee (lnms plols wilh no discemible pallerns, f = spikinge
obsar ved In averags [lnas, and £ = a lalo-appearing walllower ccalagy. A small # o frool
of a phenomemon indicales Lhal il was evidenl arnidsl somne amnount of naiee, and @ mbecripl

Tri OIL ik phmmumun 1ndicalem Lhed -;.ul:,.r i Camm were abeorved.
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AT L& 2.0 2.4 28
L6 96
ﬂl:l
210 L4 L3
r o o0 W
2.4 L9 L7 2.1
nfJ0 oo W B0 w
28 L7 23 2.1 25
nil® N B i | R WO | 1P W
3.0 L7 LG L9 25
PGP ¢ F | IR L | AP WA | 0 W
3.2 L3 LG L9 2.5
DO ni N | DO g | AP WA | LR W

Table §: Two-parmmeler senmlivily resulls: T and g waried logelher. Seo Lhe aplion of
Table 4 for a key, Fach box reporls Lhe miniionmn average Ones Jor gonoralions 25-50 as
wall as key obaerved phonornena,

random parloer chaes, and i miphl Lherclore be anligpated lhal ihe bohaviom obscrved
al high w valuem will nimnic Lhose obaarved for randomn pariner choles. Bul il = aoly al the
very hiphesl Laled value of w, 0.9, Lhal we soeany bind of Lhe wide disparsion n averape
[luemmen thal occurs [or andom parlner chaes, as depicled i Fignre 3(b); and, cwn [a
Lhism }.ugh L \r.:l.luu? ILw ul:duglm inhabitiug Lhe [lre=s rgbons T wilh n = 7 are obsorved .

The seumilivily remlis reparled n Table 4 for Lhe rehml payol # revel lwo repions of
dislinel behavior, splitling roughly al £ =20 When R is boelow 2.0, refusal 3 avoided by
Lhe players and wallllower coolaias are absenl. As A incrmaso, howeover |, players landal iwed
by bhiyh A payolls oflen delecl Lhar way nlo a wallllower ccolagy. Thercaller, they only
oblain / payolls when Lhe populalion = nvaded by a mmlanl cooperalar.

Iu lhe nexl several mbsoclions we examine more closal y Lhe behaviorl phenoamene high-
Lghled in Tables 4 and 5.

§.2.1 Thea Coaperative Fitness Hegion IF

Ecologics whose averee llnesss lie in the 0% rapion consisl aneely of players cupgasing in
mnulual cooperalion, aparl Fom an occasanal mulanl, As indicaled 1o Tables 4 and §, such
ocalaples have appeared for almosl ever y pararneler selling we have Lizlood Indeed, for mnosl
paramncler sellings, ambslaniil nnmber of ccolygios approach Lhis (lness repion wilhin the
fral [ifleen prmaralions. ln ppoeral, Lhe prealoar Lhe Fadion of ccologies Lhal e wilhin the
[ilnems replon B9 Lhe more limne they spend lhere and Lhe bigher s Lhar aliained avenagpee
fluem, .

When all players copagee in iminal cooperalion, only Lhres Lypoe of player inleraclion

"For the one-paraneter aenaitivity reaults, the only exceptiroa were when w = 065 or when K waa et
higher than 3.0 for L = 3.0, only one auch ecolegy appeared i A0 rums. ke exceptions were foumd for the
twor-pararneter aemitivity atudies for mn amd 1.
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pallemms are possble. 1 Lhe milial expocled payol wp oquals 1he molual eooperalion payall
30, Lhen polential PD parne parlooers always bave an expecled payall oqual Lo 3.0 and aach
player = indiTerenl coneerning whorn il plays. In 1his @se the parlner seoclion mochanismn
reducs Lo modom cholee. 1 mp 13 groealer lhan 3.0, playas keop sclocling new parinems
i a round-robin fashion as Lhey experiencs dmappaolmenl fram Lhar lower Lhan expocled
roulual cooperalion pa.}ru[[s. I o im lems than 1.0, ezmuch pla.}rur Latchem onto Lhe Oral indi vid ual
il plays minee ils npdaled expocled payoll for Lhis parlmer will nse above Lhe payoll o il
expocls fom cach olher parlner.

The £P [lnem repon is visually noisy when coologios parsistently move i and oul of
Lhe region, or when olher coologios peraisl al nearby average Diness levels, This silualion s
indialed by ndd® n Tables 4 and 5.

5.2.2 The Wallflower Fitness RHepian

The nexl moel casily underslood [lnes repion 1a Lhe wallllower raggion. The ccologics Glling
wilhin Lhis replon Lypically comprise players Lhal mitially defeel apainet all olbor players,
ullimnalal y deade Lhal, uch olbher player = inlaorable, and Lherealler collecl only wallllower
payols. Such ccologics are casily delecled bocanse Lhey pordsl for a long Line wilh an
averapge (loes Lhal 18 near the wall lower payall W

Twao glnalions cnconrapes wallllower ocalopioes Lo aoenee and persisl: podiive nemlive
fa bigh W or A value) and quick rehmal of defoclars [a bigh v walue). 1o sioolalion
exporitnenls in which neither of lheme halds, we rarely observe Lhe cnerpenee of wallllower
ocalaias. Qo lhe olber band, when R i3 sol sullicenlly high  almosl all ccologies in our
gengilivily expoedmenls evolve inlo wallllower ocologies. Also, keeping W ool equal o T,
and sclling v biph somne (bul ol all} ccadapia evolve nlo walllowsr occolopgie. 1L moay
goeurn connlerinluilive Lhal a bigh A value resulls in more walllower ccologies than a bipgh
T walue sinee synchranized play behavior s commonly obsorved |, and players copaping 1o
auch behavior never rocd ve refusal payolls Fon cach olher. Howover, wilh a bhigh B valne,
deleclors scare very wall whenever coopearalom are prasanl. Thns deleclars lond Lo lake over
Lhe populalion and prevenl mulanl cooperalive players oo Inved ing.

(iven mp =30 and > 2.1, wilh wael al s slandard semano value of 0.7, a cooparaling
player will imornediadely refse all uriber play wilth a player who delecls oo ile frel moove
apwnsl il. This immmediale reml in reponss Lo an mlial mcker payall of 0 lncomsa Lhe
probabilily Lhal a walllower coology will anenee. W also suppests why, in peneral, wallllower
ocalaples arc obsoved 1o lhe lwo-pararpeler exporinenis of Table § ooly for Lhe bhijgher
valuem af T for cach piven walne of mp; lor the appearance of wallllower ooolopies o Lhis lable
13 rouphly lrsdopg ol the boundary in lthe mp—r plane belwoem omediade relumal and 1o
nmnediale relusal n raponse o an intal 0 payal, gven w = 0.7

When my < 2.0, huwuvur? the uxpla.nai.i-;m for Lhe CIOAT TS of wallllomwrer mﬂ:gjua 19 -
Lually mnore sublle Lhan Lhis discussion suppols, for a plaver's expecled payoll L neroases
wilh cach new muilnal coopemlion payoll, 3, ihal i recgdws. Thos, a mucker payoll, 0, o
a mulual defoclion payoll, |, recdved an the el move wilh anolher plaer mighl rauli
i refumal of all loriher play, bol refumal of forlber play mighl nol occur i such payolls are
ouly recaved following a slong of molual cooperalion payalls. For exarnple, as mdicaloed 1o
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Table §, wallllowsr cooloples were nol obecrved when o and T were bolh sel al L6, even
Lhoumgh a0 payoll oo diber Lhe ml or the socond move always ovokes tonmediale rehmal 1o
Lhin s (bul a0 payol ao Lhe Lhird move need nol).

Iu peneral | our [ndings suppesl Lhal wall Dower ocologies primarily ocenr o Lhe repion of
Lhe pararneler space for T, w, and m where players are relalively inlalerani of defoclions. 1o
order Lo quantily Lhis nlaeranes ropgion, lol w2} denole the expocled payoll Lhal a player
bas for anolher player 7 afller rocd ving a siring of payals 2 Fom 3, and lel QE) = w[(Z)fr.
By conslmuclion, player £ will reluss all urlber pame oflers [rom player 7 1 and ooy 100602
18 lems than L, imnplying thal ¢ (ods § wlolrable, Given any 2, the T, m, and w parameloer
apace can Lhen be partitioned iolo inlaleranee and loleranes rapons characlerized by G Z)
< | and QE}) 2 L, rapociively.

Our sivmlalion lodings rggarding Lhe coenpenee of wal llower ccolopioes in the cuss mp <
30 cau now be mmnmnanizod as lollows. U=sng {68 O 0} 1o dmole Lhe D garne payalls
fo,1, 3,5}, wallllower ccolopios rarely evolve in siranlations for which the 10D MUK paramnelors
galialy mp < O, QL) < L GUOL)Y < L, and EOCL) 2 L. Howaever, we obsar ve al koasl somne
ocalaploen ovolving inlo wallllower ocologics when mp < O and GOCL) < L For example,
given w = 0.6 and T = W = L6, Lhe value QCCL) = | ocoum al mp = 2.07. 1o simoulalion
exporitnenls wilh w = 0.6 and v = W = L6, wallllower ocologies crnerpged when g was sol
al .90 or 2.05 bul nol when g was sel al 7,10 or 2.20.

W also hypolhesize Lhal Lhe probabilily an ccolopy will evolve inloa wal [lower ccology
dependa In parl on Lhe milial playa populalion. In parlicular, suppaes paramclar values
are sol s Lhal players in Lhe nilial population ihal do nol moolvally cooperale are miber
quickly roduced Lo walllowers and any d@ngls cooparalor @annol mlscore defoclars i an
olherwise defocling populalion. Then deloclors will lake over unles Lhere are lwo or e
cooparalors I Lhe nilial populalion; for any Line a single cooperalar appoars via molalion
and crosmover 1L will irorned lel y il Lo propagate. On Lhe olber band, 1 a single cooperator
can oulscore an olberwise defecling nilial populalion , then cooporalom will ewemnluall y bave
ollapring wilh whan Lhey can cooperale, do oven beller, and Lake owver.

Inleremlingly, Lo populaliona of siwe 30 1 lollows [rom Table 2 Lhal 1ol popnlalions
whose players have L6-alale U1 moachine reprmeniations include oo averape ooly L4T play-
exs whoss scll-play slong 13 puray cooperalive, wherms populalions whoss players bave
onc-slale 1D machine represenlalions have a much preader expoecled mnmber of sell-play
cooparalors, 7.0, The probabilily Lhal an inlial populalion will bave more Lhan one player
Lhal condalenlly cooperalos wilh Lnpe numbers of olher players is Lbns mooch grealer in the
onc-slale came. W [ollows [ram Lhe proviows discomion Lhal Lhe avolulion of wallllower ocolo-
giem should be a more cooomon ocoumence Inoour L6-slale sonlalions Lhan in our ane-slale
sirnulalions, and Lhis 18 corlamly mpporled by our simoulalion Gondings. As will be discussed
[uriher below, na wall Dower ccologies have been obsoerved in our ane-siale simonladions.

W also follows lhal wallllower ccolopies will be lms Lkely Lo anerpes when Lhe populalion
giwe isincremsoed. This bypolhesis was losled by choosing: bwo of Lhe paraneter sellings where
wanll Jower ooologics woere scen, bul memlives wers nonexislenl: namely, w =03 and w =04
wilh olher pararnelers al slandard walnes. The populalion size was doubled 1o & = 60,
giving an axpocled unmber of 294 sell-cooperalors 1o Lhe inilial populalion. The number
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of ileralions was moacased Lo 400 Lo cosure Lhal all players had a chanee 1o Lol all olher
players. As expocled, no wallllower ocologies woene som.

5.2.3 Tha Intermeadiate Fitness Hegian 1

In our one-pararneler and Lwo-pararnelor seneilivily experitnenls, Lhe 822 reglon is absend Lo
Lovwr o1 wlermnediale valnes of Lhe inilial expocled payoll, m, or [ir pamrncler sellings wheare
mnulual defeclion remlls v iomediale ply sloppapge—or exarnple, where T 19 al leasl 2.4
and all olhar pararnclem are scl al slandard semario lovels. Olherwise, al leasl somne bind
of Lhe rg@on s evidend, even when Lhe nomber §oof Herlions in lhe slandard sconartdo s
ineremsed Lo 400 so Lbal the averapge [lnes anchoring £ ia closs Lo Lhe averape [locm 3.0
Lhzal [always) anchom 7.

The ' rqeian eucomnpasscs a whole hael of scologics in addilion Lo the canovical case
where players mulnally defocl once bul olherwise mulnally cooperale. Many £ ocologio
conssl of lwo or more dislinel, repealodly-inlemeling subpopulalions Lhal appaar Lo be
mnela-slable in Lhe following smee Lhey aoerpe and poerssl e many peoeralions, aond Lhey
resial Invasian by a lange range of molanls

The social nelworks lommned by Lhe populations inhabaling Lhe £ ccologies were sludied
by conmdering Lhe players as node n a [ully counecled praph. Ao odpe m lhe praph
repremsonled an inleraclion belwesn bwo playem, and was inilially assipned a oo sloenpgth.
The alrenplh of an edps connecling any lwo playars morased by one ch Line Lhe playars
empaped Inoa PP pgame. To oblain a clora vimalisdion of Lhe more persislenl social
wlraclions, edpe slrenplbs Lhal fell bolow a colain minmmum pumber al Lhe md of a
sirnulalion mun were sel Lo wero and Lhe remaining edpe sireypelhs were sel Lo one.

Olur sivnulal lon slndic show Lhal 1he soal nelwarks (praphs} delarmined in this manner
[or £ ocoloples can lake on an aslonishing wardoly of lorms: sooall, saated nelworks: Bolked
alars, where a low cooporalive playem are choaon by all olber playera; unlinked slam, where
Lhe players [orming the emlor nodes of Lhe slams Ood cach dber inlolerable; a complolely
connocled cmiral nelwork of players Lopelber wilk an ovler Layer of playars, cach inked 1o
only one player in Lhe cmlml nelwork: and iree-shaped nelworks. In moany cases, Lhe rel 10
Lo A0 Heralions are apparcnlly nsed by plyers Lo “pel o know cach olber M aller which the
gocial nelwork sellles inlo s scooingly slable conlipnralion. In olher cuses, however | a social
nelwork mnay pemisl in aue laem e a puober of poncralions and Lhen lransil o a dilferend
[ormn, or il may sinply never scllle down, New socal nelworks are slill being discovered.

As Lhese Ondinga supeesl, Lhe 2 rgeion Lands Lo be thick: mnosl of Lhe ccologies in 1his
region donol bave an average [loems al Lhe canonical 2 value, jusl one cose Lo Lhis valne.
Indeed, ane of the occolopio Lhal cornmonly adds e and vimal opact 1o Lhe £ ragion,
Hawuel-and-Lhe-Boba, has a (iness Lrvee Lhal loaps anl of the repon al mandom inler vala 1o
alpehlly abowve 3.0 and then falls back Soo, lor cxampls, Fignre 4. A more delailed stody of
Lhin and olher sogal nelworks arising o Lhe evalulionary 1PN ACE can be [oond o Sumcker
el al. [1994), bul a poneral decnplion of Bagquel-and-Lhe-Bobe will now be given.

This whimns call y-narmned ccolagy 13 bal desaribod as the miariwining of lwo mloraclion
pallerms ropealoedly armimg Fom ane anolber, The Oral inlemclion pallean ocomm when
an mxmlially homogeneons population o “Bobe™ cvolvas. Fach Bob has a sell-play slonge
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coulaimng a single defoclion al or noar Lhe bepinnmg of the soll play slring, cp. de, and
Lhe properly lhal a poinl molalion or cmsova o csily prodoce a “Haquel” which 1=
scll-cooperalive and which also cooperales al all Liines wilh a Bob, The populalion of Boba
oblans an average (loms o Lhe 0 replon. A populalion of Boba will play wilh a Lypical
scarch and lalch pallern — a Bob rmenls Lhe nilial defeclion and kecps scarching: nolil i
bam played all dlhor playems onee. Aller Lhal point, il will laleh onlo Lhe player 11 bas played
Lhe largesl, number of i,

The Boba bum along [rom grneration Lo proeration nolil one of Lhar ofspring s a Raquel,
ushering in Lhe sccond wicrclion pallern. The payal of fve uoils Lhal a Bob rocdves [rom
a Haquel whem BHob delecls and Hagquel cooperales canses cach Hob Lo imomedialely Lalch
oulo Hagquel when 11 plays Hagquel lor 1he Oral limne.

The remll of Lhis 18 thal Haguel plays a g snmber of cooperalive pamnes aller the
mnilial defeel wilh overy Bob in lhe populalion and cods up, due Lo unavoidable slochaslic
Bob-on-Bob deloclions in Lhe inilial play, wilh the hiphesl Oinesm, The popolalion avenagee
[luem also rises — nol all pomible Bob-ou-Bob delkclions occur anymmare — and a apike 1o
Lhe [inems Losee slarls.

Hanuel bas ihe highesl loems, a0 il bas alspring,. Sinee Lhe expresed parl of Hagquel's
prnane i umally quile moall, Lhe probabilily s bigh ihal Hagquel’s alspriog will also be
Hanuela. Asa ramll, the mmmboer of Haguels inoraasa, Wilh onlliple Haguels, a Bob lnds
a Haquel soaner and pols wer defoclion payolls [ran olber Boba, Even Lhonpgh a Bob wanis
Lo laleh onlo Lhe Oral Haquel il [nds, 1he Baquels keop smarching Lhe populalion [al leasl
when omp 2 3} Thus cach Bob eveninally nds all he Kaquels and oblains Lhe payoll of
i oo for cach Haguel, As a reull, Lhe populalion avergpe [lices 18 mised apain. Ones
emongh Hagquels have eolered Lhe population, the Bobs® [lneses surpass Haquels®. AL Lhis
paul, given aur alilism in reproduclion, Lhe Haguels arc always dedmalod and usuall y wiped
oul. This canses the Galling lepg of Lhe spikein the average floos irace. Figure 8 shows the
inleraclion of a populalion when Lhere are thres Baquels.

5.2.4 Other Phenamens

Heovicwing Tables 4 and 5, 1 13 apparenl Lhal the Mloess replon 9 i3 mnch lkss in evidenes
Lhan the wallllower repion or Lhe ragons 09 and 8 Typically, aoly one or iwo ocologies
perasl o lhis replon oven when 1 = obsarved. As for 21 lhe 89 ocalopion Lhal bave boso
obeor ved exhibil a wide vanely of behaviors. The [iness repglon 89 appears Lo be oven rarer
Lhan £9 perbaps boganse Lhree deleclions oflon leads Lo play sloppapas. O yelic coolopio, 1o
which all or alrnosl all ndividuals bave a shorl repenling sellplay siring wilh bolb o's and
d's (o o do) also occur, bul scan Lo be rare al any pararneler sclling

When the slandard sconario was perinrbed by lowering w Lo 0.5, a parlicolarly nileresi-
g ccology appearod whose averape payoll pamisled naar 2.0 over Lhe Ooal 20 gaeralions.
Exarmining ihe player populalion lor Lhe very lasl peneralion, we discovered thal the players
were allerpaling mulual deloclions and mulval coopealions wilh mch olber, reolling 1o
gequences of payols of the fom (L3, L3, ) This populalion conlained Lwo mbpopula-

Lions, wuch of whose mernbers profemoed parlnem ban Lhe olber group.
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Generation 16 Iterations 120-124

Fiure 9: An illusiration of a Baquel-and-Lhe-Bobs sodal nelwork wilh Lhres Haguels. The
Lhree Haguels are lomloed 1o the conler of Lhe star pallarn.

Somelirnes an ocalopy will iransil Lo oa wall Dower ccology aller porsisiing lor sorne Lime in
a more cooparallve mode. As mdicaled 1o Thble 4 Lhess rare lale wallllowsr ccolopios ocour
al dilferenl pararneloer walnes than Lhe nmal wall lower ccologien, lor reasons Lhal ronain

5.8 Sensitivity to Potential Behavioral Complexity

To Leml Lhe sensilivily of the evolulionary anlcoane Lo chanpges in Lhe mnaxironm permoiiled
comp lexily of Lhe players’ WD slralogies, lhe number of slalesio Lhe I machines for hae
alralogics was roduced [rom L6 Lo one. Suprisingly, many of the novel bebaviors resolling
[rom the wireduclion of choiee and rofusal i lhe evololionary 117D were nol allecled by
Lhin apparenlly sewere conslranl. For onc-stale I°D machines, 1A ccolopios cannol arise;
and walllower coolopioa did ol anerpeal hipgh T walue wilh Wosel cqual Lo T, apparcolly
bemnee Lhe [raclion of cooperators in the nitial population was high: cf. Table 2. Howover,
I coologies [in parlienlar, Bagquel-and-Lhe-Bobe) are passible and were obaarved.

6.4 Floating v and w Studiea

In sorne sludien, ralber than assnroing Lhal Lhe players were chanclerized by lxed comomonl y-
shared walnes [or Lhe mivmonm lolemnes lovel T and Lhe monory welehl w, we malaad Lol
Llwme paramnelers conslilule parl of cach player’s genelic slmuelure. For Lhese siton lalions | we
nsed Lhe Moore-mnachine represolalion for ihe plyers® ') slraloqeies. L6 bila for mach of the
Lwo pararnolers were addeoed Lolhe bil sbriongs used Lo code Lhe Moors moachine represeniations.
Theme addilional 16 bila woere used Lo parlilion Lhe allowable mopes lor T and w iole 2%
inlervals, For Lhe Qoaling mslody, Lhe allvwable range was sel Fom O01o 3; for Lhe Joaling
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w aludy, the allowable mopge was 30l from 0 Lo L. o Lhe imlial populalion, Lhe paraneler,
alher T or w was chosen [ram a unilorm disloboiion over Lhe allowable range.

Figure 10 shows whal happencd when T was added Lo the proelic siruclore of cach player,
wilh all olber paraonelors sol al slandard semario levels (incduding W = L) We made 196
runs [rom diferent inilal randamn seeds, wilh cach run consisting of 2000 poeralions. The
averapge T acrom Lhe 196 runs evolved 1o approximalely 2.1 For thaee parameler sollings,
oue sucker payoll resulls in further remsal of play when T 2 2.1 30 oo average 1he runs were
righl al ihis mporlanl boondary. Marcover, [or all bul Lhe milial penoerations, ihe overall
averape [lnos acom Lhe 196 runs hovered around 2.8 Surprisingly, Lhis 13 generally lower
Lhan the overall averagee Oiness achioved in lhe standard seenario e with T held lxod al
W = L 6; sou parl [a) of Fyore 4.

When Lhe ccolopios were exarmined ndividually, bowesver, we lund onee apain a fch
varicly of behavioms. The averape valnm of T or mdividnal coologies have an inleresling
dislribuiion [see Fig LO0(B)). Averape r owlues lend 1o closler o lwo nlorvals ol laler
pencralions, [2.0-2 25 and [2.7-3.0). A Lhird peak i obsxoved around T = L4, and lharoisa
gap belwoen Lhis lower replon and = = L7 which s uminhabiled by any u:d-:g;ma Figure LO[c)
highlighls Lhe appaaranca of walllower coologion al bigh T valnes, These walllower ocologio
belp weconnl for Lhe lower averagee [iness achioved wilh oaling m comnpared Lo Lhe slandard
accnario wilh Oxed T, Thus a bigh T carnia aspnilicanl risk, while al Lhe saone Liine allowionge
cooperalive ccologion 1o prolecl Lhemnselves [rom lems cooperalive imiants.

When lhe above cxpoimenl was repaaled wilh a Joaling w and wilh v [xed al ils
alandard scemario level LA, Lhe Doaling w ovolved on averspes Lo a very low level As Lo the
Ooaling T s, Lhe meman averape llnoes roschod wes kwer Lhan for ihe slandard semario
cane and Lhis mnen rnasked adeh variely of behaviors. These resulls wre shown in Figore L1
Inberemlingly. Lhe mean value of wnever rose above 053, Lhe valne where Q1) = L Howover,
Lhe dislribuolion of walues apainel poneralion shows Lthal many ccologios did in Geel hawve bigh
averape w. Low w 1 associaled wilh a lapge number of walllower coologies. Nole Lhal the
repions of high and low dislribolion waluwe in the Doaling w conloanr plol of Figure Ll[c)
are much k=s dislinel Lhan Lhe analopons ones o Lhe Doaling T resulls. Pignre LL[d) ooce
apan shows Lhe danger of being Loo nlolorant of deleclion, br walllower coolopies Lend 1o
be Lmniled Lo the ranpge (0-0.3).

6.5 Population IMveraity

Theme moall populalions lmd Lo quickly loss penelic diversily, To a cerlain exlent, ihis s
an nherenl properly of moall populalions, bul Lo a eorlain exlenl i 1= also an arlilacl of 1he
way I which we bave iroplanenied our pgeoelic alparilhon. 1 we increased Lhe moulalion rale,
decrased Lhe number of dile, or roplaced cilizn wilh reproduclion proparlional Lo flocs,
Lhem premumnably the flnes repions would bocomne nasier and convengemes 1o a stable level
of penelic diversily s likely, Ao cllecl Lhal we did nol anligpale, bowever, 1 Lhal ihe
behaviaral diversily of our popnlalions 19 seneili ve Lo Lhe chaee of sorling alporilhio nsed o
aclecl parenls, cven Lhongh Lhe ponelic diversily 13 ol

Mure predscly, in mosl of ouwr @mmlalions we nesed a bubblesorl alparilbom o rank
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poleniial parenls by Olnems. The bubble-sorl alporiihm v based Lowards Lhe inenmnbency
of older players, Thal i=, in cases where a mbacl of playems all bave the saone [ines, as
oflen oooumm, Lhe players thal, achioved relalivel y higher rankings al Lhe end of Lhe previous
prncrallon are apain ranked hipgher, making Lheir survival more likely, This inenmbency
ellecl, comnbined wilh our uas of slrong cilism [X = 20}, lends Lo pramole the ovalulion of
behaviaally hanggemeoons populalions.

Uze of a beap-sorl algorilhm pive shphily nader remlls bl n prooral doo nol appoar
Loalec our cancluzions. Under a randomieed sorling alponibn, howsver, the lloem rggons
are nodger yel, and | allbongh many of the fmlores denved nang bubble-sorl remaan, Lhey
are lems promminenl. For exanple, Hagquel-and-Lbe Bobe ocologies occur monch less Foquentlly
and ropn larly

6 Concluding Remarks

The siton alion stndics reporled o this paper, o lhe cornpanion papeor Somcker clal. [L994),
and in Slanley ol al [1994) indicale ihal parmnilling playes o an evoluliopary 1P Lo choose
and relse polenlial parlners an bave a significant effecl on Lhe resnlling dynamies. A key
mmue Lhal renains bo be cxplored , howeaver | 13 whelber Lhe eflocls we bave [ound ane peneric
Lo choles and relml or are caea y Lied Lo parlionlar [malures of our implanendation.

For exarnple, our reliance on a s ynch ronieed penelic slep, sirong cilisn, expoclod payalls,
and a slricl lolrance Lhreshold may allecl aur ounlcornes s ficanily. Also, nsing a lxed
convex combinalion of pasl expocled payol and cumenl payall in order Lo oblain an updaled
expocled payoll = loo ripgid and sinplislic, cven o Lhe presenl canlexl in which players bave
no prior konowlodps of olber playora® slralgiem and payals. Allowing Lhe minioom Lol omanes
lewel 7 and Lhe mernory weipghl w o cvalve 3 a slep Lowards incresed Qexibilily. Anolher
pommibilily would be Lo asmimne thal the playors wee a look—abhed karping alposrilhm such
an {J-lmming [sce Sandholmn and Criles, 1his imne) Lo fonmn and npdale cvaluations of Lhdar
poleniial parne pariners. More pgeoerally, howewver, whal would happen i players were oo
Lo evolve Lhelr parlner scleclion mnechanisns Fom a broader domnain? Sorne players mighl
exhibil a prefermes [or Lhose Lhey have played belore wheres olbors mipghl display o lasle
[ir variely Also, we mighl see Lhe apeppmes of a more sophislicaled loon of anlicipalary
behaviar in lhe fomn of dpnals arnong polential parloers ment o inlwenes olore parlner
acloclion.

Our long-lemmn inleresl is Lo develop roalislic models of bomnan mleraciions in socal and
ocauomic coulexla The addilion of chdes and refusal of parlieras nsng expocled payalls
im inlemded Lo b oa slep in Lhal direclion. Howewer, Lhe P parne i a cadcadnre of social
imlraclions. Applymg Lhe maphls developed n bhe prmanl papar lo raal silualions will
require Lhe modeling of more specific cases, 1o Lhis imne Prechell proposss ihal D be
replacod by lhe more comnplex and realislic INCA model Tor some Lypas of pairwise iol-
aclions belwom scllish apgenls. Qoe of our arpinal poals was Lo doevelop a model of sesnal
parlner scloclion Lhal could belp in nodeslanding and conlrolling the spread of ALDS, and
') is nol a gwod model for those inlemclions. Anolher possible application s Lhe sliudy
of scanomic procmsea based on Lol endogrmonal y-delermined apeol inlemclions (e, o
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exanple, Durlanl, 1994 and Vricnd , 1995}, Along theme hnm, Talalaon [1995) has dewvl-
oped a modified D CH Famework wilhin which Lo sludy Lhe ormalion and cvolulion of
lmding palleris amang reonrce-conslmined buyers and scllerm who choose and refuse Lhar
poleniial lrading parlners.

Ackmowled gnmenta

The anlhars would like Lo thank avid Faeel and Lwo ananyinons releresa lor helplol com-
mmls. This resmarch was parlially suppaled by an lowa Slale Universily Bescarch Grand
[unded under DHHS Graol 38 250THROTIR4-26 and by Lhe Loa Alamnos Cenler for Nonlimear
Sludics. Many Lhanlks Lo the Lowa Slale Physics and Asironomny Deparlment | espodally the
CGrarnrna Hay Aslronomy resmareh pronp, lor providing cornpuler fadlilies and olice space Lo
Mark Sooncker.

3l



References

FE B REE

e

Aixelrod [L984) The FHoolelion sf Ceeperelion, Hadc Books.
cAxelrad [L987) “The Evolulion of Slralegies in Lhe Heraled Urisoner’s Dileromoa” In:

Genelie .#Hgnrﬂﬁuw ared Sunwlelied ..Eln.n:uﬁng? L. Dawvin I:ud.};, Morngan Kanfroann.

CAxelrod & D Dion (L9833} “The Forlber Evololion of Cooporalion ! Seene, Vol 242,

pp. L3SG-L300.

A Dupallan & D 5. Wilsan (1991} “Bowver: A Slalagey lor Explatling Coopoeralors o a
Valchy Enviromrnenl® ¥re Ameriean Melwrafod, Vol 133, pp. 637-T0L.

Durlanl [19%) “Nedpghborbood Focdbacks, Endoagemons Stralificalion, and locome lo-
aqualily,” Working Paper, Deparimend of Econanie, Universily of Wisconsin,

L Eshel & L. L. Chwlli-Sloms I:J.Elm} “Amarlinenl of Eoncounlem and Evalulion of Co-

n.

n.

I

K.

K.

opaalivends,” Preccedings gf the Nelionel Aeademy of Sclences, 054, Vol ™, pp.
13311335,

E. Goldberp (1989} (Fenetir dlgarithus o Seareh, Oplisizalion, and Medtine feamiug,
Addison-Wesley.

Hirshleiler & E. Haspmsen (L1989} “Cooperalion ina Hepaadled Prisoners’ Dileoma wilh
Onlmdan " fovmal of Eeansmile Hefovior end Orgardzaiion, Yol J.E? pp. 57T-L0O6.
Kilcher I:J.'HHE} “Evolulion of Allruimn n Bepaled Oplional Gamnes ' Working Paper
Deparlmend, of Philosophy, Universily of (alilornia al San L'I1:..gu

Lindgren (1991} “Evolulioary Phenomnena in Simple Dynamie ) ln: Arfifodel fafe

. Farmer, € Lanplon, 8. Hasmonssen, & O, rl aylar [eds ), SF1 Slodies in Lhe Sdences of
'ﬂu.nplc.nt_}r? Proc. Vol. 10, Addison- Wml:. L-18.

Lindgren & M. {3 Nurda.hl [La54) “J‘Lﬂ.i.ﬁm'al F-;J-:J-d Weba® In: Arlafirial Life 01 3 G
Lanplon [od.}, SF1 Sludics n Lhe Sdmes of Compledly, Uroc. Vol L7, Addison- Wealey,
pp. Ta—LO3.

J. H. Miller [1989) “The Cocvolulion of Aulomala in the Hepealoed Prisoner’s Dilemma

A Working aper [rom Lhe 81 Econornics Bescarch 'rogramn 89-003, Sanla Fo Inslilule
and Carnepe-Mellan Universily.

ML Qrbell & H M Davwes I:L'HHT} “Bocal Wellare, Cooperalor’s Advanlapge, and ihe

ﬂphun aof Mol 1'l: HYLIE ihe 'f}a.r.m.. A riean Eﬁlnnh eal Hrpiem.

.M Qrbell, A Hunde & T Mur]lavm (1995} “The R-;i:uai.m:aa of Copnilively Sinple

Judgmuunt in Eoologies of U'risoner’s Dilonma (Gamna ™ BisSpelems, 1his mme.
'rechell [1995) “INCA: A Mulli-Choles Model of Cooperalion Unda Hesiricled Com-
municalion " HisSpseru, Lhis mme

. W. Sandbolm & B H. Criles [1997) “Muoligenl Benbremnenl Laaming in Lhe Heraded

Vrimoner’s Dilanma ™ HisSpelers, Lhis 1mne.

. Bchuemsle (1939} “Exil Threals and Cooporalion Under Avnonyinily” Jevrnal af Cenflicd

Hragludion, Va. 33, pp. T23-T40.

D). Smoucker, B A Sta.nl::}r, & D Ashlock [19%) “Analyang Social Nelwork Siruclures

in Lhe Heraded Urisoner’s Dilaoma wilh Cholce and Befnmal ™ Technical Keparl #1259,
Canpuler Scimems Deparlmend, Universily of Wmcmmn—Ma.d.mun? Decenber.

A "-';‘L.:l.ul:. . 1. J'Lahlu-ck & L. Temlalmon [J.EIEI-I!-} “Neraled Primooer’s Diloromas wilh Ohoice

and .H.:.Iuaal al l’d.rinura In: Arfifirie! Lafe M O {3 Lanplon [od.}, 5F1 Sludies o the
Sdonces of Complexily, l’ru-l:. Vol LT, J‘hddia;m— Waaley, pp. L31-LT6.

‘Taalalsion (1979} “Direcl Updaling of Intarlemporal Crilaion Funclious for a Clas of
Adaplive Conlrol Problons " IEEE Trenseeliong en Syelems, Men, end Cylemmeli,
Vol SMCLS, pp. L43-LAL.

Teslalsion (1995} “A Trade Nelwork Gamne Wilh Endogenons Pariner Seloclion ™ Feo-
nomic Heparl #EE? Lovwa Slale Um vera Ly, J‘Lprﬂ.



(1. Tullock (1985} “Adamn Snilh and Lhe Prisower’s Dikooma Phe Quarledy Sovmel 6f
Fronemdey, Vol 100, pp. LOT3-103L.

. Vriemd “Sell-Oneanizdion of Markels: An Exaropleol a Cornponiational Approach " Jowr-
rael ﬂf t’.‘-'umpuiuﬁurmf Hronamie, Spuﬁal Imue E.tp:.:ri:.um'lal Econornics, fur‘l.hnuming.



