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H{shulphqwdwlrq zlwk wkh VwhuhrOde prgho lq wkh suhylrxv fkdswhu lghqwl�hg vhy0

hudo surfhvvhv surgxflqj kljk fr0rshudwlrq1 Rqh vxfk surfhvv zdv fkdudfwhulvhg e| kljk

uhixvdo ri jdph lqwhudfwlrq xqohvv wdjv zhuh yhu| vlplodu1 Wkh h{sodqdwlrq iru zk| wklv

eldvlqj surgxfhg kljk fr0rshudwlrq zdv jlyhq lq wkh %fxowxudo jurxs vhohfwlrq% wkhru| +vhh

vhfwlrq ;1518 ri fkdswhu ;,1

Lq wklv fkdswhu d vlpsol�hg vrflhw| +WdjZruogLL, lv frqvwuxfwhg zklfk dlpv wr

lvrodwh wklv fr0rshudwlrq iruplqj surfhvv1 Lq wkh WdjZruogLL/ jdph lqwhudfwlrqv duh prghoohg

dv sdluzlvh vlqjoh0vkrw Sulvrqhu*v Glohppd +SG, jdphv +vhh vhfwlrq 51414 lq fkdswhu 5 dqg

vhfwlrq 916 lq fkdswhu 9,1 Wkh fxowxudo vsuhdg ri vwudwhjlhv dqg wdjv lv prghoohg dv dq

dvh{xdo srsxodwlrq zlgh hyroxwlrqdu| surfhvv zkhuh wkh �wqhvv ri hdfk djhqw lv htxdo wr

wkh sd|r� uhfhlyhg iurp sod|lqj urxqgv ri SG1 Wklv phdqv wkdw djhqwv duh prghoohg dv

rswlplvhuv udwkhu wkdq vdwlv�fhuv dqg wkh xqghuo|lqj surfhvv ri fxowxudo lqwhudfwlrq lv qrw

prghoohg1 Wklv phwkrg ri prghoolqj fxowxudo hyroxwlrq lv d pruh wudglwlrqdo irup xvhg

zlwklq hyroxwlrqdu| hfrqrplfv ^47`1 Hvvhqwldoo| wkh phwkrg iroorzv wkh dvvxpswlrqv ri wkh



48<

Evolutionary Algorithm:

LOOP some number of generations
  LOOP for each agent (a) in the population
    Select a game partner agent (b)
    Agent (a) and (b) invoke their strategies receiving
      the appropriate payoff
  END LOOP
  Reproduce agents in proportion to their average payoff
END LOOP

Iljxuh <14= Wkh hyroxwlrqdu| dojrulwkp dssolhg wr djhqwv zlwklq WdjZruogLL1

uhsolfdwru g|qdplfv� zlwk wkh dgglwlrq ri pxwdwlrq/ �qlwh srsxodwlrq vl}h dqg qrq0udqgrp

pl{lqj1 Wklv phwkrg zdv fkrvhq wr dlg dqdo|vlv e| lqfuhdvlqj wkh vlpsolflw| ri wkh prgho

dqg wr whvw wkh urexvwqhvv ri wkh %fxowxudo jurxs vhohfwlrq% wkhru| xqghu wkh rswlplvlqj

dvvxpswlrq1

Dv zloo eh vkrzq/ wkh surfhvv lv urexvw ryhu d zlgh udqjh ri wkh sdudphwhu vsdfh1

Frqwudu| wr wkh frqfoxvlrqv gudzq iurp d suhylrxv wdj prgho ^476` zh kdyh irxqg wkdw

fr0rshudwlrq dulvhv lq wkh rqh0vkrw jdph1

b�� A�i A@} L̀h*_ WW �h|��U�@* 5LU�i|)

Djhqwv duh uhsuhvhqwhg dv �{hg ohqjwk elw vwulqjv +ri ohqjwk O.4, frpsulvlqj d wdj

ri ohqjwk O elwv dqg d vlqjoh vwudwhj| elw1 Wkh vwudwhj| elw uhsuhvhqwv d sxuh vwudwhj|/ hlwkhu

xqfrqglwlrqdo fr0rshudwlrq ru xqfrqglwlrqdo ghihfwlrq1 Lqlwldoo| wkh srsxodwlrq ri djhqwv

duh vhw wr udqgrp elw vwulqjv +zlwk hdfk elw ghflghg e| d idlu frlq wrvv,1 Iljxuh <14 vkrzv

wkh hyroxwlrqdu| dojrulwkp wkhq dssolhg wr djhqwv1

Lq hdfk jhqhudwlrq hdfk djhqw +d, lv vhohfwhg iurp wkh srsxodwlrq +ri vl}h Q, lq wxuq1

�5ii |�i B*Ltt@h) tiU|�L? Lu |�i |�it�t uLh @ _i|@�*i_ @UUL�?|�
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D jdph sduwqhu lv wkhq vhohfwhg1 Sduwqhu vhohfwlrq hqwdlov wkh udqgrp vhohfwlrq ri dqrwkhu

djhqw +e, iurp wkh srsxodwlrq vxfk wkdw +d, 9@ +e, iroorzhg e| d frpsdulvrq ri wdjv zlwk

djhqw +d,1 Li wkh wdjv duh lghqwlfdo d jdph lqwhudfwlrq wdnhv sodfh rwkhuzlvh +e, lv uhwxuqhg

wr wkh srsxodwlrq zlwkrxw jdph lqwhudfwlrq1 Li +e, zdv uhwxuqhg wr wkh srsxodwlrq zlwkrxw

lqwhudfwlrq d vhfrqg +e, lv vhohfwhg dw udqgrp iurp wkh srsxodwlrq dqg lwv wdj frpsduhg

zlwk +d,1 Wklv surfhvv lv uhshdwhg xqwlo dq djhqw +e, lv irxqg zklfk kdv dq lghqwlfdo wdj wr

+d, ru dq xsshu olplw I ri vhohfwlrqv kdv ehhq uhdfkhg1 Li wklv xsshu olplw lv uhdfkhg wkhq

jdph lqwhudfwlrq lv irufhg rq wkh qh{w udqgrpo| fkrvhq djhqw1 Frqvhtxhqwo| +d, zloo dozd|v

�qg d sduwqhu hyhq li lwv wdj grhv qrw pdwfk dq| rwkhu djhqw ehfdxvh dq djhqw zklfk fdq

qrw �qg d pdwfklqj sduwqhu zloo hyhqwxdoo| h{kdxvw lwv xsshu olplw I ri uhixvdov dqg wkhq

eh irufhg wr lqwhudfw zlwk d udqgrpo| fkrvhq sduwqhu1

Gxulqj jdph lqwhudfwlrq +d, dqg +e, lqyrnh wkhlu vwudwhjlhv dqg uhfhlyh wkh ds0

sursuldwh sd|r�1 Diwhu doo djhqwv kdyh ehhq vhohfwhg lq wxuq dqg sod|hg d jdph d qhz

srsxodwlrq lv dvh{xdoo| uhsurgxfhg1 Uhsurgxfwlyh vxffhvv lv sursruwlrqdo wr dyhudjh sd|r�1

Wkh hqwluh srsxodwlrq ri Q djhqwv lv uhsodfhg xvlqj d %urxohwwh zkhho% vhohfwlrq phwkrg ^67`1

Htxdwlrq <14 dqg lqhtxdolw| <15 rxwolqh wklv phwkrg1 Htxdwlrq <14 jlyhv wkh wrwdo dyhudjh

sd|r� iru wkh hqwluh srsxodwlrq zkhuh d� lv wkh lwk djhqw iurp wkh srsxodwlrq/ ds+d, lv wkh

dyhudjh sd|r� rewdlqhg e| djhqw d/ dqg Q lv wkh vl}h ri wkh srsxodwlrq1 Wkh lqhtxdolw| <15

vshfl�hv dq djhqw d% wr vhohfw iru uhsurgxfwlrq iurp wkh srsxodwlrq zkhuh { lv wkh vpdoohvw

lqwhjhu wkdw vdwlv�hv wkh lqhtxdolw| dqg uqg+3==wds, lv d xqlirupdoo| udqgrpo| vhohfwhg ydoxh

lq wkh udqjh 3==wds1 Wkh lqhtxdolw| lv vdwlv�hg Q wlphv zlwk d gl�huhqw udqgrp ydoxh1 Hdfk

wlph/ { jlyhv wkh lqgh{ ri dq djhqw wr uhsurgxfh1 Xvlqj wklv phwkrg wkh suredelolw| wkdw
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dq lqglylgxdo zloo eh uhsurgxfhg lqwr wkh qh{w jhqhudwlrq lv sursruwlrqdo wr dyhudjh sd|r�1

wds @
�[

�'�

ds+d�, +<14,

uqg+3==wds, �
%[

�'�

ds+d�, +<15,

Pxwdwlrq lv dssolhg wr hdfk elw ri hdfk uhsurgxfhg sod|hu zlwk suredelolw| P @ 3133421 Px0

wdwlrq wdnhv wkh irup ri �lsslqj d elw zlwk suredelolw| P1 Frqvhtxhqwo| wdjv dqg vwudwhjlhv

duh pxwdwhg lq uhsurgxfhg djhqwv1

Wkh SG sd|r�v duh sdudphwhulvhg ryhu W +wkh whpswdwlrq sd|r� iru ghihfwruv ryhu

fr0rshudwruv, vxfk wkdw W A 41 Wkh uhzdug U iru pxwxdo fr0rshudwlrq lv 41 Wkh sxqlvkphqw

S iru pxwxdo ghihfwlrq dqg wkh vxfnhu sd|r� V iru fr0rshudwlrq zlwk d ghihfwru duh erwk

313334�1

b�2 +it�*|t � O�}� �L�LTih@|�L?

D vhw ri uxqv wr 433/333 jhqhudwlrqv zlwk d srsxodwlrq ri vl}h Q @ 433 djhqwv zdv

h{hfxwhg iru ydulrxv ydoxhv ri W dqg O1 Wkh pd{lpxp qxpehu ri uhixvdov zdv �{hg dw I @

43331 Wklv kljk ydoxh ri I phdqv wkdw lw lv xqolnho| wkdw djhqwv zloo qrw eh sdluhg zlwk rwkhu

pdwfklqj djhqwv +li wkh| h{lvw, lq wkh srsxodwlrq1 Iru wkh sxusrvhv ri dqdo|vlv fr0rshudwlrq

zdv fkdudfwhulvhg dv wkh sursruwlrq ri pxwxdoo| fr0rshudwlyh lqwhudfwlrqv rffxuulqj ryhu doo

jhqhudwlrqve1

Iljxuh <15 vkrzv uhvxowv iru ydulrxv ydoxhv ri O dqg W judsklfdoo| dqg �jxuh <16
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Iljxuh <15= Fr0rshudwlrq iru ydulrxv ydoxhv ri O +qxpehu ri wdj elwv, dqg W +wkh whpswdwlrq
sd|r�,1 Fr0rshudwlrq lv phdvxuhg dv wkh sursruwlrq ri pxwxdoo| fr0rshudwlyh jdphv ryhu
433/333 jhqhudwlrqv1 Hdfk srlqw lv dq dyhudjh ri 8 uxqv1 Wkh hqwluh fkduw uhsuhvhqwv 6 {
43b lqglylgxdo jdph lqwhudfwlrqv1

vkrzv wkh ydoxhv xvhg wr jhqhudwh wkh judsk1 Hdfk edu uhsuhvhqwv dq dyhudjh ri 8 lqghshq0

ghqw uxqv1 Dv wkh ydoxhv ri O duh lqfuhdvhg/ dqg W duh ghfuhdvhg/ fr0rshudwlrq lqfuhdvhv

prqrwrqlfdoo|1 Dv fdq eh vhhq/ zkhuh O A@ 65 yhu| kljk ohyhov ri fr0rshudwlrq duh re0

wdlqhg iru doo ydoxhv ri W1 Iljxuhv <17 dqg <18 vkrz wkh uhvxowv rewdlqhg zkhq d vpdoo ydoxh

lv dgghg wr S +hqiruflqj W A U A S A V,1 Dv fdq eh vhhq wkh ryhudoo uhvxow lv qrw vljql�0

fdqwo| fkdqjhg1 Lqwhuhvwlqjo| krzhyhu/ fr0rshudwlrq lv lqfuhdvhg iru prvw ydoxhv ri W zkhuh

O @ 49 dqg O @ ;D1

Wkh uhvxowv rewdlqhg lqglfdwh wkdw yhu| kljk ohyhov ri fr0rshudwlrq fdq eh vxvwdlqhg

ehwzhhq rswlplvlqj djhqwv lq wkh rqh0vkrw SG yld vlpsoh wdj eldvlqj1 Wkhuh lv qr uhtxluh0

D`�) |��t hit�*| �t LM|@�?i_ �t U�hhi?|*) ?L| !?L�?� A��t �L�*_ Mi @? �?|ihit|�?} |LT�U uLh u�|�hi
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1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
2 0.0097 0.0014 0.0011 0.0007 0.0001 0.0002 0.0000 0.0001 0.0001 0.0001
4 0.1591 0.0181 0.0112 0.0020 0.0009 0.0015 0.0006 0.0008 0.0005 0.0006
8 0.7479 0.3694 0.1209 0.0583 0.0220 0.0132 0.0080 0.0085 0.0038 0.0058

16 0.9819 0.9758 0.9690 0.9556 0.7977 0.5659 0.3141 0.2497 0.2429 0.1065
32 0.9882 0.9857 0.9826 0.9796 0.9767 0.9736 0.9705 0.9676 0.9647 0.9618
64 0.9917 0.9903 0.9890 0.9874 0.9858 0.9842 0.9824 0.9811 0.9794 0.9778

Iljxuh <16= Fr0rshudwlrq iru ydulrxv ydoxhv ri O +qxpehu ri wdj elwv, vkrzq rq wkh yhuwlfdo
dqg W +wkh whpswdwlrq sd|r�, vkrzq rq wkh krul}rqwdo1 Fr0rshudwlrq lv fdofxodwhg dv wkh
sursruwlrq ri fr0rshudwlyh lqwhudfwlrqv ryhu 433/333 jhqhudwlrqv1 Hdfk srlqw lv dq dyhudjh
ri 8 uxqv1

phqw iru nqrzohgjh ri sdvw shuirupdqfh ru uhfrjqlwlrq ri lqglylgxdo djhqwv +l1h1 wkh rwkhu

djhqwv pd| eh ylhzhg dv vwudqjhuv,1 Xqolnh vrph vsdwldo prghov zklfk kdyh ghprqvwudwhg

fr0rshudwlrq lq wkh rqh0vkrw jdph ^45:` uhsurgxfwlrq lv srsxodwlrq zlgh1 Wkh qh{w vhfwlrq

h{sodlqv wklv kljk fr0rshudwlrq lq whupv ri jurxs irupdwlrq1

b�� BhL�T 6Lh4@|�L? @?_ #�ttL*�|�L?

Wkh wdj vsdfh fdq eh ylvxdolvhg dv dq O0glphqvlrqdo k|shu0fxeh zlwk fruqhuv

uhsuhvhqwlqj xqltxh wdj ydoxhv1 Djhqwv vkdulqj d wdj/ vkduh d fruqhu1 Pxwdwlrq surgxfhv

pryhphqw ehwzhhq fruqhuv1 Iljxuh <19 looxvwudwhv d 70glphqvlrqdo k|shu0fxeh iru O@71 Hdfk

fruqhu vkrzv wkh xqltxh wdj ydoxh dvvrfldwhg zlwk lw1 Jdph lqwhudfwlrq lv wkhuhiruh wdnlqj

sodfh lq dq devwudfw %wdj vsdfh%1 Fr0rshudwlyh jurxsv vkdulqj pdwfklqj wdjv zloo irup

lq fruqhuv ri wkh k|shu0fxeh1 Wkhvh jurxsv zloo rxw shuirup qrq0fr0rshudwlyh jurxsv dqg

khqfh whqg wr lqfuhdvh lq vl}h ryhu jhqhudwlrqv1 Krzhyhu/ li pxwdwlrq lqwurgxfhv ghihfwlqj

djhqwv lqwr d fr0rshudwlyh jurxs wkh| zloo whqg wr rxw shuirup wkh fr0rshudwruv zlwklq

wkh jurxs +e| vxfnhulqj wkhp,1 Iurp wklv wkh vhhgv ri wkh ghvwuxfwlrq ri wkh jurxs duh

sodqwhg/ vlqfh dv wkh qxpehu ri ghihfwruv lqfuhdvhv zlwklq d jurxs wkh ryhudoo �wqhvv ri

djhqwv zlwklq wkh jurxs ghfuhdvhv1 Rwkhu pruh fr0rshudwlyh jurxsv +li wkh| h{lvw, zloo

whqg wr h{sdqg1 Zkloh wklv surfhvv lv rffxuulqj/ pxwdwlrq ri wdj elwv zloo surgxfh d vorz
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Iljxuh <17= Fr0rshudwlrq iru ydulrxv ydoxhv ri O +qxpehu ri wdj elwv, dqg W +wkh whpswdwlrq
sd|r�,1 Fr0rshudwlrq lv wkh sursruwlrq ri pxwxdoo| fr0rshudwlyh lqwhudfwlrqv ryhu 433/333
jhqhudwlrqv1 Hdfk srlqw lv dq dyhudjh ri 8 uxqv1 Khuh d vpdoo ydoxh lv dgghg wr S +wkh
sxqlvkphqw sd|r�, hqiruflqj wkh lqhtxdolw| WAUASAV1 Wkh hqwluh fkduw uhsuhvhqwv 6 {
43b lqglylgxdo jdph lqwhudfwlrqv1

1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2
2 0.0026 0.0021 0.0011 0.0003 0.0007 0.0001 0.0000 0.0000 0.0000 0.0001
4 0.1188 0.0222 0.0047 0.0031 0.0016 0.0017 0.0009 0.0014 0.0002 0.0002
8 0.9539 0.5888 0.0888 0.0362 0.0266 0.0087 0.0103 0.0114 0.0093 0.0038

16 0.9819 0.9757 0.9692 0.8522 0.7582 0.5950 0.4349 0.2802 0.2245 0.1232
32 0.9885 0.9855 0.9827 0.9797 0.9764 0.9731 0.9705 0.9672 0.9648 0.9619
64 0.9917 0.9904 0.9889 0.9874 0.9860 0.9843 0.9826 0.9811 0.9796 0.9778

Iljxuh <18= Fr0rshudwlrq iru ydulrxv ydoxhv ri O +qxpehu ri wdj elwv, dqg W +wkh whpswdwlrq
sd|r�,1 Fr0rshudwlrq lv wkh sursruwlrq ri pxwxdoo| fr0rshudwlyh lqwhudfwlrqv ryhu 433/333
jhqhudwlrqv1 Hdfk srlqw lv dq dyhudjh ri 8 uxqv1 Khuh d vpdoo ydoxh lv dgghg wr S hqiruflqj
wkh lqhtxdolw| WAUASAV1
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Iljxuh <19= Iru d wdj ohqjwk O @ 7/ odeho vsdfh fdq eh ylvxdolvhg dv d 7G k|shufxeh1 Wkh
fruqhuv suhvhqw wkh ydulrxv srvvleoh wdj ydoxhv1 Pxwdwlrq ri d vlqjoh odeho elw surgxfhv
pryhphqw wr d frqqhfwhg fruqhu1

pljudwlrq ri djhqwv ehwzhhq fruqhuv ri wkh k|shu0fxeh/ srvvleo| irxqglqj qhz jurxsv lq

suhylrxvo| hpsw| fruqhuv1

Iljxuh <1: lv d ylvxdolvdwlrq ri wkh surfhvv ryhu wlph wdnhq iurp d vlqjoh uxq1 Hdfk

olqh rq wkh yhuwlfdo d{lv uhsuhvhqwv d fruqhu ri wkh k|shu0fxeh +l1h1 xqltxh wdj ydoxh,1 Wkh

krul}rqwdo d{lv uhsuhvhqwv wlph lq jhqhudwlrqv1 Li qr djhqwv kdyh d sduwlfxodu wdj ydoxh lq

d jlyhq jhqhudwlrq wkhq wkh olqh lv ohiw eodqn +zklwh,1 Dowhuqdwlyho|/ li d fruqhu frqwdlqv

doo fr0rshudwlyh djhqwv wkhq wkh olqh lv uhg1 Iru d pl{hg jurxs lq zklfk wkhuh duh erwk fr0

rshudwruv dqg ghihfwruv wkh olqh lv juhhq1 Iru dq hqwluho| ghihfwlyh jurxs wkh olqh lv frorxuhg

eoxh1 H{dplqdwlrq ri �jxuh <1: vkrzv wkh wlph hyroxwlrq ri jurxsv lq wdj vsdfh1 Lqlwldoo|

fr0rshudwlyh jurxsv +uhg olqhv, ehfrph lqydghg e| ghihfwruv surgxflqj pl{hg jurxsv +juhhq,

zklfk yhu| vzliwo| ehfrph hqwluho| ghihfwlyh +eoxh, dqg wkhq txlfno| jr h{wlqfw +zklwh,1
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Iljxuh <1:= Ylvxdolvdwlrq ri 833 f|fohv iurp d vlqjoh vlpxodwlrq uxq vkrzlqj fr0rshudwlyh
jurxsv frplqj lqwr dqg jrlqj rxw ri h{lvwhqfh1 Hdfk olqh rq wkh yhuwlfdo d{lv uhsuhvhqwv d
xqltxh wdj ydoxh1 Li doo djhqwv vkdulqj d wdj ydoxh duh fr0rshudwlyh wkhq wkh olqh lv frorxuhg
uhg1 Li doo djhqwv duh ghihfwruv wkhq wkh olqh lv frorxuhg eoxh1 D pl{hg jurxs lv vkrzq dv
juhhq1 Wkh krul}rqwdo d{lv uhsuhvhqwv wlph lq f|fohv1 Khuh O @ ;/ Q @ 433/ P @ 31334/
W @ 414 dqg I @ 43331 Wkh kljkoljkwhg uhfwdqjxodu duhd lv vkrzq h{sdqghg lq �jxuh <1;1
Dowkrxjk wkh ydoxh O@; grhv qrw surgxfh wkh kljkhvw fr0rshudwlrq wkh vpdoo qxpehu ri
srvvleoh wdj frpelqdwlrqv +5u@589, doorzv iru hdv| ylvxdolvdwlrq ri wkh hqwluh wdj vsdfh
ryhu wlph1
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Iljxuh <1;= Dq h{sdqghg ylhz ri dq lqglylgxdo vlpxodwlrq uxq1 Wkh kljkoljkwhg sduw ri �jxuh
<1: lv khuh h{sdqghg wr vkrz ghwdlo1 Qrwlfh wkdw fr0rshudwlyh jurxsv irup +uhg olqhv, wkhq
ehfrph lqydghg zlwk ghihfwruv +juhhq olqhv, dqg xowlpdwho| ehfrph frpsohwho| frpsrvhg
ri ghihfwruv +eoxh olqhv,/ wkhq jr rxw ri h{lvwhqfh1
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Dowkrxjk kljk ohyhov ri fr0rshudwlrq duh ghprqvwudwhg ryhu pdq| frqwljxrxv jhq0

hudwlrqv/ vwduwlqj iurp wkh udqgrp lqlwldolvdwlrq ri djhqwv/ wkhvh uhvxowv gr qrw lqglfdwh

li d vrflhw| fdq uhfryhu fr0rshudwlrq iurp d vwdwh ri frpsohwh ghihfwlrq1 Lq rughu wr whvw

wklv/ h{shulphqwv zhuh frqgxfwhg lq zklfk wkh lqlwldolvdwlrq ri djhqwv zdv prgl�hg vr wkdw

doo djhqw vwudwhj| elwv zhuh vhw wr ghihfwlrq1 Iljxuh <1< vkrzv d vhw ri uxqv iru ydulrxv

ydoxhv ri Q +srsxodwlrq vl}h, djdlqvw wkh qxpehu ri jhqhudwlrqv ehiruh pxwxdo fr0rshudwlrq

hphujhv1 Wkhvh hpslulfdo uhvxowv duh frpsduhg wr d vlpsol�hg dqdo|wlfdo +suredelolw| edvhg,

wuhdwphqw jlyhq lq htxdwlrqv <16 wr <1;1

Htxdwlrq <1; jlyhv wkh h{shfwhg dyhudjh qxpehu ri jhqhudwlrqv uhtxluhg +iurp dq

lqlwldo vrflhw| ri doo ghihfwruv, ehiruh wzr fr0rshudwlyh djhqwv shuirup d jdph lqwhudfwlrq1

Wklv lv ghshqghqw rq wkh srsxodwlrq vl}h Q dqg wkh pxwdwlrq udwh P1 Lq doo ri wkh 83 uxqv

xvhg wr irup wkh hpslulfdo uhvxowv lq �jxuh <1</ kljk fr0rshudwlrq lpphgldwho| +lq wkh qh{w

jhqhudwlrq, iroorzhg wkh �uvw rffxuuhqfh ri d pxwxdoo| fr0rshudwlyh hqfrxqwhu1 Lw zdv dovr

revhuyhg wkdw guliw ryhu wkh wdj elwv whqghg wr ohdg d vrflhw| ri doo ghihfwruv wrzdug vkdulqj

wkh vdph wdj elwv1 Wkhvh hpslulfdoo| revhuyhg +udwkhu wkdq ghulyhg, skhqrphqd zhuh xvhg

wr vlpsoli| wkh dqdo|wlfdo wuhdwphqw1

Htxdwlrq <16 jlyhv wkh suredelolw| wkdw qr vwudwhj| elwv duh pxwdwhg lq wkh zkroh

srsxodwlrq ryhu d jhqhudwlrq +zkhuh q lv wkh srsxodwlrq vl}h dqg p lv wkh pxwdwlrq udwh,1

sqf+q>p, @ +4�p,? +<16,

Htxdwlrq <17 jlyhv wkh suredelolw| wkdw rqh dqg rqo| rqh vwudwhj| elw lq wkh srsxodwlrq lv

pxwdwhg1

srf+q>p, @ qp+4�p,?3� +<17,
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Vr/ jlyhq d srsxodwlrq ri doo ghihfwruv/ htxdwlrq <18 jlyhv wkh suredelolw| wkdw pruh wkdq

rqh djhqw zloo eh pxwdwhg lqwr d fr0rshudwru ryhu d vlqjoh jhqhudwlrq1

spr+q>p, @ 4� sqf+q>p,� srf+q>p, +<18,

Dvvxplqj wkdw wzr +dqg rqo| wzr, qhzo| pxwdwhg fr0rshudwlyh djhqwv vkduh wkh vdph

wdjvS/ htxdwlrq <19 jlyhv wkh suredelolw| wkdw wkrvh wzr djhqwv zloo lqwhudfw +gxulqj wkh

jdph sod|lqj skdvh, surgxflqj d pxwxdoo| fr0rshudwlyh rxwfrph1

swl+q, @
5

q� 4
+<19,

Htxdwlrq <1: frpelqhv wkh suredelolwlhv wkdw pruh wkdq rqh djhqw zloo ehfrph fr0rshudwlyh

zlwk wkdw ri wzr djhqwv lqwhudfwlqj1 Wklv jlyhv wkh suredelolw| wkdw d pxwxdoo| fr0rshudwlyh

jdph zloo eh sod|hg iurp d vwduwlqj frqglwlrq ri doo djhqwv ehlqj ghihfwruv ryhu rqh jhqhu0

dwlrq1

sprwl+q>p, @ swl+q, � spr+q>p, +<1:,

Ilqdoo|/ htxdwlrq <1; jlyhv wkh dyhudjh qxpehu ri jhqhudwlrqv wkdw fdq eh h{shfwhg ehiruh

d pxwxdoo| fr0rshudwlyh jdph lqwhudfwlrq rffxuv +lqfrusrudwlqj doo wkh suhylrxv htxdwlrqv,1

dqj+q>p, @
4

sprwl+q>p,

@
4

2

?3�
+4� +4�p,? � qp+4�p,?3�,

+<1;,

Lq �jxuh <1</ wkh suhglfwlrqv ri htxdwlrq <1; duh frpsduhg hpslulfdoo| zlwk dfwxdo uxqv1

Dv fdq eh vhhq wkh dqdo|wlfdo wuhdwphqw whqgv wr xqghu0hvwlpdwh wkh qxpehu ri jhqhudwlrqv

ehiruh fr0rshudwlrq hphujhv iru orz srsxodwlrq vl}hv dqg ryhu0hvwlpdwh iru odujh srsxodwlrq

vl}hv1 Lw fdq eh k|srwkhvlvhg wkdw wklv lv gxh wr wkh vlpsol�fdwlrq lq htxdwlrq <191 Guliw zloo

SA��t @tt�4T|�L? �t @ t�4T*��U@|�L? M�| @TTi@ht |L ThL_�Ui @ }LL_ �| ��|� |�i i4T�h�U@* _@|@ Etii �}�hi
b�b�� A�i @tt�4T|�L? �t 4@_i t�?Ui it|�4@|�?} |�i ?�4Mih Lu _�t|�?U| |@} }hL�Tt @t |�i) i�L*�i L�ih |�4i
@TTi@ht �ih) UL4T*i �
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Generations before co-operation

Empirical Analytical

Iljxuh <1<= Qxpehu ri jhqhudwlrqv ehiruh pxwxdo fr0rshudwlrq hphujhv1 Khuh d frpsdulvrq
lv pdgh ehwzhhq wkh dqdo|wlfdo prgho +D, +jlyhq lq htxdwlrq <1;, dqg wkh hpslulfdo uhvxowv
+H,1 Hdfk edu iru wkh hpsulfdo whvw frpsulvhv dq dyhudjh ri 43 uxqv1 Pxwdwlrq lv vhw wr P
@ 31334/ wdj vl}h O @ 65 dqg uhixvdov I @ 43Q iru doo uxqv vkrzq1

uduho| surgxfh srsxodwlrqv lq zklfk doo djhqwv kdyh lghqwlfdo wdjv1 Zkhq wkh srsxodwlrq

lv vsolw ehwzhhq gl�huhqw wdj ydoxhv wkh vlpsol�fdwlrq zloo xqghu0hvwlpdwh wkh qxpehu ri

jhqhudwlrqv uhtxluhg1 Wklv lv ehfdxvh wzr fr0rshudwruv pd| eh surgxfhg exw wkh| pd| qrw

vkduh wkh vdph wdj dqg khqfh zloo qrw jdph lqwhudfw1 Frqyhuvho| zkhq wkh srsxodwlrq vl}h

lv odujh lw zloo riwhq eh wkh fdvh wkdw pruh wkdq wzr djhqwv zloo eh pxwdwhg wr fr0rshudwruv1

D pruh ghwdlohg dqdo|vlv zrxog qhhg wr fdswxuh wkh g|qdplfv ri wkh wdj elwv ryhu wkh

srsxodwlrq dqg wkh h�hfw ri wkrvh g|qdplfv rq surgxflqj fr0rshudwlyh lqwhudfwlrqv1

b�D #�tU�tt�L?

Lq d suhylrxv vwxg| ri wdj edvhg sduwqhu vhohfwlrq lq wkh SG/ Ulror ^476` frqfoxghg

wkdw wdjv surgxfhg olwwoh lqfuhdvh lq fr0rshudwlrq lq wkh rqh0vkrw jdph1 Lq klv zrun d wdj

zdv uhsuhvhqwhg dv d vlqjoh uhdo qxpehu dwwdfkhg wr hdfk djhqw1 Wkh devwudfw wrsrorj| ri wkh
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wdj vsdfh zdv wkhuhiruh rqh glphqvlrqdo1 Wkh pdwfklqj ri wdjv zdv edvhg rq d suredelolvwlf

ixqfwlrq dssolhg wr wkh glvwdqfh ehwzhhq wzr wdjv/ phdqlqj wkdw djhqwv zlwk vlplodu exw

qrw lghqwlfdo wdjv frxog hqjdjh lq jdph lqwhudfwlrqv1 Wkh qxpehu ri uhixvdov doorzhg ehiruh

irufhg lqwhudfwlrq zdv orz +83 uhixvdov lq d srsxodwlrq ri 533 djhqwv,1 Dgglwlrqdoo| d �wqhvv

frvw zdv dwwdfkhg wr hdfk uhixvdo pdgh e| dq djhqw +dowkrxjk wklv zdv uhgxfhg wr }hur

lq dq dwwhpsw wr jhw kljk fr0rshudwlrq lq wkh rqh0vkrw jdph,1 Xqghu wkhvh frqglwlrqv lw

zdv ghprqvwudwhg wkdw kljk fr0rshudwlrq hphujhg zkhq djhqwv hqjdjhg lq wkh Lwhudwhg SG

+LSG, exw qrw lq wkh vlqjoh0vkrw SG jdph1 Wkh lqwhusuhwdwlrq sodfhg rq wklv suhylrxv vwxg|

zdv ri djhqwv uhsuhvhqwlqj dqlpdov/ vhdufklqj iru jdph sduwqhuv dqg hyroylqj jhqhwlfdoo|.1

Lq wkh zrun suhvhqwhg khuh doorzdeoh uhixvdov lv kljk +43 wlphv wkh srsxodwlrq vl}h, dqg wkhuh

lv qr dvvrfldwhg frvw1 Dovr wkh wdj lv uhsuhvhqwhg dv d elw vwulqj zklfk pxvw pdwfk h{dfwo|

zlwk d sduwqhu iru jdph lqwhudfwlrq wr eh vhohfwhg e| dq djhqw1 Xqghu wkhvh dvvxpswlrqv

d gl�huhqw nlqg ri wdj vsdfh wrsrorj| lv srvvleoh dqg kljk fr0rshudwlrq lv surgxfhg lq wkh

vlqjoh0vkrw jdph1

Lqwxlwlyho| lw zrxog vhhp wkdw wkh h{dfw wdj pdwfklqj frqvwudlqw lv qrw qhfhvvdu| wr

surgxfh kljk fr0rshudwlrq lq doo fdvhv1 Iru h{dpsoh/ frqvlghu d vlwxdwlrq lq zklfk pxwdwlrq

zdv }hur dqg wzr jurxsv ri djhqwv h{lvwhg lq wkh wdj vsdfh vxfk wkdw wkhuh zdv qr lqwhu0

jurxs jdph lqwhudfwlrq1 Li rqh jurxs frqvlvwv ri doo fr0rshudwruv dqg wkh rwkhu frqwdlqv vrph

ghihfwruv wkhq wkh fr0rshudwlyh jurxs zrxog h{sdqg dw wkh h{shqvh ri wkh qrq0fr0rshudwlyh

jurxs1 Wklv zrxog hyhq krog li djhqwv zhuh dsso|lqj vrph sduwldo pdwfklqj vfkhph 0 vr

orqj dv wkhuh lv dq lqwhudfwlrq erxqgdu| ehwzhhq wkh wzr jurxsv1 E| %lqwhudfwlrq erxqgdu|%

lv phdqw wkdw vrph phfkdqlvp sduwlwlrqv wkh djhqwv lqwr vwulfw jdph lqwhudfwlrq jurxsv vr

wkdw jdphv fdq rqo| wdnh sodfh ehwzhhq lqglylgxdov vkdulqj d jurxs1

.+�L*L +� ETihtL?@* UL44�?�U@|�L?��
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Wkh lqwhusuhwdwlrq sodfhg rq wklv zrun lv ri djhqwv uhsuhvhqwlqj d %exqgoh% ru

%frpsoh{% ri fxowxudoo| ohduqhg dqg wudqvplvvleoh ehkdylrxuv/ d vr0fdoohg %phph0frpsoh{%

^73`/ ^48`1 Wkh dvvxpswlrq lv wkdw lq d srsxodwlrq ri krvwv phph0frpsoh{hv zklfk surgxfhg

kljk xwlolw| +iru wkhlu krvwv, zrxog eh pruh olnho| wr eh frslhg +lq sursruwlrq wr wkhlu

uhodwlyh xwlolwlhv,1 Rqh nh| wr vxfk d surfhvv surgxflqj kljk dowuxlvp dqg fr0rshudwlrq

lv wkh sdfndjlqj ri wkh wdj zlwk wkh ehqh�fhqw vwudwhj| ru ehkdylrxu dv d fxowxudo xqlw1

Doolvrq lq klv wkhru| ri dowuxlvp ^5` hfkrhv wklv dvvxpswlrq zlwk uhihuhqfh wr wkh lpsruwdqfh

ri %fxowxudo sdfndjlqj whfkqltxhv%1 Lq wkh zrun suhvhqwhg khuh %sdfndjhv% ri wdjv dqg

ghihfwlyh vwudwhjlhv gr qrw grplqdwh wkh srsxodwlrq ehfdxvh vxfk sdfndjhv ghvwur| wkh yhu|

jurxsv wkdw wkh| duh d sduw ri1

Uhfhqw zrun e| Erzohv ) Jlqwlv ^4;` jlyhv d ghwdlohg dqdo|wlfdo wuhdwphqw ri wkh

ydoxh ri jurxsv lq wkh surprwlrq ri fr0rshudwlrq lq wkh SG zkhq elqdu| vrfldo fxhv frqyh|

xvhixo suhglfwlyh lqirupdwlrq frqfhuqlqj d jdph sduwqhu*v vwudwhj|1 Krzhyhu/ wkh| gr qrw

dgguhvv wkh lvvxh ri krz vrfldo fxhv frph wr eh kdyh vxfk suhglfwlyh xwlolw|1 Wkh uhvxowv

surgxfhg zlwklq wkh WdjZruogLL vrflhw| vkrz wkdw hyhq vlpsoh phfkdqlvpv fdq surgxfh wklv

nlqg ri fruuhodwlrq ehfdxvh jurxsv zklfk frqwdlq ghihfwruv txlfno| glh rxw1 Lq frqwudvw wr

wkh h{dpsohv xvhg e| Erzohv ) Jlqwlv +zkr irfxv rq udfldo jurxsv, wkh phfkdqlvp zklfk

surgxfhv wklv txlfn h{wlqfwlrq ri qrq0frrshudwlyh jurxsv zlwklq wkh WdjZruogLL vrflhw|

uhtxluhv wkdw fxowxudo lqwhudfwlrq/ lq wkh irup ri lqglylgxdov prylqj ehwzhhq jurxsv hdvlo|/

lv kljk1 Lw lv wklv delolw| ri lqglylgxdov wr txlfno| vzds fxowxudo jurxsv/ e| wdnlqj rq qhz

wdjv iurp rwkhuv/ zklfk gulyhv wkh fr0rshudwlrq surgxflqj surfhvv1 Vwurqj jurxs erxqgdulhv

zklfk suhyhqw hdv| hqwu| dqg h{lw iurp d jurxs zrxog klqghu ru hyhq ghvwur| fr0rshudwlrq

iruplqj e| wkh surfhvv looxvwudwhg lq WdjZruogLL1
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Wkh WdjZruogLL vrflhw| zdv sdudphwhulvhg ryhu d qxpehu ri glphqvlrqv1 D vfdq

zdv pdgh +vhh vhfwlrq :15 lq fkdswhu :, ryhu d uhvwulfwhg sduw ri wkh sdudphwhu vsdfh ghprq0

vwudwlqj +wkurxjk dq h{lvwdqfh surri/ vhh �jxuh 614 lq fkdswhu 6, wkdw kljk fr0rshudwlrq lv

suhvhqw ryhu d odujh duhd ri wkdw vsdfh1 Krzhyhu/ rwkhu glphqvlrqv ri wkh vsdfh kdyh qrw

ehhq h{soruhg1 Wkh uroh ri pxwdwlrq dqg uhixvdov zrxog eh dq lqwhuhvwlqj duhd ri lqyhv0

wljdwlrq1 Dovr/ phdvxuhv rwkhu wkdq mxvw fr0rshudwlrq/ vxfk dv jurxs vl}hv ryhu wlph dqg

pljudwlrq udwhv ehwzhhq jurxsv/ zrxog eh ri lqwhuhvw dqg frxog eh xvhg wr hoderudwh dq

dqdo|wlfdo prgho1 Wklv frxog olqn wklv zrun zlwk sdwfk edvhg prghov ri dowuxlvp ghyhorshg

zlwklq hyroxwlrqdu| elrorj| ^496`1 Dqrwkhu lqwhuhvwlqj duhd ri ixuwkhu lqyhvwljdwlrq zrxog

eh wr pdnh uhixvdov dq hqgrjhqrxv sdudphwhu hqfrghg lqwr hdfk djhqw dqg deoh wr hyroyh1

Lq vxfk d vfhqdulr zrxog kljk uhixvdo udwhv hyroyhB Li vr wkhq wkh dvvxpswlrq ri kljk uh0

ixvdov frxog eh mxvwl�hg yld hqgrjhqrxv hyroxwlrqdu| surfhvvhv udwkhu wkdq dv dq h{rjhqrxv

dvvxpswlrq ri wkh prgho1


