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Evolution of Interaction Strategies in a Society of Selfish Agents

AKIRA ITOt and HIROYUKI YANOt

The evolution of cooperation in a society of agents is investigated. Each agent is made
to engage in matches equivalent to the “prisoner’s dilemma” game repetitively, each time
changing the opponent of matches. The condition is that the match histories of all the agents
are disclosed to the public. First, we define match strategy algorithms on an abstract ma-
chine. Each agent can bear a child according to the amount of profit he earns through the
matches. Random mutations are introduced in inheriting the match strategy to the child.
The system started from simple “Tit for Tat” strategy produces various strategies including
non-cooperative ones. However, through the natural selection mechanisms, the robust and
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cooperative strategies grow up, and the society becomes substantially stronger.
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Table 1 Payoff matrix for the prisoner’s dilemma game.
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Fig.1 A sketch of a match strategy algorithm calculator.
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/* type definition */
enum move {C,D}; // enumerate type {C,D}
typedef int time; // time type
class agent; // agent type
typedef int instruction-pointer ip;
struct register{ // registers
move h; // output register
time t;
agent” a;
history his; // match history
instruction-pointer ip;

k
struct history{
time time;
agent agent; // the other agent
move my; // move of this agent
move you; // move of the other agent

c’lass agent{ ...;
history history;

// agent's private data

/* opecode */
enum opcode {
LC; //loadh-c; load C to h register
LD; // loadh-d; load D to h register
BM; // branch-m; branch acc. his.my
BY; //branch-y; branch acc. his.you
SL; // apply self; apply its own algorithm
/I to his.agent
TP; // decriment time by 1, and goto top;

b
typedetf al-codes List-of opcode; // like LISP's list
/* abstract machine */
am(time t, agent a, al-codes al) {
/* current time, the other agent, strategy algorithm */
instruction-pointer ip=0;
/* set C or D randomly */
move h=random_selection('C','D");
/* load agent(a)'s (at the time t) latest deal history to
his registers */
history his=latest_rec(a,t);
for(;;{ // fetch opecode
switch (c=get_opcode(al,ip++)){
case LC: h='c';break;
case LD: h="d";break;
case BM: (his.my=='c)?
ip=branch1, ip=branch2 ;break;
case BY: (his.you=="c)?
ip=branch1, ip=branch2 ;break;
case SL: (am(t-1, his.agent, al)=='c")?
ip=branch1i, ip=branch2 ;break;
case TP: t--;ip=0;break;
}

return h;

}
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Fig.2 A processing flow of a match strategy algorithm
calculator.

RS,

(4) 54PEHUEM (DDD)

(LD)
DRIZD ZH LT 5.

(5) Lo~GEL¥HEII (TT3)

(LC BM (LC) (BY (LD) (TP)))



Vol. 38 No. 5

HEOBREIL, WHEODZHL-b D%
Bwe, MREOEROFEHT. 2EL, BE
WRIFIEC 2HT.
(6) HBH##E (REF)

(LC BM (LC) (BY (SL (LD) (TP)) (TP)))
HEOBENS, AL DZHLLbDE,
[BEATHRALRRTIID 2T L Bbns
bOEBRNT, HFEOEROFEHT. L7250
BRESZINEC ZHT.

RIS, RS DA TIE C R LT
LZEREETHY, £HTHRVLDIERHABRKETH B,
HFRERE D S L, FEGREEE I LTIED AT L
THPL £ L T5 5 O BBINEIETH S, (3)(4)
IR R, ZnDSMIGRSEETH S, T2 (2),
(5)(6) 1%, BBIMEBETLH L. %8 (6) 13, BWH
HEHWT 2012, BOPHFOLEZ5E5T5Hh
TERHAHROEECTHY, BOLREILTEHE LT
WHRHFICIHIToLTD &RV & T, BLEs
(FICERE LS LYEYINE D) 28 280 %H.

6EDESEY F ) DI, KL R EEIEOR

WIZXF LT, HFVIDFRFEOVWE S IcEbNRS
22b Lhw, LaALEHST @nn-p“t’/]‘f Hi [l

DEESDTIHY FiF -3 RTOBRMEDRT 2 2 &8

TE&%. bHAA, REHERICEIBRID L. 205K
KDObDIE, SEBRNTHT V5] 28w iz
HDH. ZORD, FHEBIVOrOEREIEE T
BIBZENTERW, 22T, [HFoohFT
WKHLZZCOoEL D OEELEEYHAT, COFIFET
NEC%, DOFPEZTNIED #HT] vy k)
TR, hY IRV ORBRTE RV, T,
V=7 (#DEL) MED, EBELV-T (b bHAS
HAEC X ) HBIETEETH 55%) Usto, OEE
W—T%ERT AT EHNTERY,

SEHEE Y P OREIE, FHEIHFHEL LTV
BIEOENIC L o CIERENTH 5, EB, #Bkz 2
RZER (mutation) ICE W #LER LT 5L X,
KEGMSEY F2FOSHETE, EREROERE
SNAEWBET LT XADITE A LIZEZR 5T
EoTLEY, ARIGEBRENERCERTAZ L
HHEEECR S, BB E2LHES LY FOBEEN
iX, Ray @ Tierra KBV TLHFA SN TEDY, %
INICKELEBREIZRHOTER, Pu bt
DTADEPE TR, 2ORNE I FLFPETER VD
DEBbh B,

HNEWZL—T ¥ b OHKICBEIT S0 EHVHREEOREL 947

Deletion

LC-YY ..
—_—8 or

LC=XX ...
a. Deletion of branch instruction

- BY,xx

A
Nyy

Insertion of BY

LC = XX ... LC- BY’N'L

NXX .
b. Insertion of branch instruction

Replacement with LD

LD
LC~- BY(

LC- BY<NIL —
XX .. XX ..

c. Selective replacement of NIL

XX-YY-LC-...
".s|_< —» -SL

d. Deletion of codes before LC

/\

XX -y XX - YY
mg N — 8uZ
z Nzz

e. Deletion of redundant Branches

-B

3 BETLVIT)XADERER
Fig.3 Mutation of strategy algorithms.

3. BE7ILIYXLORRER

EFANTHE, T—VrV FIHCOBENED LN
72l (Ey =2E) #8256k, FL—Vv %k
L, HOOMNEEREY TIEETh. 0L E, —
EDWERTT NV IT)ALEEBR ) 2EATAZLICL
D, RRERTERTS. BAMICIE, RERIK

DIODWHHOREREING.

1. A—-FOKE MHEEEFOEEOHS I —F P,
WX p, THET S, dLKRE L2 - F35EGS
(BM, BY, SL OW§hd) ThiI, TARESS
RAEIAIE L2 2 203 — FEI2 -0, BEER
BHRIE—FOI-FFHOARZRERL, MHIZTTET
TLEY (H3a).

2. O-FOEA 6FHOGSLY 2L TF V¥ AIC
BiINZa—-F D, ERhENOGFOMIHER p,, T
BASNS, DL &, BASNDEI—F BHEGS
THNL, BARIZI 20T —FHALELT 570
—HDOBFIEIITC A FDHBAITHENT W 22— Rl %
AL, ) —F0RIE%E NIL 55 (3b).

3. NIL (NOP) &%$DE#® 2-FoOWK, /-
135S 2 — F OB & 5T NIL 25088 (2
WIETH L IR DA, NIL OEINIFE L { ew
72, NIL 2{bZERICOERBALD L ) 1c#Ex, K
ERHEE p, (> pm) T, 2BETHR2I—FOIEA



948 IR 2 RFR R

(NIL & E#) 2179 (”3c).

4. I-FOB¥IL oL LTERSNa—
FORERSOHRET ).

e I—FFID#&HIZ LC(LD) "B T 5 L, Fh &
DEHCH B2 —FORRIZLCALD) KX DITHHE S
NTLE). 32 TIDEI R a—-FFHBRINh3
(K 34d).

o A UGS ES N L X, T CIc4&l
PHEELTWAELD, SlE LTOBEE RS 7N
ZDL) RS HIRENS (H3e).

o TP IZH L 4 FiiT o LTEIT SRR, Lo
T, TOXI) S bHlBRENS.

R, TOXHICLTHLNEEET VL TY) XL,
BHMICFI— Yoy NS XIS NS.

4. HEEELDEHEF

VAT LBKELARINT A= T ERKoTWAEN, £0O
FTRTCOBFBEIODWTHFAN L HESISREH T 5D T
B, BADIT o2 FRERICINZE, £
X — ¥ TIREHROBRELERE L), FwvnoizA
FERFHERBICL > THOONRTLE o AT,
BROBEIBUOBATAZ L IFEFICRETH -2
ZFZTUTTHE, PHEBROERL S & ICIHRNE
BB E NV ELTODOEEEREL, RArD/8T
A— S BRIROBHZHPT 5.

4.1 FHIRE, WHEE

I—Yx v M, BESUEIEE Fo 024510k 5
L, HCOBED S L Ey 3352 CFr—Y v
RS, BLRFI TV I BEET L L ZOR
IZELBDT, MEEENFKEVITERSIIRTH -
EEBE Y, MITNSWITEERR - MBI E &5,
BAKENCIZ, MEBENKETESL L (B> 40) 1
SDOFANOBELEEHIE L, 72k L ITFERH RGO
BRICHEDABE TR TE RV, 2, NSTES
¢ (Eop <5), HZRMEUIREMAF LR EOBRMEICK
 ELEBAELTLEY, BB VITY XL EHBEED

BB LS. O LS, R LIGHAGHS
RRBPEEHNTA—% L LT Ey =10 %&RL/.

WETO/EIIIE L ICELNED, BEORRE
Cn 2EIRDIDICE ST, ZROBEIZRE (B
T, ZOEHEBEE, LDy —L0FHRA
(2.25 55) —xT¥kE —FHEIER, %505, HER
BHM BN CRLEIITHREEINTVS, &
T, PHEBRICL S L, FEHREBFERTHIEDR
BERTS LD B BORETIE, oz AFHR
WROHNEIHELLTLE ) b, I ZICHRRE;E

May 1997

ATAEIEIIHETH 7.

FITRAE, U5 ALBBOFHBEFAL R
HREBICKE2EE C, =25 ZRTHILT, ¥
BRGEOWIK TR LT, 20X BB EDOT TR,
S DATHREE DS — BRI PR I L CRIE %1585
ZERHoTH, BEHMICEBRAELLAVEY ENE S
PHERTHIILRITET, HRETAUSNOE T 2.
ZhiE, FOBETHEET 2EBEOPTRE (Kif)
OWRETYH, LT LIEERLLIDIITCRIEVILE
BRLTWD, HLBMIEIRNSL DL, B
LB TEDBEEEBAZLITERLTIEED
.,

4.2 HIBROSRSIME

BCHEMEMICE, T BY (B3R %), BN GREHA
WS YIS AR R R o 70) WREE ] AT, B
HHECTEBR VO, BE%RHSL CCCNE Y
T B s, SER RS O A MBI 2
T2 X DEC, SBRERIC L D A& U2 JE TS LR
BENTLEY. 2T, BAGLo~E LEEE TFT
FHESRL LT, BRBEKOFTLY RV (V)
AT 2 BE R

B TFT O A HEL72%IE, ERERICLY
BALGEBMEERT A, JOBT, FEFHBEDL—E
ERENEDITTH HH, FNHAMEROBIX, TFT
BLUERERICL VAL MOBRBHRKICLY,
BEBRENTLES. oLy LT—Hm [Fhk
(FEB TR DLV | HEVHERF SN L, Bk
H % RIS L T 5. 4§12, CCC
WEMEROE» O Vo THFEMLAHATREHETH Y,
DI RTNV—TOFEEITET LN,

& 2, HET B AR OED (R
B750%) BIEHABRBOLKELTRIL L IR B L,
ZOREUHBEINL. Thbb, LI THEHHR
WS DS RS 2 EEL L CHRE LI 5 &, BB
WREDSDBIR & R o AR TIE, BRI EOWMEH
Lk lidTahv, ZOERIE, FTITo
RIS ATIRIT S N, RIS B RS TR T
EDBRWVICHNTERL, BBICEMTIIERFTEL
WIEG TR HE T A2 Lk B,

ZD XD % ERE, ABHATY, F4WOERE
RTHLEBICREI - TWAI L TH Y, BATFHII
HREBERTHDH., EE, EOEGHIDOL )R
BORKEEIRLIENTEZDIZ, BZL {HE
HABEFES LTz (PR d, REZERD
12oTholz) LBbIA, Thbh, BEMICHVL
TWHG TR, BEOBOBEL, Lo TEh



Vol. 38 No. 5

W EHDOERE DT -FRNLZLHTE, Kk
DUREZFCHILITERZLDEEDRS, 0k
I BRIRIREBEET S22, BRAIBRFIA X2 kX
{ebZE (N=15), =Yz OBERHERE/N
ELTBHIE (prw =0.025) IZ& ) BT
BOLBELTo72. bRAIC, BFRICRE L8
WO EHIHBT 2200 BB 2O, T4
A — 7 OB I L, (N/2)?/(4prw) = 500 A
Tyl THzZONA,

4.3 EtE®, FRAOERE

—RIT, BRERIIRA LML, FTEEOPH»A
BB AR TS, LdtoT, EERLBRIEOBRES
B5 72100, MBS 7L T A CEIER P EAT S
ZEDWMEERDL, BAMICEIZI-TU LY M AEHD
DURET VT XL ZHVWTROFREET L L &,
L &FDEFTDY Com DBEBEPETHIDET 5.
o, F—Tx v AT O AT EERES B KT B &
Ei2h, (OB CHR) TVIYXADESHY
Cst DERE*ETLHINOETE. Com ZRELLES
L, BHELEBOERFBEZONS, 2 Com ¥
MEEBE, EBOY I2L—-Va VICETHEHE
BRBEL, YIal—Ya yEEPREICR S,
—7 Cor DEFEIT, EBIIZFEDbIZWEAFIZH
WICERT 2L 1T A4BTH 5.

Z TR LIRS Com = 0.005 ORI, B
BIZUTOLBYTHA. BRICL S 1 BOEA
GIHEZEZ%R<) 205 HETAE, ZRIZ100EDE
SRAT YT ORERICHLET S, b L, oz —-V
YD1 ODWEBEERRLDIZ10 AT v T DAL
BELELTLETRE, W0EOHEBERELRAST
LEIE, DRPI—-Vxy b ZEOEEIIRT SR
W, ThbbI—-TUxr MIFENRED DD VEREY
ARBLEZFTTHEL T, ROFEHEBTL 2T NITARS
v, EBOEY (ARE) 22258, Cum, Co
Bh o NELTHOIVERDRSEY, 4k I 2
LV—Ya YIRHoOME L REALMETD, EBRET
9 D12 SUN SS20 TR ELEL L) b %
DEEPEL.

HESKRTI -V PHPEOHBEERTIZ, HR
B AR BARAYIC AT 5. FEEBRTIE, HFL»
BRRADSZEARERIC X D BAE L TL 205 O/ % 4
BE§ 5720, ZORMBRMMEKEL TBWT
i, YIab—va VITEERBINICATRRICR S,
ZIC, RACEFLWEBAORE P, 28AL, H#
BEDSENEBL 5 LRUENZ 5 2 & CRERD
MMz BE2 5L TEBL LI

MEWET—V =Y b OHBIIBITEOEE4V RO 949

£2 RONTA—F
Table 2 System parameters.

NEE Eg 10
XEE C 2.5
T x b BEHEE pry | 0.025
WFHAX N 15
RRERER p, 0.01
NIL 7 EBHRFEE p, 0.2
FEE Coum 0.005
ThIT) XLEER Cy 0.1
EBRAO%E P, 2.0

HEE C,, ERTREADHRIIEFENTH S,
WRBLERZPEATSLIET, HEBEE/ISL (YO
) $HEFTVOIMRETH L. RADORKEE, 1) AO
BETEL L (MOLOBET) AOMRFEBEZS
N5, 2) AO2A 7 < T IERTM g 72 Tl s
FETELZWV, LW 200G EFVIZEELLS
itk b,

BAVBBLERONST A— 22 FLHTER2IC
Y

5. MEHREDHLSANE(L

4 EBTHRARLLHET, TFT 2 HE SIS RERO
HEWBILZ TN, RIIME»O THRBICHRE S
Niz] WA R ETHT, BLrBIEORE, Wik
EHIEEIL, HRL L TEBRRT MRS E % £ AN
L7.

COEHICLTEAEESNEIEE, 555013
TFT £ ) i<, T72MDBDIRFLL>TWSET
Hr9H., BAL, ReEBL L ToOELLEMT 2720
12, RDOLIBEREFT-7. TTTFTHAOHEL
T, 20,000 R OBRBEOSAHENE L2, TDL &
DRDANOE (KE) LFEHEE (MERE) O
FrE4 R,

RIS, TNEFUEEIHERFOR (S LIES) %
8D, So EZD¥EFEDDDD =— Tz v b L sv
T, ZORBVCERAR, T4, HBSTRO-D S, &
[l o TFT, TT3, REF »5% %% Srrr, Srrs,
Srer ZTED, RI3IY FOEHD DDD & O3tk % X
HC, ZO{RBVEFAR. 20L E0 AOBLOR
F#E5 IIRT.

UTTiE, )20 LEBMRERETA-0I0, (%
SHE] LLT, XOJbOE2#EAT S, RITERA
OFFETHRESAD (15 x 15 x 2 = 450) 4L E
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Fig.4 Evolution experiment of strategy algorithms.
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Fig.5 Matches of various strategies againt DDD.
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Table 3 Robustness indices of robustness for various

systems.
SO Sl Sa StrFT Srrs SREF
0.28 0.37 0.70 0 2.04 1.99

DO TRFIGZENE RS, FRICEPPbET S iF
TFT AR L T L E o 72DICHRT, 2% ) BWEv
FLTCWAIENGDA, EE, 1EEODDD &
HEOH T, %9 LERZERESHBESI NS
B, S 3R E LTI LEC2>Tw5S (K5, £3).

T, DL HICHREORICHERFEEICHEL TH
FiE, BOEBIELBETLIOTHAIP. TDZ
ExFEPO DD, —ERRECHRRERD [V
FU) #HE5 T L ETo/. BAMIZIE, TFT 2
5 % LT 20,000 BRI# ORI LT, 10,000 B
b7z, 100 BHTEICENAOD 1/5 D DDD %
BALT, HUERBROBKEZEL:. TOBRELN
7R% Sy LIRS, S & F 0¥ DDD L s
R EX 5, 3 HETRLE.

BEGHD, REKLE LTRTFT 5l k& {#
L7725 DD, TT3 A D DIREL &L EDT
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DY AT LB LI B L R & D BER T 5
FOBERIIDHSH, EBIFENOY I2LV— 3 v TH
btz Sy DBIT—T 2V 5,371 BT MO
T 1,820 1 F L, HBERE LTALL EOEDEH
EHBREND, TOPTEN 10 BOBKE Y Z0E
RICHEDLEE L L HICFRAITIRT. 1AL TFT 75,
7212 CCC 7%, 10 712 DDD A > TETWAE T
EDHEDTFSEFREED,. LPLEYWS, £1L
HOBHIIIEFLDOFH Y, FRoOMIEER
X3 LAUHETRO TR, 2ELINLDOH 5D
DX, EHO DDD W TIEH T W EFohRWVITE
BEIHEE L TWABDT, &5IZHHKD RAN & Dxf
HERICOWTOHIBEDLHE TRDOTAL

Fhb, 3, 4, SMOWEEL LI TTI ICHTH+
258 <, REF KEHTAME 2 FoTWnHI LA
Bb. Fl, TRLDTVITVAARRLE, T
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Table 4 Algorithms codes and their robustness indices for top ten strategies.
JERL FT )X A A% (%) | DDD & | RAN A&
1 (BM (LC) (LD)) [TFT] 2.20 0 0
2 (BM (LC) (BY (LD) (TP))) 1.51 0.79 0.26
3 (BM (LC) (BY (LD SL (LD) (TP)) (LD TP))) 1.28 14.29 1.28
4 (BM (LC) (BY (SL (LD) (TP)) (TP))) 0.97 Y100 1.41
5 (BM (LC) (LD TP)) 0.89 0 0
6 (BM (LC) (LD BY (LD) (TP))) 0.89 0.55 0.25
7 (LC) [CCC] 0.89 0 0
8 (BM (LC) (BY (LD SL (LD) (LC)) (TP))) 0.86 Y100 1.14
9 (BM (LC) (BY (SL (LD TP) (TP)) (TP)))) 0.80 0 0
10 (LD) [DDD] 0.63 0 0
TT3 (LC BM (LC) (BY (LD) (TP))) 0.20 2.04 0.33
REF (LC BM (LC) (BY (SL (LD) (TP)) (TP))) 0 1.99 1.43
5B LIdRET B )
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