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1951 FH D S a2 v~ vHlifliiz, V74> - V¥ 7 =13 I ANFOREE ALY
BVOES>TV, Yy 7—0BVRT 5 IYNNFORNTEEZROE, $F3
L wELZBERE L CBEIFTH S, KIZZD5L O—fRik 2 8lZE L TV D ThH
2, Vo7 —RABDLOAY =) v 77— FilkZ RN %28 &, BITEIED
HMDIATHZ A=V 74+ 7y allfHFAD LT, DRV vy 7—1x3
INFDITN—=T - F4FI7AmESN, EILTbZN%E, HOEDOFTHRHEL X9
EoTwi, BT, SYNTFORNOGIBLIZREICHD T, 3 F I LEAMSH
ZHNEEDK ) RILET I DORANLFM L% IRD 2D, Z OWE KL
DB, Fte, ZOWEIZCOTINE D, KIEZDE, GEt 3O Y S F BB R
L7, ZLTHDLD Btz End, ROVOBICEBOEBE ANFORIRDY 5> A
DI LARL T, $XICZ2DOEFITH->7 (Seeley, 2010), TD I L, I YANF23%
BkzFEET 2 &) nEMEEREA D= LXLZHMATODE I ERZRBEL Tonlk, FRD
FUVRENLEED L) RIEREBEA DA LICE> TEAZENL, Y NF LKL
ZEUT L2055, TOIYNFORIBEL A A=A LOEFMHI NG £ T2
VU 7= S EIIIZ E bR RN RS R, L2 LY VI T—

LE, IYNFOIBLSENERRE 0 A THL I L ERHT LY, A

BHZHEAM L2 EICR S,



Ik 2 ZOFRIE, B 2P ENEE0E2 8L, kD EFEORFANGEE R > Tw
72, 1930 4E0A 5 1950 EAUICH 1T T, ARIOEMEEDE BT 2 WHEs3th 2 0Bl
RETESE b TR TH % (e.g., Lorge & Solomon, 1955; Shaw, 1932), L %>
L ZolkEfic, & A 0@ B 2 EHEBIRED L T — 7 12 &k > TR L 2061k
fbicflEh o7z, D% D HOBIEE, EHEERE L VI BRBAMZTICRETRY, b
L LS BRI RONZHRTH 2 0EEZ R LD TH B, 2 2 h 6 it
B BUHETIE, SYANFICE EES T, ot EERERP, SHCRH, BRELLE
SRWOEYREIC B W CTHEMBEIEDFEENFEIIF I N T3 (Sumpter, 2010), b 1F5°,
FEREERE AR Z ISR S BB RER TR o, EREERE L 3N
b, HARAENEKZFFORE, HARICHEDBELENSE Y —v D 1 fl{E 7D
Th 5,

RN - D MR IC B THEBOTEINBE S NS L &, 208N HIC
EHSET 20 6 DMWEINER B H L LEZ LD, F—74 VERDERTH 5, T,
AEYFUCIE S RSN 2 EMBRIEDBEIGNER L ZFEZ2 I, 2012 LT, %4
A1 (collective intelligence) DRIEDEZ 602, EHMORF L1Z, WM CEERE %
TI5E L) SENMEMREZ AT 2560775, THEFENT ORIEEICE T % B
BEATZ2ILETHL, INETIC, ReBPEICE W CERMBEREDELEMENTE
BZINTEL, XRETEZNOEIMELBL 256, MEesz Thon s EREE
REDIEEE BT 2, 22T 5 a8 ohicik, bb2AAMbEF
NTw5, R BEYEDOIIKEZEL T, ARSI A 6 0 2 EHEIEPE ~ O PR I3

¥2139Ths, EFlZzUIEKEIC, ABE V) BYORKS 2, hoHY) L DM



MEEGR» SHMT 22 EANEDRDVZES ), SHbNONOIETHEE L WHKEZR
BT B ERIZEEAMNE, HO 2 IcE A AROFEMBERIRE 70 2 ANKE L8z K&
IEL T3, Al Ee, EHERRE DM S 2 THEFICRKLRIOPTEE S
Y2 DTH %, World Wide Web AP ARNFHINA v —F v FOERLTH 5,
¥ THAREIZE L2FE>Tuhkvy, ZO2ET, KEREREZMISH L TAR
B EDEIITHIBTREBRDIESL ) D, ZDFEDL  DHELIIIREE R 77 — )L D H TR
SNTENOHYOLEMBRVE & IZWIIIC, ZOEHRSE 71+ 202 a2k
AR OREE & W2 5759,

B b 72 6 L EMBRERROZIE, hE ot sn<
Ehfuzigis ez, BYPOLEMBEREREICHT2 INnFEFTOL L DFETIE, TEV
ALV =8 —DfFE) 2 F 7H — =T 5 L0 ) BB TOFRILRICERZ Y TTE
72,2 F D, "EROZE MO % F I > TE D TH 2 (e.g., Mesoudi, 2009; Laland,
2004), 2 F D, A THF—AN—lENCD - HEHS - ED K ) REREIUTT 2 02T
DEMYTEHN, FTEVA ML= —ARIC k2 THROFKE) 1C3d 0 EHYT
SNTIhhor (Ll, BESMRERo au=— It B 2 BRIEZ N TH 5 eg.,
Camazine et al., 2001; Seeley, 2010), L7 L, HfD ARIOERIEBREICE VT,
A FET 2R FO O ERILZICREBEELLEA TV LEVREESH, AV
Fy—Fv b EICiEEoa sy A FefES R T L0535 D, % OERLSEEIICTE
INTV3, 2oOk) RERBEOLRIE, EHEEREDY A F I 7R, FiczoH
BRIBNEN, RELTED L) REELKIZTTEA ), Z0d, KmxXekzdl 727

—<Tbh 5,



B WD X, AMOEMBERENKE LFEZ NI TS ERIZBET O ADE
iz, zhHEbOUbOUARMABEOFICE2bDE VI HTHL, Thbb, TH#R
EVI)BREDOZLY, HiRIEABOBRIRESEAN LD TH 206, BREZ(LER
BIRE E I HOCICHTFOZEANEFEZ RIFLEIBEREDTH S, Zid, T= v FHEEE,
DMWMFEL E V) Z LM TE S (0Odling-Smee, Laland & Feldman, 2003 #££ « IUF - {7k
N 2007), L7eh3>T, AREOT—<ThH 2 "EMOLE 702 AENERIENED
X)RWELLEZ 50 OMBEEZED 5 2 E1E, BExiREX, EMERIRED S E£E6H
ZAEAMT DI, btbd ED L) BEREAOLEMAZREORZI L DD 2EHET
220DV 252513 TTHE, ZORBPHYZESLOO—FHHE LT, ARHiC
FLOoNHOPENEI T o2 401X, T EOETE R,

AFEMUTO L) ICEMSN S, $9E-TETIE, EHBEHRE L EEGT L DOBRZ,
ANHZ GG IEIEREFYOL AT L 2PN 3o BIL, ZoHEEZHS, H
BEIOBE=ZETE, F BB TP & ol 63% L L 72 A2 IR G o
WX LT, EMETOTEHERI»ORBONT—F 2R L a0 HmL TWw , ZL Tk
BOHEWEIZE VT, 4 DEBHEREZRANICERZL 2036, [FROMENEEZIBR

%
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E—E

EHERRE CEAM

. %.,U\/u/j%/—ﬁ(\:— L\') ﬁﬁ’]tﬁﬁ%

Ghnd g c NBoBERRE R, RFOMFEOIRLZ VL1 SEELZZITLH5DT
b5, KAz, HAOTHIMEOH» OBBRENTEZLIZTTILBH 21259, AR
T, 20X HBEREOMEMEAZ T~A4 270 - LRVLTOMEDAL 7y b3, fi]
EPDANZALICE->Te 70 - LRLVELTOERMDO 77 b7y Moz hn, $£H
EHEELTORFR Y —v2da M dBHE%, (BH, 1997) &# 2, SEHIEERE
(collective decision-making) & E#HT 2., ZDEFICLIUE, Brx oHiE - Mo T
BRED OIS N EH (g, MBOMRE - HH A ) WEMFAMA, BHECE
F B AT o, BEEATE, EFRBEEOY v ) 20 TEMERRE, okt
B5DTIEEV, ZAUIMAT, "li#F & OMTHERDOPLH LD 3b AL b £/, H£H
BRWEZIVRT 23 L% 5, Thbb, 1ERDHSLIAICE W TH2MEE (social
influence) [ (conformity), & %\ It EE (social learning) & L T T
ERBRS, TITRENBRRELZEANTAA=ALE L TRZASZEICES, L
Loud, L TRIIBHATIE RV, RICETH X )i, BiTEy et gy

B 28 DEESTTE (collective animal behavior) Dikim & IEH ICEAWTH D, RIE

LR, TEYIME - AEDER (2013) b e8P0 TEMBEBIE, 254 <. BWLBANE 46 63
B HE25 107-122. ] £ LTATIZI NG o — M L KE LD TH 3,



5 L2k < %% (Kameda, Wisdom, Toyokawa, & Inukai, 2012),

AN DG G, & DHEMEMN D% DHHICE VT, Fitzh L EWRESE L&
Thb, Lo TAHICET 2% 0EMERRESGICE, P4ds T AMREDE
R RRRMBE N G L Cw s, ZoHEFEER, EMBEERERH I AT ICHES
AHEZ, FRRNABBHRTHL2H2D LI IE LI 0b Lk, LaL, BWTEYo
MAEESHINETHS RIS L TSI ), BYOEATEHS £/, SN LM CEN
BRRELPERNEBERLDOTH S, BATHOX A=A LIE, ANHOROEELSHE2
o=y avRRAMNICRESNS bDOTIE R, ARRZRETIE, 7TUPIY
NF, TR 7Y B EOHARERE, LR, BREOMNUCES T, BYWHoMNL
SR, EnFna=— 7 RENEBERREX DAL Z2HLTw5 I LEBbhr s,

BYIFTEN A O 0L, BT =— 7 REMBEREY R T L2 AN, 2
DORBICHBET 2 HB2HML L 5 LA T 3% (Conradt & Roper, 2005; Sumpter,
2010), T LITKRES B> TV L) ICHZAZENMBRRES Z T LICIE, EDXIH %k
HHRBHY, ZLCELEDLI BNV =V a Vv DHEET LD, 263
B 7Dh, MMEESIZHEBHRE LTV AHEICE SbNT, KOBHE» S Ok 25
D0H 5,

ARETIE, INFETHA LB CREAELS LT ELBYOERERIRED AL 5,
Fric TERRIEIE (combined decision-making) ; &FEEN 2 BRICHENEZ YT,
ERBREEDGE & X, L Vo4 OEBIRERE VISHEZ JIFLEVENS, §
MLV TofTEzAlFEd 2BIRD 2 L TH % (Conradt & Roper, 2005), 2 % ) HNIE

BIRE EvoTH, BHOX v AN— It G 3N HERE L <, BEIDE D) Tk~



e &) e WIEEDSAE L 2 WIRETH 21, Y —F —NMEQEYIORENLZ, ED
IS THRIF 2R T DS 9 2, B OHEFIEIEIRGE 2 KT % A = X 413,

ED X)) vl T, ANHD Ty, OFTHENTW S5 9 ),

2. MFEZEIDIEODT7 4+ — RNy

YOI LIZLIE, 7 bBNeEhr 1 DOBEZ2EE 20 & ) ITHFL-> ik
B39 %, 2O 2HET 2 LTI O0#E K2 01%, A OFHR
REDOKERAEL 2IED 7 4 — F Ny 73l (positive feedback loop) ThH %, #l 2 1F\> <
DPDEMBMERRO T — A — %, FESA 2T 2 EEARD, FRD ¥ 207
tREVEDOSITFALEHOT, o7 - —% ZDHG~LEHET 2 (Goss, Aron,
Deneubourg, & Pasteels, 1989; Seeley, Camazine, & Sneyd, 1991), T % &5, #58
ENLT—=H—HEPHET M (V71— —) bbb, X574k 2 KEEFEEZSE
T3, TNDBHEDIEDT7 4 —F Ny 724EA ML, fiRE L Tan=— RS
BTy R NS S (T B S s N

CDXIBIED 7 4 — F Ny 7 DIRKIE, FEBOBERIEENSEYHLTW2, ED7
4= RNy 7 3EGSERBOREY 27 LIRS T, % 0FHYOHNDOREICE 5
THERZLHZRL T0D, Hl21F, E53 3RO 28R T 2 BicfhofEiko
MATT B ANFES SN 5 2 EDEEIN TS (Biro, Sumpter, Meade, & Guilford,

2006) 7z, WS OrDOMAFEPLERFOMNOBEI Y — b, FENOMEERICE S ED

U M0k »T RN 2ERT 28, BARICEA S k22 5 L 3 25405 0
(e.g., Brown, 1988 Il - f&11 - WHHK 1993), LA2L I I CREMITEIF L otz HHAL, BE
WEICEB T B EREEO RS Z b > THEREIERZ L1 5,



74 —=FNy 7 THHT 29I TE S (Ward et al., 2008; King & Sueur, 2011),

ED7 4 —=FnNy ZikoTE S 2 EMR O EFHEERE L, BIHOWEEIC Xk > Tk
oI ENTES, HIZAIER, WEBRENICA BO2O0OMENH5ET5, ZLT
il A LA B 2 ik LT, flfiidEs o OER (e, tE2NER) b0, 20
HEMEROFELD6 t AR ERNET 2, ZOLE, ZhrofliEEIFILEL TV
EEANEIRL A - B 238 2R, Z2nZNnb &9 L 60% L 40%D L E L (le., #
KRR DDA DHEENE RO N U TIE 2 5A), IR A 28R 2L
60% & D b REWVEE (e, BIRMERIAH, tEEMEWO AT L CIERIE 2 5E)
ET, ML RVOIRBEAIENZEPEC 22 LD 5, UTOfHinr 6%, fEfkr~
WDFIGDENE « IEEDE O DEM L L)L DRI KIFTHEEZ, W Or0HPD

Bl EITHEL, e MESICELWTRONZBREDENDIZONWTELT S,

2.1 #HEMBHRICH U TREICRILY 2355

3 W NF (dpis mellifera ligustica) D A0 =— 3B Z2HED 2 7DD T —h —%
JAPH OB~ D T, Seeley, Camazine and Sneyd (1991) 13/ FEEZEL T, I Vv
NFDanZ—PEDOECEFRNCO LR 2 EPSE 5 a2 L, %6 D%
&, B2 5 400m 1E EHEN I mALD 2 SIS A RRE L (2L, T Ok
KD bEOREDY afiz&A TV 3), iHE A SO ERIR % FEBHE A 5 4 BRI
MBS 2 L) FIHTITb e, MR, 2n=— I3 RE%5) %2 2 0BREZICNIE
S, WICEREOEOHTOHEEGANL S DT — A —% i S, 3L AL DORMAERE

AL TN R T OB L dne\ v o T, BREICBT 2 M 2 Ak 2 f oMk 31



EAEVRG, IZb20b5T, an=—2f L L TEERETOF MRS o) 5
HRNCEDOE WS DEZVOLERIENTELDTH %,

COEBPRT I YNFOELRHMBROLOEE I, RIC2008EEL6%S, 1MH
&, Ty ANFoaa=—, JAEL VL TREBINEERL 2 RLEDE R (e, &Y
— 7 — 1 FEBOEL IR, KOS A 1 DO L itk w)Iicblb s,
AR ==LV TIRIFER Y ROHE2 2L Th b, 2L T2RHIE, VDELUF
EDG RIS ) R R S TH, K DIFEAEG 2 RO R 61825 6~
BNE2AAL v FTHILENTELILETH D, HIEIE, BEFROHITGU CHE S 05 ik
D& AEROEBEICK > THHAT 2 L3TE 2, HGERBLEAR ST =5 —
3, BB L 2B OB (e, FEOMREREW) ZEIRYD &0 A %479 MR <,
¥ 728 v ZDMkFiIR 23R { 72 % (Seeley & Towne, 1992), & D X 9 BRI REIHIC
L oT, MERANCHEZESICN LTI YVBOIED 74 — RNy 7201352 LICk3D
Th 5,

2OHOau=— L)L TORERO WML, JURD SV AL W) > 7 FIchd 5k
BEMEE O KGOS EZIE > Tw 5, kD 5 v REHEDOAD OHED 5 AT
EEL T, L LZoBIEabE L SRBE#E AL, EEoMRY ¥ 2%
K3, Hx BRI E 57 1 20OPRD ¥ AL T OERZED 12, 200345 LRI H
BOHANERERIT S (Seeley & Towne, 1992), L 72535 T, RE#) N F D HEER
Rz, Fry ATy vy —Icha )R TrEEZ6NS, 22T, wEan=
—DJHHICIZ 2 DD A, B DFET 2RNEH 2 2, REEFEGEI S A, #%5 B

NENZTNEHHINGMERP, BLY P 13, UTOBXTRB T2 L TES

10



(Camazine & Sneyd, 1991) :

dsDy
p,=—21
d4Dy+ dpDp

)

dgDpg
PB - —-— .
d4Dy+ dpDp

72720 Dy & Dy i, ZNZENHG A BIINT2H5ATDY 7 V—8—DFxEEL,
dbdpldZ N ZNDRIRY & v AFAEHER L L0 v A kiR 2 KRBT 2 70 DHEA
Thb, Lo TliEZHTAOLEED, ZORAIEBIIHRD ¥ A0 EERL
Twb, COETAPGEAS L, b ULRICEY BOE A XD Y EHOH 2HE -
7ELTH, Y B2EMLT 25 —DBE (dgDp) 230 ThiFdud, il B ~bR
NFRRHTEEN)IETHD, ZOMHICE->T, an=—RF LA LORMNT
Dot 1 AFMDEHGEZFICEPLTLEIDZIC I ENTE 5, EBEIC Seeley,
Camazine and Sneyd (1991) DEETIX, EREBEOHG NS EIZDED 7 — A =150/
LT, MFBEDOLD Tl DOHGAEHR L &R\, L) WD, BREIALEIC
AR —DREBHEHIMIEL Lz Lt EAONDS, SYNTFORMT 2
CESLH O FRRINICE LR T, CoX) CRESNIZIEEIEETHMIE TR
BOEBARNIET 2 AT L IEEENEHEELZ D72 59 (Camazine, Deneubourg,
Franks, et al., 2001) ,

B RBIEY 27 L%, SYANFETTELEL, W27V IBVWTbR6NS,
Beckers, Deneubourg, Goss & Pasteels, 1990) 1& b €A v > 7 7 U (Tetramorium
caespitum) O 20 = — |2 2 O % 5. 2 2 FEEiz2 7> 7%, EETIE, £THOIC 0.1 M

(0.1 mol/L) DREDY afiz &AL G2 7Y —FICREL, # L CEBRBB»S 604

11



%Iz, MOBAIZ 1 M 2E8AREOREVEGZRET S L) BELZTo 7, %R, b
A fryy7Yoan=—i%, O 0.1M OGRS 2 ERSELBTH, 1M
DEYPEAINNR, ZLOAFHEZYDHR 5 LI N, FEA RS T TY
DIV BEIEHY A7 L TlE, A A7 MaESERED 7 — 5 —%E { (group recruitment)
72, PATLOEEEL L TR I Y ANFOGEA LRI, U7 V—8F —DRESDZ D
FEHEMERICGHRINIDTH S, FRFEKIC, V70— — Ll{kd 7 D RBREE &
Z 1 kB8 H 3 % “tandem running” WO BEHEZH WS 22XV TV
(Temnothorax albipennis) 75 &b, #E LB BRIG% RS (Pratt, Mallon, Sumpter, &

Franks, 2002),

2.2 #SHBRICH U TIRRZICRIGT 5555

% 7z Beckers, Deneubourg, Goss, et al. (1990) 1%, EilL7ZzbEA > 77 ) O
Fhg L FkDFEEEZ, 70T ICKAEEZTI) 7T O—F (Lasius niger) XL T
biTot, $2E77YVDEAICE, HOIC 0.1 M OfHG~BEDSERINTLE ) &,
ZOHEIDIEL 1 M O ZEALTYH, REZHZAAL v FIELI LTS RD
2, FRWOERTIE, F7VOau_—RELE TORBL—- 2R TEE1LT A
F &7 (Beckers, Deneubourg & Goss, 1992; Goss, Deneubourg & Pasteels, 1989), %
DFEETYH, HGETHCBES ETETLE) L, B ok hEVERTE
FTEAMPIEAINTHZELIYDFZ2HNTE RN, 2DXIHIL, 7V
DERPBBEZE>TLE I &, e ZRBEMIELTY, Ahkh 2 OBRA AR

THIEWTE R,

12



IS T7YTIE, 2AMBL2BICZNETNELVIREDY a iRZILEL 725451
b, BB HIZEL 52— OB ICHmICR D, BhrARENEL %5 (Beckers,
Deneubourg, Goss, et al., 1990), &5 & QI L TEGEDME S 112 01342 OISk L
NV THb, TDXIH % TRFREDHIL, PECEI LD, IYNFRIEABITTY
BEDE) BB AT MR BEINEVWHETH B,

N5 2 00MWE BREEAMATEMICHIETE R W I &, B X ONHREIENS 2 L)
2L THEREMA A AL, £ 6 bEEDORIGDOIFRICIEIC X > THT 5 2 &8
TE5, WEan=——OFBEICHY A LY B BMFEET 285G %2EF 2 5, Beckers,

Deneubourg, Goss, et al. (1990) (& L. niger D ARBENEAED Y % 18I T 2 HEF % DL

TohBRcEFULL 7
b (k +CO™
A7 k+COM+ (k+Cp)™
P, (k + Cx)"

T+ C)" + (k+Cpn

REL, i ABXOHY BARPNLEE7 s 0B VIREEZZNZTNC, LT 5, %
7ok EAF, AEDSEGIREBE AN I BRIC 7 2 0 v E DR E ) 2 R o0 B d 5 8
TA=FTHD (ELk=20), k BRELHBIEE7 20TV ORENSL D, &
PUIMBARL VIED S EREINT WS, ZLTARATIA—=F n 237 2 uEVREDM
I T 2 RIGDIEMIBEZRL T b, RFX—=F n 1 XD RESTFIUE, RIGIEIE
MK TH 5, Beckers 5D 7V DEE, n =2, n =6 DL ZICEBT—F % k<
P T & 72 (Beckers, Deneubourg, & Goss, 1993), Z DIEMIEIEIC X > T, GO 7 4

U7 4 DE»ZRBEWIINEIN, SR INAEEEIE 7 0 Y iBEDE A NKIEICHF

13



3.

52k, 2HLTELRELLBENTETLE) &, 20BRPBDEERS Y
T A DECHEPIEEEZFE R L LTH, MEFOREICH»NIZREDOFH 7 20 E Y
ZHNC, €02 DHLVEEBRPEHEINTLEIDOTHS (7 20TV IFLTNER
LTLE9), 7, REAMBOEGENEL I A T4 TH>TH, FIICHA7 =0
EVIREIGEOOEL UL, 2N TIURER A O -2 L LILh 5D TH D,
L, BELATNERS VDI, I TOEMIBES 2T LSBT B KIEDHM
- I DECZ BT 2 H E DI, MEIICERITZETBHLIETHDL, Bz
i, Nicolis and Deneubourg (1999) (&, KIGDIEFIEE IR FE DI 2 42 A H§ 42
FHED1OTHED, +HFEFETERECIEZRLTVS, 57 2mEyBEFKELT
LEICLEZBRLAEHETVEMITL, HAEDAE—F XD b0 fd o K EE
T8 R I 15 O THIUINFREZBEI 2 5, RO B) B EEDNE & FPE I3 2
WZ & %R L7 (Nicolis & Deneubourg, 1999; Sumpter, 2010), 2% ) 7 = 1€ 1ZRK
BICHSE L T o, 2z oy g ciib 2 iUl AR hE 13N W ThH
%, ZOft, BYORNICET 2 H ORI 2RI A 2 = X & O 2 &
Camazine, Deneubourg, Franks, et al. (2001); Sumpter (2010); Sumpter and Pratt

(2003) R EICkCFEELo T3

ABOERNEZERE

PETiE, BEHEBHREETHE I YNFOT7Y OFHS 2T MMIER 2> TR TE
2o LD2L, ZNEMBIEDT7 4 —F Ny 71Z B g DRI Z LA o Bl

MNICHEITE LW L2 BERT 2HDTIE R, ZLBKEEY AT ) apg=—L R

14



NDOEPHEN L 72 D1, FEARMEPRECHEGLTCwRESL ), LirL, RESMHASY
— v EOERIL L OBERE R MER OB EZ Ak, 7 e EreRRD
FUABEDY 7 FNVEFENET LS, WEERZEHT 24080 TH2WEE ) ko
bAEL 2, ZOffiTiE, b MBI 2 ENREERE OISR E T 5,

2 DBAETE, ARIOR Tl ~ OB R FE I 1345 0K L ST & % (Asch,
1956; Davis, 1969; 1973; Festinger, 1954; Latane & Wolf, 1981; Sherif, 1936), %7z, i
ECIRATEVERBAN 2D & OFEFEEEVEA TN S L) ITkh D, XD ERMNI,
AN D FEFER~D 7 70 —F 237 T3, McElreath & 1%, EBREBEE NICEIT 3 A
Mo ERE 70 22 €7 LL, EEDSNE OB 2ZHE L 7~

(McElreath et al., 2005; 2008), McElreath & DFEERTIE, 2 KW N> 74 v M

(2-armed bandit problem) & V> 9 ML E BT BN IC Pob 11 2 RREFEME T O B IE Tk

EAEBH SN, BMEL R ZNTNBAN—F v L REBEREHETH D, FEYI
WT UNE) & TU 0G0 2HEDEYD ) Lo w2 5 0E R L &
JUEZm oot FIODI bk, EH6DEYI L D IEE BT % D0 I2BT 2 A5k
ZZMEZFR>Tohv, L LSNEZEBZE DL &2 5 12 7AEY OINES % #E55
L, E550EMFEMIC L DREZ LT 2002482 2 LN TE, MATES
g%, FERICSINL 2O SMEBHORTES &6 DY 2 A 72 DfER 2 ZE
THIENTER, LEDB>TESMFR, MAOREZEL MA-E L, MEOSME
DITEZ BT 2 2 L IC Kk 22N EROMSGT 225 ENTERDTHS, AN
DRA R EET N R T =AY IO, 2O P 2L 72658, %< D54 CHEE

NA 7 A (conformity-biased) Z/RT /87 X —¥ XK X417z (McElreath et a., 2005;

15



2008)

McElreath & (2005; 2008) D FEER TR S L7 FFH N4 7 A%, fhamfEmicx LTIk
MIBICRIBT % &£V ) BKRT, 2.2 fiTEEF7%7 7Y (L niger) 7% EDORTHE L HAT
HBHEVZDE, L) ER, EHLAVIZBOWTY X, FTYoEMICHSN L)
%28 (e.g., IED7 4 — F 2Ny 712 X 2B NOEH, B X ORHEOMN) 2EL7259
b, &% 5, McElreath & IZEEEMNL XVOEELZ I L Tldwiwe, LaL,
Salganik, Dodds and Watts (2006)I1C & % A » ¥ — % v b 2B L 72 KB 2 BRI X -
T, ANEHEZ IS 7 7V RABROENM S A F I 7 ADBEL B L0 T ERIN TV,
Salganik 6%, A ¥ ¥ —%v b EIZ, HE VAN TR WEMD» S R EEY 7 vy —
R4 A b ZREEEL 72, Salganik 5 IZEBESNE L 7 v ¥ I8 DOMIL L -HiGDwT i
PICHOIRD, ZNZNDHBICEWTEDEMBED L) ITAKRZGL2DHEE L, £
MED R 2 EI2id 4 SHD ¥ 4 PADBHRSENTED, SMEIEZNS % HHICHTE
L, A7 ya—F§2 2 0TS, B M08 A4 P VOB, 2ol
WS CBICE Y v —FEnNTw 3L ) EENERBIETFTRINT»,
Salganik & 32 ERZ YIRS LLHEEOHEL, Zoxitco&iios v v o
— PRI DAL SR 2 A% D TEOEIF DI Th 5 L HENITER L 7. /58RI,
ETOMEBFEL 4 SHTHR I N TR 22b 6T, 82D ZNZNIIE LT
M OWATD Y = IFRE RG> Toete, Fig, TEDOEF O OHREIELIC A 2 il
T, FHHICB T 2HMOMICIIRE B> (NKDOTFUARTHEN), 2% b,
FAREOH 2 2E N TH>TH, ZOANKRDITHIFEADRILRH I N TV T,

Znux, rrUTHESs N TsEoin, EHPOBRE EMRTE 5, £/, 8O
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BLEEDER~—7y FMZBWVWTH, ARzffkihe z) Throkiilnyyruo—
FROKER, H2WEROMONIIFL D D RELC Ao (e, A—2—2F —BIR),
CORRIER, MFAICIZED7 4 —F RNy 772 L 2R Tw 5,
DLEof Rz e UL, AROENRE-REDORIEKITIE, BALvIcET 2 HH

NATZADPMEDHTIED 7 4 = F XNy 73T EFEZ6NZ ) TH 5,

 ENRSRIRE CEEH

HARPACBOTHEANA 72 L v AIE, 200 UET A OIS % Y TRifED

helkbild 2 LS o, ADHIEE L, HlAIF Salganik SVBEBTRLEL LI %
A=R=RF =R~ —7 v FOTFHUAARIELETH S, Znsid, —RITICWLZIE
"BER1TE) (herd behavior) ; @ 12TdH % (Raafat et al. 2009), fFDITH % 2 & —
T2E0HTRIE, LEZXZITEIEMANCE > THHNRHWTHLELTH, L
I UIE R 2T A% B R ICHiE L 2247\ (Bikhchandani, Hirshleifer & Welch,
1992).

L2L, 2OL) RADHEPHAZICL>TEIEIBToNED6LE0ST, ZD
CERENHERRESBPBEHRTH L I EEZHKL BWESL ), F—i, ARtEET
BT DRERITE EFHPOBRIE, LT 7Y R ESERRICE W T FERICHE]
KINDZHDTHL, Y7613, BRITHICHZ2 2 X 23> TTHRD H 241
Y oT, EHMERRERZELITTERIDEL AL, E LAY BT 2 PRI
6 b, WEAGEREHFHICE O THFANA 7 A HREIRIC L > GEMATRE T2 2 L2V

IN T3 (Boyd & Richerson, 1985; Nakahashi, 2007), L7:23->C, REFANA 7 A%
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EDFA B MED BN BERE LEHISN 2D TH D, BERITENE Z ORIEY I
BELRVEV)RTTNTEZ)TH 5,

TiE, BRNEERIRER LAY, HRITHOGRZITLHTIZEON R L3729
D, Z OO 1008, BEEHOMFETH 5 (Krause et al., 2010), % { OfEEHEHR%Z
BT 25 2 LiClE, BREDOL OMEEMZ LM I L2 RBWGFTEZ ) TH S, HIAIE
HHLVALTYDHIZOWT, HIT 1 AR T THWIT 2 DI3H L b Lk,
1 NO#EERE, ZOHE > 2 7DMFRRP 27D, HE0IEEP 7D T B L0,
BARONPULIL I NPT V2567, LHL, 100 ADEKRL W EFHEL TWbDThHi
X, ZOVAF 7 VPEIZHEORWL A7y THLAMEREIEHVEVWZSESH, 0
£, VA7 v OEICHT 2 P HEFEEDH AN R BERIEGIC L > b T20TH %,

LM DML Z RS 2 7R & HRER?H 2 LT vwERSEoHY T, kL
THEDS B2 EAEHIEED A A AL ENT 2D I FEABERI L TlER Y
(Hamilton, 1964), FEREIC I Y NF27 ) R EOEAARERRZ S, HRISED 71
2Lk o TCZDEAANROBE2Z1T T35 (e.g., Seeley, 2010; Sasaki et al., 2013;
Shaffer et al. 2013), L7 L, AMZ &L ZOMhOBYTIEIE I 25, ZOHAES,
ENHERREL SEGADEENS L) T LIFAHTIE RV, BEfAETIERVEY)
DERIZB W TEAAMDFEET 2121E, DUTIRET 20 D0 D8MAE Z 2zl

IR 550,
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L FLETHHEN

5.1 ZU—2445—DfH&E

HEMEEIC X TEAADBEEND 5 1 DOMEE, hFE22Z2NZNORNREEICIE
DR BOBERZITOTVLRVICENT, Z0oMMEORITITENE, Bd 2E R
DOBEDECHDE T ELEVTIFE 7407 —E LT A5 THS, Thbb, Wi
BEFEOH NS T 7 X1 2ESLD D, BEORBRICL>T74 V8 ) v 73N
HERE L Y P o ESHTVIHARIBRZ HO 22 LN TES L0 DY, SN EHOES
AR TH 5, MK, 20039 LERET 22012k, ERPICIZH S FE 217> GER
Bz 74080 v 73 20k, Thbb A EERES O T UL S 5w, Lo LFEIE,
PN ZOEZH) DL TH S, LT, AL IIIHSZNAFRICHEXRTEZ DR
BPDBELH, AVN=—DIF LA EPIMEFEAEL» S22 M EOEMTIE, HSIZ
AANEEZEFICHESNERICES L), EW7 Y —74%— (ie., information
scrounger) DIFEN T E 1% (Kameda et al., 2011), FEHIEED 72 & 0L 2 EMP T,
BREAEM E R AT I ENTES, Lad>TIoatinz o 37 — o0, AM
DERHEIREOWIKICHEL TV 5D TH S (Bolton & Harris, 1999), i D4
THEREZAAT21E0 ) THFIFEREZEEL V7Y — 74 ¥ =054 T 5 2 LT,
EHHMOPEEZ WA I ETLE) LD TPHTE S, Rogers (1988) iy —L €T
N e, HHENFEE DS H > THEMOPFIGHEIGED L (e, EAMBE) 1F
DFLBETF RN EE2RLE, LaL, RICENMNTOERGESESMNRE LAl
SO ET S L, thRMEEIC X 2 ULEES AT AiE RIc K E CHB L

TELE W) ENRBEEEOHNPZ2MEEICT S, 2D Rogers D37 F7 A LFEIIN S
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WL, B - SEEEO MM 5%  DRYL %2 HE D TE 7% (e.g., Kameda & Nakanishi, 2003;
Enquist, 2007; Rendell et al., 2009), % "FTlX, T4 F TTHNTE % Rogers D37
FO 2D HMERZLE2—LDD, ERLIGRLEZ2ETNVICEBTZ2EHR7Y) —F74%
—MEERET 2, 2L T, EREFEROMREELICIC, 7Y — 74 5 —DFE FTOES

HNZDWWTHEET 5,

5.2 MY & RERFEDREE

A DOEMIC B TEAMDRAET 20 BAZTIUT RS2 0E I 1 DORE
(&, Y EMHAREEOMNLTH 5, BEEROITEIN 7 4 VY — L L TGHEYNICHERE L,
FEAMDPEL 2121, BEEPHNIS, ZRZNHRAPRE L) BEREZITH 2 L EE
Thb, 74NV —LIE2FD, REDEINTX 2 /7 4 AMEIRDOIRITIZD»H 6BV 5
TdHh % (Condorcet, 1785/1994, Simons, 2004), L 2> L, HEHINICERMMEET S L0
Tt Tabb, SEEOBEREPMHAKFENTH S I LEBWT 2, lEkFE A
ER%Z L3s, FEIRHICE OO TH L LR ETMRBEDTH A9 », BERMERRO
SYNFEHNCTZE, SYNFOT—A—FHVOFIRD ¥ AICHEIND I
HRFEN G BRREZT>TwS, UL, IYNFOET—A—F, BEHINTITESE
W7z R B ORI N L TENZ AL L 25 2T LB Ao Tw b, flER—
AR BTN EMOIY I ab—varns, FIRD SV A2 0 LMHAKFAEL, SEE
DFHH DI L D39 FCHAED I > THID T, WHD I v NFTBIZEI NS L) 58
BRIDEL 5 2 R E s (List et al,, 2009),

W 2 DB OMETIE, b FEMREICE TR CHAKFEEZ RS 2 LH8
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FRINTE 7 (Asch, 1951; Sherif, 1936), £HTHUHEZ M L v o 7BIIcE
T, AV AN—ORER - BHNLZ 7 —2MHEALTLEF)DTH S, 51Tk F DA,
2 - UL 2 SURDISAEANDFEFATE S 2 3860 5 2 £ 3% % (Janis, 1972; 1982), %
TREN REoaY, EMADOHBICHAKFAEZ 725637259 (e.g., Bateson,
Nettle & Roberts, 2006).

AR ZEE I, HRhESbTAL ARSI EEAZIEH L Tw BRI
ODREREL %2 57259, Ladb, aa=F—va vEfioXEIIERISEZREL, X
BREOMEMEEZED 2000 Lk, FiZA v ¥ —% v b ETERRILO THa g

(ie., BRI OFMER) AN, ANcoBEIREICHELZRKIZFL T, L1,
AN Y NF D X ) ICFHBOMASZEZ R T2 £ 9 I HHTR », T, Hliict:
IO I DHEFREAANEDLIICHFLETLDEAH) D, HEETIE, Dasztad
52 ENRERAMBANED L) ITHWET 202 WA ER R 2 WG L, HEsEa

NB LS IRRITOVTEREZIT ),
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A —

5 _E

ZR/NNY T4y MR T BBHERAER EEGMRR

=1

=]

il

N[O ER IR B E 2 SAE L O I It 2 E B I L 2 EHicETH 5, ThET
12, thEEE DML = XL PRHEIGHERIC OV TEREL S DS LINTE L
(e.g., Feldman, Aoki, & Kumm, 1996; Boyd & Richerson, 1985; Kameda & Nakanishi,
2002; 2003; McElreath, Bell, Efferson, Lubell, Richerson, & Waring, 2008; Morgan,
Rendell, Ehn, Hoppitt, & Laland, 2012), % ZCHlbNTELEHE LT —~<D 1 D25,
Rogers /%7 K7 A (Rogers, 1988) IZBT25HDTH %, Rogers D87 K7 R LI,
PIMiciR 3 k9,  THhamy - L8 3EEOBEIGE 2 8 ) & v ) B R EE
28, 77— DHERIC X BRI S 13RI ARV E W) ST R I ATH B,

Rogers (1988) 1XfjHi 77 — LA HIEHE TS & o T, AL B & 1k 2 022 5 i &
V) 2WIEDMEL T — LB L7, S T2O00RENMEZEZ LI, 1 D3 EKEEE
WD A5 72 ZRHEMTH ) (RHERT1), b9 1 DI AEE G & 1h 275 g o i
HHEREL D 2REMTH 2 (BHEM 2), Figure 2-1 12, Z 412 11D 22 H ¥k -3 586 5
EPRINTWS, X2z ORERICE ) 22 EEEIEO R TH 2, (B
B3 RS 2 —~UTb R W EREINTE D, Z OIS X E 217 R O S 12
WAaFE T —ETh 2 (BHEN 1), —75, BEM 21280 TE, Hhaiy BB E L 9

% o LI EH I OBEIGEL L, (A EEIEZ W H S OMEZICADKTFEZ SO (e,
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WA EEIE N2 T X2 L9 £ vk w), BRI, TSBcorr=v 7 (i
RMEE) BIEINT 270113 F U OICfiiE L <K 28 (A EIE) OFEIESHIETR

EEZTHORG, 2) L —F - A 70DHR, 2 DD AR 2 EET 5 RHEM 2 T3,
fIE A2 W & 4 E 22122 B g o 2423 2 (LI 2 E IR B (Evolutionarily Stable State)

PEFN D BN Z L2, 2 2 TOVEEICEE I, BIRYE O ARD 6 7% 2 RHER 1 DO
B EFE LS RS, Thbh, (2N EHOBIBH 206 L \wo T, AAYYEZ LA
ZHWEEIZFEHI AR L EV) PHIBEI»rNTLE ), Z3Ud, ABBHEEEEIC X -
THRAL D AHERZBRENHEIE L TE L0 RERDOENZRIIIKT 2 TFHTH 2720,

NIFI7RELTRAOGNTE

ES equilibrium

Fitness

---- Individual learner

r  —— Social learner

00 02 04 06 08 10
Proportion of social learners

Figure 2-1. Illustration of Rogers’ (1998) model. Fitness of individual
learners and social learners are shown as a function of the proportion of
social learners in the population. Social learning provides no fitness
advantage to the population. When individual learners and social learners
are at the evolutionary stable (ES) equilibrium, their average fitness is the
same as that of individual learners in a population without social learners.
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ETNVDOTHIDPBFEDOERZ LFSFHTE R VYA, ZOE TG RICHEELE
FEWRITTRDED, HEVITETIVORIRVBHEE-> TV EEZIOND, 2T, LD
FEAAENC BT 2 L N RATENV A BB A2 B 1T A28 T, Rogers € 7 VI RIFT W
EBELZBEREIMA2O»ZMHT 2 LD 20FEELET —< o> TEL (eg,
Enquist, Eriksson, & Ghirlanda, 2007; Kameda & Nakanishi, 2003; Rendell, Fogarty,
& Laland, 2010), Rogers D€ 7 /L Cld, BEE~EIL T 2 72 O OFARIE 4 T AL EE 0
RREL, i 2B 2 7210 DA EHE ZEREEICOVWTHOERRD L kv, T4
bbb, HENFEEEB L2006 Lo TENMNIC 7 — VSN HEMOEAB AT 25 E L
Vo T L, MBI SBVETFTNAEDTH S, Rogers D87 F 7 AN A 570121,
HAMNEEIC X 2 ERISEVEEAREDOMMEFEEZ BRI T2 L) %, [MoPDAH=ZX
LaBET2MENHLKEHH, I LEAAZRLD 1 D0HIE LT, HEfkyHch
SN EMOBNTEFE LG A MEZ BN T 2, L0 ) RN EEEBIEEEZ 5 2 LHT
% % (Kameda & Nakanishi, 2003), Z D5t EEEMME 2 M % &, HEAHED 7
THME RSN 2 MEEIMEREFIC & > CTEE LR L, BB EOMROREER T 222
%325 LIL20T, RAMIKAEEZTIHA LD DEORVERZ FEHHIZA
¥52LIL %,

ZD &I, Rogers DXF F 7 AZRIE I 2 X A=A LD L, th2MEE DA
FEZ RS2 L) EAAIRZMT 20D TH S, L L INE T, Rogers DY
7 F 7 2T 20813, HSEEMONICB LTRSS NAZEAAOE L 3H £ DS
P20V T I hd o7 (Griter & Leadbeater, 2014) . B DOEGHIIIZED & DHR ZTLD

AN D 2 EICE T, ERDHRMNEEITED 5 I3 R AT I b o L EHELEHEIFEI T
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L3 ->TL 3,

i, AR LERRET 2 70 2 0B W THENICHEET 2 THR & IUED
Ly, THL, MYOBRIED AT +— v RZ, L GA, R LIRS DI
DR ELSKET 5, BYOEUTEHRRIC X 228 X - CRELCESG L T 2 85§
B7:011F, ETHRAYEREZAT L, TR T LI LEVHERETHL, Ll
Y OMEERDIZ DIEFNCE P SR Z 2L X —IZIZRO)BH 2720, WOETHHER
L) 2 DIFRRTIE RV, R TRAGRZIEN T 200ICHFmP R TL £ 2, HBRL
THERLRLS B2 THE, Vo T, BAHERLETHITRVEREZFHTE 3
FUIABIIE N2 S 9 o Ko T, RO NAIRFHP I 2L X —%, PRBICEL 3T &I
PITET ENCHEBICEH T T DD, N7 4= v AR REMT 2700 EELHHELE &
2, WIZIEIYANFICEZENETIE, WOETHLRTOY — A —ERT 20 TlEA
$, WA IFE A~ L () BT 22 8T, ar=—L X)L TR R LA
MFEB IS (Camazine & Sneyd, 1991), EALSERBRTH 2 3 v o3F1F, PR &I
ANOWEH s T2V F—ZWUNCE T T2 2 LI k> THEAHMZERL T0 5 LRIRTE %,

Lo L, Bttt Thu ARoBE, B LEINED NT v A2 £ L )L Tt T &
20 HHTR Y, ¥R 61E, EHPICEREZE2 7Y — 74 ¥ =034 U 2 Alglkns
H205TH % (Bolton & Harris, 1999), 7z LT, R EWNED Y L v = 2 &G AE
FHETORERESGHICE O TAMIZED L) B2 EEHEKIEZ L 2D 59, £
F2MEEICE T, EAHBEENLEDTH S ) b,

Aot cix, BERERFAICE VT "Wy T4 v FE#E (multi-armed bandit

problem; BT, MAB [f#) ; EWMEIEN 2RI 24T %, MAB 8 & 1%, R EI
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oYL vy>z2&UAHEEE T ORMRENEZEXML 7D TH D, BAEMIZIE, R
ay berrAREIZT LA (Le, EHR) LHBORKMELZEHET Xy 77 —%
AX=UFTNEF X, 2y b= VE3EBEED D, FAIRORPTUAELLRIICVEE
T, ZNZTNOHFREVBRLS>TVE, L2LX Y v 77— 3Ho0rUORDOREZAST,
REODRLELIZEBICZT LA T2 L cRoNZWMED2SEHT 2 L kv, ARz
AT 272D BEREDEZ B LN EL T LA LcwdS, BREDEZA S DI
BERZ B R RBINC 7 LA LCaARITNUE RS R\, Lo T, HIROEREKESZH
F (e, FrL WHFROHES) LUGE (e, BIEOHERDOFIH) L1129 £ CGERZETT S
CEHEUELHEE 25, MAB ML, B0 213 U O, Frllskifi o+, W
LA T BIHEEOER, BBREOREL L, L oREREGH 2z MR L Z-REE L
T, fTHE AP EOTHICEWTICHWEN 58375 4 5 TH % (e.g., Daw et al.,
2006; McElreath et al., 2008; Sutton, Andrew, & Barto, 1998 — E - #/I[FR 2000), A
WHEClE, W2 MAB R Z th 2 AE DA RE 2 ERIGI~N LR T 5, T4b 5,
fl—o MAB MEICER T 2 @BDOBABE D, EABELCOBRNELEZ I 6EL 2
MRFROBERZIEEGTEILOZEA2DTH S, HFMANZHTWERL 2> v 6/H0
NHFEOBERICIZ, BADFERITEN L 2 2 THRONZLASERE BT 22 L23T
R

INFTDOE L DHRNEEIET MEAEEDAZX L LTEEIN T L DI,
MAB DRI TIFRRIAE IR 2 A P E LTHIAT N TWw S, REK &1, FEROIE
DEZEGD DDA HERLERE 2L CTAHLEETH Y, FHHNICIZEICZ 21/TE)T

BB, Lo T, (bW EEDTRL S 1X, EIREZIT > TSN RY, B3 HE
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FPIRNEICEHRZ L TP HEOMRIEEE 5, 2 085E, AWz 5 13HR
FIZEAETTO R %% EFHlZ N5 (Bolton & Harris, 1999)

AT, MABREIC B W THESNERZ LG T2 2 L OB 2 ZREFEBHIC L > T
Baf L7, HEREROFE T THAD THRE-IEOR ) EED Kk HIcEkL, 20
HEDNRT =2V ANED X ) ITHET 00, L) 2HERBNICHS LT, &

BOMIEDIEEE R 2 HRE2E5 2 E2HNET S,

. AR

2.1 RBRSNE

AHEER D EA 94 & (K 2 25 44, FH4EH (£ 1s.d) @ 19.8 (£1.54) % ) 3Tk
IS 7o, FEBSINEZ, AGHRERESCOEMIFERMTE) > X 7 AR AL DM AR I AT -
TV 77— CTERSMOBEZEHL 22 L0 S BIEACHH I N, LETS
MU 7, EEi2 R 200, TXTOSNED SRRSO FEZ2 FHif L Th7, &
I~ E, B T RIS S b i 7o, WRINAR I3 S 0 BUE O BRI I KA LTS

HTEIRE D 2 LR, ERFPARTICSMEMEZ 5T,

2.2 RERFHE

FEBRIE, dBE R 2 REE IR e v Y —THES N, 6 ~8HADEMEN1 D
Dy ary~BL, Z0H) L7V LICEID BT o0 b ADBENSME, KD H3ME

NEHEANESI L, BSMBIEZZNFN]1EDI VY E 22— Y DRNICER L7, FERREIC
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B BBRIT SN, BMENE OV E 21—y OHEiZTRIT R VLI Ich> T,
HEOBANIC, £BMERZHEOHHDLZDODATIAL Fra—%2Z2hFnDaryEa—
& W _ECHEE L 7, FEBRICIE z-tree (Fischbacher, 2007) ¥V 7 b7 = 723w s, £
MFFITRTOHFELZEE=Y — L TITo 7,

AREFTSMEDNT - 7ifidld, AR ORL 2 30 ORERLH S OFIREHED KL %
Do HEREZKRS EV ), 30 ABi Ny T 4 v FEE (30-armed bandit problem) T > 7
(Figure 2-2), &SMEZITIZEEF 100 77 2 F (Le., 100 34T) D% EINT 2 A5
261, TRTOBRZEL TR ARA v b ORBIDIEERKE 112 HARPNICHRE X 20
BELTEMENEL LN 1RO Ty FiE2200R7 =Y (NERZAT— ) & T
RAT =Y THRIN TV, FTERRAT—2ICBWT, 2MEEHEE Lo 30 o
o 12227V vy 7L, (FEOFHEZERNL, XOMWERAT—II2BWT, Joi#ERIC
BOTHERLLRA v P OEPRRSI N, SMEVPERT 281~ b, ERLEHD
BICHKAFL TRE > Tk, R4 ¥ ME, X [Min, Min+ 1501 OEH % —tRIER 10
POBBMELE LTI N, BAFRICE(HO NS, THORVWERFIZERTH S, L)
BRI DORRT 2 BT 2720, FOHDOFAMIEIT D & 9 ICFE S N7z 2 11 ORI D
SHDOMEATTY—1ThHH, Min=0; %7 8fHDOHIEA 73 —2 T Min = 15; 5

DFIEAT T —3TMin=30; 3 2DFIE AT IY) —4 TMin=45;2 2DFHIEAH 5T 3V

(Y

—5TC Min=60; ZLTC12ODFHPRIEDEH AT I —6 T Min=75 TH o7z,
NSENF OB IR —DXy v aryTid®LL, ¥-3fTHREEES N TV, &
L, BhzeyrarvilicBwTll, Z2ORBEIZEL > Tni,

ORI B W TSME X, (a) LROBRERBH2 2L, (b) ERPSRES
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N5 R4V MEEERICEE ORI > T T vy ricGons e, 2L T (o)
FEERCHEA L REORA v FIEBRORBZICT 070 1530, ZOfEdY1 0 FHLIZ
B Lo nTlecibibins i, ZNEFNHAIL INT 0,

L 735> CTEBOBIKRERETIX, A4 v FoMINilERSfe, MoME, 2L TH
I FATEIC B 2 iz, BSFEF> Tk o/, L2L, 77V FzHERD
WCHNT, WRAT—Y TERRINEAA vV MHZB L 722 RECTH - 72,

FEROFTER N, FHD DDA T A Py a—L#BDOTIEED THEITH 75

SThoT,

2.3 EM&M%

EMERHEE, 1 V=T H7 ) 5 A0SNT 2R CEMS L7, FEHSAICIEE 70 4
DBME (=14 Z7V—7) BBML 1%,

EHEMETIE, MEAT -8B 28HOERRA Vv FOBURITIAT, ZV—7IC
g 5D X v N—OHIEAITICE T 27826 bIER2E 2 2 L3 TE 7 (Figure
2-2B), HENGMADEIRZA T —PIcB VT, T2 — EOKHICIE TRIEUTICE T4
OERI N0 & THIEUTIZB O TOREIAR A v P et 1220 ToFEwRD
TrInTwl, EELEFINZOBEROATH, ZNZNOERLIRA v X
SN EERNICME S N, BIRRAT =2 LHERA T —Y B ESMEMMEED Y A 2
VITHEDDL I ENTERLD, AUN—2BPERRAT V2K 5FETIERODI IV F

~NHED o T,
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2.4 ARG

SR L LT, 24 ADSME ZIEMASIFICH D YT, SR, EASLE
TIRERFAA » MCBT 2RI ERICIANERTH 0, OSINH & OEHRILA LD

o7, ZNLNOFZIZEMSEMLFH—TH -7 (Figure 2-2A),

A Individual condition B Group Condition
Current round: 2 Current round: 2
Your total earnings: 130 Your total earnings: 130
175
1
181.5 93
© 2 1
200
1

Figure 2-2. Example displays of choice stage. A: An example display
of individual condition. The circle shown on a box (i.e., option) indicates the
participant’s choice in the preceding round (round 1 in this example). B: An
example display of group condition. Social information about all 5 group
members’ choice behaviors in the preceding round was made available to
each participant. The lower black number indicates how many members
chose that option in the preceding round. In addition, participants were
informed of average payoffs (upper red numbers) that members had
earned from their chosen options in the preceding round.

2.5 ZEETI

RN ERIEE DS 72 5 TITBO L2 ERNICINTT 270, LT L) REEHE

TINEEZD,
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BAFBETI

AANEEDE TV E LT, ERENREILAEET V25 (Sutton & Barto, 1998 =
E - BIIER 2000), FEAE, 77V F +1 IS8 23R @ O Ay ZUTFO X
IITHFTT S

Ai,t+1 = Ai,t + (i) * (ri,t - Ai,t):

TR, 1y B2V R B TERL i o BIEINLMERL Vb, by 3770 F
t 22 TR RIS BT 28R 1 O BEDEREBIETH 2, 2 OEHIIHER, MaxfEH A)%E
R i o BELELBELTORAS vV MEOTFEHZHEEL T2 (BAFHHAL
sample-averaging rule), ARFEERTHOZHED X 9 ITEH & (e, FRHWEREIZ{ D%
V) EHIEIC B TIE, EEE (1/k,) HEHOMEFICK M LKL T 7ad 2
EAREARRETIE %\ (Sutton & Barto, 1998), %%, ER X 417k % o 7B IRUK O lifit
BAZETH S LRE LT, £2TOEFIIBIL T, lifEOwHIE 4, 130 LEWVT,

FAEPE DA fiE 1, AT OPBIBC (soft-max choice rule) (i€ > TR D ERAEHRE ~
EEHEING, Thbb, 97V 1 ICBWTH 1 2B IRT 2RI TO X HIc£
na:

1
exp C+4ye)

PT(“Zt; Ter1 = S exp (A g)

L, A, BETOERBICHT 277 F Rl TOIXRCOflifEDELETH S, -
TILERDBED L S WIRRIN» 2T 2 TRE) EWEENLE 7 X =8 ThHb, 150 D
& EIIMME D IR K DR (max(A,) DAZEIRL, 100 D& ZIEAMifE & IZMEARIC

ETOERED 6 —FREHERT 7 v ¥ LITERT 2,
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HEWFBEETI

HEMEMICE T 2t 2WERz E2E KRS 5720, FROMAEEETFTLVZUTO
I ICHEL 7,

9, MASEMETEIAREILNERTH 270, A, OEFIFMAT LICRB>703, H
MZMTIR 5 ADX U N—2HORLMERRIERE > THhEI N 70, A, DEF
BEMNTHETH 2 EIRE L7, b b, HANERL MU O BT, ftho X v
N=NERL RSB L T, Z2 OMFSREIRICHE DV 7 A BLANC X o TRETiE A3
B3,

MAT, BHIEMAICE T, BETICE T 2 ZERILOEREE (Le., 42 5%
SNTeh) 2D I EBTE 7, 2% 0, BEKAERWERBTRZRNTH S,

NZERMIX 270, ERERIIDLTOEFTLEH WL

- exp(l*ALt) n?t
Pr(ilA;,7,4,0)0, = (1 —2) % < + A x —5—,

Zmemﬂ%AmI) mMmt
7272L, 2(0<2<1) BHEBNERNOEARATHD, n 77V Pt ICBWTH i 2%
RL T ABZEL (e, thARWHE), 70 3H2BEADKAEZFE L T
2, 0=0 DEE, HIEIKFELREVI VY LRERELD, 0<0<1 DEE, D5
0% IEOHERFEDBIN S (Claidiére, Bowler & Whiten, 2012), 8 =1 D & Z (3,
NATADBEOEMTH % (le., thRWHEIINT LRGN, 6>1 DL EX, %
BDORA U N=D5ERINEHIZZDNKDHHEL RIS SIGERINL TR E0)

FFNA 7 AT 3, R 00ATHNIE, ADOMHERFEEEZFF>Z EIZkh 3,

MCMC [C&KDINSA—SHETE

FROEREFT VDT X =% %, 2 )a7dfEer T hraig (UF MCMC) I2X->T
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MR L7, HEE LT A =21, HAEEETVTRIRENRT A =% tDH; AN
HE TV TRRE «, t2NER~NOEA A, 2 L CHEKFEE 6 Ths, MAEEET
IVOHEEIZIE 100 77 ¥ Fx24 53 Dt 2,400 HOITE 7 — % % w7, th a2 EE € 70
DHEEIZIE 100 77 ¥ Fx70 455 Dt 7,000 HOTHE 7 — % 2 7z, MCMC D&k 7 T

BiEldfig 2-1 2oz &,

2.6 RREDLK

RREDESR
BRICBIT2 7Y =74 ¥ —DEEZERIICHR S 720, AL EDORE DK T
S DD %, FEETVIHHAAENIGEREOE A, ZHTEET 5, flifEs5mA
TH D max(A,) BRI 2% TN, LERL, ZRUNOREZERNT L%
R LEFT 5,100 77 ¥ Rzl U THIEBER 2T > e 2 BE A IO W TR L,
ZhZThofRRmL L,
7, LdodtEme T VvERHOEERRICMAT, Y/ vz tut— (H) %

MuT NERDOWS E ) oRES2H T2, vt —3UToXTEINS

_ M; count; count;
Ht,t+9__2i=1 10 In ( 10 ),

7L, M 77 Pt 6770 F t49 £TOD 10 77 ¥ FHIGEIR L Z2f O T
HY, count; 1FZFD 10 77 FHICH 1 2@ IR L M TH %, KIZ10 77 Ko
T RBEORTZ T 2B L GAICIE H=0 W) REfiZED, 10 77 Y FE2ETH
7% B OB - 7 GBI I3 H =230 &%, HOMEIKEWIZEFEROMM

DBERTHD, BRIIRZI D5V TRR EFRTE 2,
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PEENA XEIC K DD

NG & IS L TMA D 7 ) OEREHER (q) ISEBR SN E ) %, BEEN
A RBIC KT LT, BRERAL XL, AT LD 7 v LRPERT LD T v
LR Z2EEBLIET VXA AMET 2T ETH S, ETNVEUTORER S AT 4
v IETNTRING

1
- 1+exp(-z;) ~

qij
722U, zj = B1+ B2+ condition(i) + (i) +rg()),
r(i) ~ Normal(0,s), rg(j) ~ Normal(0,sg).
NIRX=FF, T—FREITIHET 2 KN A7 X =8 TH20 N (B1) L& (HA/SE
M) O#RZRTHEE (B2) oftuc, AT LD T VLR ERT @), BT LD 7 v
FLRRERT rg(i) I 2ODRFTNN T A= 0H 5, F7condition(i) 135 I —%
B (EAZMH =0, £HI%ME = 1) TH2, COETALTIE, 22007 ¥ LR ZNE
NoOREHERIM CHaY e THERZEXZNZN s BXY sg TH 2 IEHDM) 6%
RIND EARET 5,
7, HADEROWSE (v FrYE—H) IZOWTYH, HASEM L LG L TEIRE
5N IPHIET 5, HTICIE, DT ORAGHIZE T V2 v :
H; prociecjy~Normal (@i piock j, v),
Uiblock(j) = intercept + By = block(j) + B, * condition(i) + B3 * block(j) *
condition(i) + r(i) + rg(group(i)),
7272 L, block()) j=1,23,..91) Z7 7Y Fj»677 Y F j+9 £TD 10 Xz —X

Iz L72b D, condition(i) (FMEN i DFFIET % 504D % 3 —% % (individual = 0; group

34



=1) TH2, £/, ri(Q) MEAZTEDT ¥ L3518 %, r_g(group(i)) AN i DFTET
27 N—T7DRE, ZNENRL T2, BIKDPDH 537 A =213, FEOREIEMRZ R

T B, THD, A XEEDFEM A FHe S 13 2-2 2SO 2 &,

2.7 EENHRODHM

HEZMEOHETORMEE LT, EREOE (A7 3V —1~6) ZH VK, BEHAEI A
T3 —ToOBoNZ KA v FOIRHEIX 156 $OLETHDLD, AT —DFE
THIOBIIMRE L LT ) 2L TE S, ESMMED 100 sAfT4 TOERZ HGH L 7%
Hito2a7Z2HHL, SEAOREE L, A a7 OREfEiE 100 {72 T TAHTIY
—1 D2 EOH T 2 5ED 100 TH Y, RAEIZETORMTTAT IV —6 ZENH T
7B D 600 TH B,

AANGAE & EFIGME LT, HADBEHE (Score) (CZLDBRENIDE ) DEINTT S
72D, LFDE TN EZRBEERA RIEIC L > THW L 72 (GO FHEE 12O 0 TEfAHER 2-3
Z) ¢

Score;~Normal(u_score;, v_score),

u_score; = intercept + B * condition(i) + rg(group(i)).
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3. &R

3.1 ZEETID/ING A=Y

Table 2-1 &, AANFEEET IV EHBWEEETVZENZTNDNT A —F HEAM 2R
LT 3%, Gelman-Rubin #iit#A% 1.1 Z FE[>Tw3 Z &2 5, MCMC BIURL 7z &
W25,

AANEEHETVORE AT A =% (1) D 95% XIS E € TN DOWRES 7
A=%D BUEMXEE ERl>Twiz, 2O &5, HENEFEHETNVORE T X —
FIMEAAEE LD SHERIE» o LRINT 2 (U ToSHTIcE W TH I, 95%1EH
XHENCEED EREROAREMEERINT 2), HE T X —F MRV EvH i, fifd (4,)
DEC A o BRI Z XL DBRLP T ot w) 2 ThD, Thbb, HHE
iz TE, BASA L L TRADERITEI D b o7 2 LSRRI T,
AR YEEETVICB LT, HANHEHRNOEREALITHEIC 0.5 % E>Twik (95%
BHXEOTRIE 0.72), $4bb, FEHSMFICE T 2EADZERIL, BAYE XD
KMBEERERD S X ) REBWELZ T LRI NI,

7o, HENHEEREEICOVTIE, 00 95%EHXEAXE (0, 1) DIz A>T
VW3 I EDS, BMHEEEOMEN L L TE, HANEEIZTOIEOMHERE (Claidiére,

Bowler & Whiten, 2012) 7Z-o7 2 L BRI N7z,
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Table 2-1. MCMUC result of the learning models

Quantiles Gelman-Rubin
Statistics
Parameters ~ Mean SD 2.5% 50.0%  97.5% median Effective
(upper C.1.) sample size

Individual T 49.13 1.07 47.1 49.1 51.2 1.00 (1.01) 2621
learning

T 13.14 0.63 12.0 13.1 14.4 1.00 (1.01) 1000

Social A 0.74 0.01 0.72 0.74 0.76 1.01 (1.02) 901
learning

0 0.44 0.006 0.43 0.44 0.45 1.00 (1.01) 1257
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3.2 RREDHK

Figure 2-3 1%, &FRMICB I 2MWBROTHZERL T 5, BENA XE T UHEE DR
B, BRERNDFMEOEELHEIIAS N> 7% (Table 2-2; B2),
Figure 2-4 1%, ff%&E (BRoxLv tot—) ORHEZ{EEZ R L T3, BEEXA X

EDRIER, 70y 7DMR (B1) BLUOEMAEDHMR (B2) FEBICHRICATHD,

s&;

FASES N T Y b E—PERICEAD L2 &, & X OEMEMFICE W TEASMS
IDOHFREICZV PR E—DEr o2 EBZNZIURI L7z (Table 2-3), 7%, 71
v 7 LG EDRAFRADPERICO XD RED» 2 Eh s, TR Z itk sy
O E—DOMAHE (Le., Figure 2-4 O E) 1%, EASMEDIZ) BEREAELD BRE

otz Z EMREZ N (Table 2-3),

38



©
w
|

o
N
dnolg

o
N
1

o
w
|

Observed proportion
o (=}
N o

o
-
1

[ENpIAIpU]

o
o
1

0 25 50 75 100
Total explorations

Figure 2-3. Histograms of participants’ exploratory choices. The
x-axis refers to the total number of “exploratory” choices (when a
participant selected options other than the one that had yielded the largest
cumulative payoff in her/his own experience so far) out of 100 rounds. The
y-axis refers to observed proportions of participants with a given
exploratory-choice frequency in each condition.

Table 2-2. MCMC result of the exploration model

Quantiles Gelman-
Rubin
Statistics
Parameters Mean SD 2.5% 50.0% 97.5% median Effective
(upper sample
C.L) size
B 1.01 0.57 -0.079 1.00 2.11 1.03 (1.07) 735
b, 0.0046 0.66 -1.35 0.014 1.28 1.03 (1.07) 666
s 1.29 0.12 1.07 1.29 1.56 1.00 (1.00) 4365
sg 1.14 0.28 0.68 1.11 1.30 1.00 (1.01) 3034
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Figure 2-4. Trajectories of participants’ average enthropy. Block t
indicates the section of rounds [t, t+9], in which each enthropy was
caluculated. The red line shows group condition and the blue line shows
individual condition. The error bars indicate 95% confidence intervals.

Table 2-3. MCMC result of the enthropy model

Quantiles Gelman-
Rubin
Statistics
Parameters Mean SD 2.5% 50.0% 97.5% median Effective
(upper sample
C.L) size
intercept 1.78 0.12 1.56 1.77 2.01 1.01 (1.01) 422
B -1.15%10 3.5%104 -1.22*%102  -1.15*102 -1.1*102  1.00(1.00) 2000
B -0.406 0.15 -0.706 -0.402 -0.143 1.00 (1.01) 370
B 2.5%10°3 4.1*10* 1.7%107 2.5%103 3.3*¥10°  1.00(1.00) 1946
variance 0.44 3.3*%103 0.43 0.44 0.45 0.99 (1.00) 1896
individuals’ 0.51 0.046 0.43 0.51 0.61 1.00 (1.00) 1401
effect
groups’ 0.19 0.10 0.015 0.19 0.40 1.01 (1.02) 739
effect
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3.3 £HETORED LR

Figure 2-5 &, &&EMFICB T 2N T ZR L TWw5, MCMC DfEH, KAt
32D (B) @ 5% EHEXMEIF 02 LRl>TEh, EMEMFICB T 2HADK

BIEASEH I HRTERICE P22 3R E N (Table 2-4),
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Figure 2-5. Participants’ scores in the individual and the group
conditions (N = 24 and N = 70, respectively). The y-axis refers to total
scores of participants summed over 100 rounds, ranging from 100 (always
choosing one of the 11 lowest-quality options) to 600 (always choosing the
highest-quality option). The horizontal bars represent the median of each
condition, while the boxes represent 50% ranges, and the upper and lower
whiskers represent the highest and lowest values respectively that are
within 1.5 * IQR (the inter-quartile range).

Table 2-4. MCMC result of the performance model

Quantiles Gelman-Rubin
Statistics
Parameters  Mean SD 2.5% 50.0%  97.5% median Effective
(upper C.1.) sample size
intercept 349.6 17.6 314.2 3493 383.6 0.99 (1.00) 2642
g 83.6 22.1 40.9 83.3 126.8 1.00 (1.00) 2688
variance 83.3 17.6 70 82.8 98.2 1.00 (1.00) 2545
groups’ 349 15.2 5.1 34.6 64.6 1.00 (1.01) 2199

effect
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LB

AMEDHERD S, WREINED D L v 2 BFEET 2 A HEEMNE T OB BPESIICE »
T, HE 8 3 Ml EL -0 OBERIESA 7+ —< v 225D, EAMMEEL2EL Z¥ S
Z &R E N (Figure 2-5), DAT T, ARWFE TREEMICE S iR D o M3 b,

ED X BB FICE L 00 %HEL 5,

4.1 AZHNFENDOEH L BEKRTFHE

Rendell 5 1%, Robert Axelrod 737> THi L 7z & 9 I s S Kk 4 7o 23 WK 2 55
ELTZNo DLy S 2L — a vy 2TV, Wik 25 EICEL T 2 22 THX
7= (Rendell, Boyd, Cownden et al., 2010), Z DfEH, JAWEREI 7 X —FH{ifHICE T
JRAEDS BAL & 7 o 7RI, TN IR EE ISR T 2 0MEAEE I H £ 01T
bzl ) HEOREE R > T, TIEARTIZEOES I AE € 7V O HEE SR L 3%
HLTwS, (SN EEHETVOREED S 1%, EAOFERMERIMENEE L D b
JERSRIC X D RECHKFEL T 2 RSN (Table 2-1, 1 ~ 0.74),

Lo LAahss, AUFETHEE L 728 7L LEE (e, MAEE) OHEEHEEM
BERGFOIEE 2 Mk o THIBICHEA L 22 Dol boTh h, EBEOSMEIZ L
D BT S N7 BIE 2 > T TREE IR & 5, Hl21E, ERMEOMfifED 203N S
WIRFIZEE S EE A~ K D #8 CKAET % (Le., copy-when-uncertain) X 9 72, Ffhff X

7% ED3EZ 545, Rendell 5D F—F A b TEAME LS HIKICE LTS, A

i1

BLHEWEBEDPRALALEHFEDD E TN T Vv AFHEIN T 7 (Rendell, Boyd,

Cownden et al.,, 2010), 5%, L hEMELEABELZLEDET VK E2ITY) Z 81Tk
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2T, NZDBEBEITIZED X I RHE2NEFEIRZ T Tw 2003 00>TL 2759,
7z, RHEORED S IEAL DD F D ROHEKIAEEZ RS Bhr o T EBRRIN
7z (Table 2-1, 6 ~ 0.44), AEBEDRED THEFHANA 725 2T D E ) REIE,
CIBERACHERIN TS (e.g, Bond, 2005; Claidiere et al., 2012), L L, Afif
HDE ) BETNVAN—ZDHEL, PBOGINZHRSIZLEAELRINTI hh o7, HIS
& LT, McElreath 5 & 2 AN 74 v FREEICE T 5 A% OfTB 2 (21928 € 7L
IZHTIEH TS (McElreath et al., 2008), McElreath 5 DfEH T, AW & 13RS
12, =339 LVIH)ROLIEDHERAEIR I N, L LEIRZEV 2 LI, 6 Df5R
TR WEEANOEAD 21=013 LEFIE L>TED, KRR TH 2
1=074 EEHNENTH L, 1 DD HEM: L LT, McElreath & OEERHE TIX 2 D D%
R L 526 Tokdh o7 (=tworarmed bandit) 2 &I K57 —F7 77 b M@
72N EZONG, 2 O0DFRKL A WIRULTIE, ZEIRICESFAHFT 22 L (e, 0
ERELTZILE) LEAEEZEEL CTHAER~DEREZED S 2L (e, LEZKE
(T22L) BRAEORALBEEZREL ) 2, B2, EAEEICko TR 2%
IR AT, ~HEMDOLEEIRIERT 2D BE ok ET S, DL E, HEMN¥EE
ETNEDOEADELLZRESLTYH, ZHRIRICKF SN LM B OERMERLZ LA S
HZIEDVTEL, 2D ED6, KHFEHEE L McElreath & OfH & D2 RIIAEINIC
HELBRZE OO E ) 03B LE-, 58, XOBELERICE->T, 7V —

AT, AH DM E KN OBEINEL 722 9,
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4.2 BRDT7U—S45— &G

ABH 7 ) OWEREE (q) IcowTIE, AL L EFEEL TEBR NG 7
(Figure 2-3, Table 2-2), Table 2-2 23R 9 X ) 12, HRHERIIFICEAD 7 v 5 L5E
(s) LEMD I v F LR (sg) KKFELTWEREITHE, Thbb, HAE - HN%
DINRBKREDP ST EVZ D, LLAEDS, ZOMRET»S1, ML BT 2
RD7V =945 =DPEC Ao Lt a 2 Li3TEnw, AEAS, ¥EHETN
BT BME T X =% tiF, EASFHEICHNTEMSESE T L VK257 (Table 2-1),
E70, BROLSHS (v b o v —H) bEMSEMEDO T MEANGM: & D K5 - 72 (Figure 2-4,
Table 2-3), 06 DFERIFVTNG, HSWEROLEIC X > THAD 72 D DERERITE)
Y% D EVIRBIELFRL TV 5,

T, BREEZDLDIZOWTOEFHE»o 7DD, 12121k, KifRICET
LEROERDE L TELWHRENE Z o s, AR TR, BILEEOBH» 5, &
RUCHIE DS R DL (1e., max (4,)) ZiENT 2 2 &2 NI, 2NN OZERZ TH
Ry EEEL, L2LZoERICLS L, 2EHIBFICME & CIZEREZ & DT 5
E)RTEHELETHRREALLTLEIDTH S, B, HEOWIIKE REHH
T, iR KRE LS P Bb o7 T 5, LoL, thaf@ERBHEIRE VD I3l
DI QX7 LEI, TOLE, ZRIRFENZIT> T, FEHET TNV LIEfifER K TlE 4
WH Q ZREDIRLUEIR L7 &5, ERICKIUE, ZOTENIRRITHICZ>TLED,
L2 LZoEa, #fiQz NEXHT 2, [TENI: I, AR TONHROEZITTE LT
FHRZ A9, CoOMEIE, fPIZOowToffifdds, LiIEs GEEFRTULAVLICHEDS

FTVOFEFTHEBL W EICHET 2, Lo TEFETARIMSELDEH X =
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ALEANIUIRTE 2L LB bnd, L L, NI A—FHTORES 5, €
T I EEMIC T2 L3 TELRD o, Ko TAFETIE, TvhrE—ICX?
NERDIESDE ) ODREIDHTVBRBITHOMS 2 X DWHEICRATHE EEZ 5,

AAH7Zh DTy FrE— (e, BROESDEEA ) EKTICHMb ST, HEMGMHE
B 2P A L D b ERICE D > % (Figure 2-5, Table 2-4), 2% 0, %
BANRIEZE L EF RS, TELYE, 7V =734 F—DEEICL 1 0b 6 THEARDAE
LD, ZDRAAZRALELTUTD2ONEZ 615,

—oOHIZ, F—2MEmNAEELD bEVEIGTOmY (22T, RTHZIT) C
L) BPEBRHLCOLIEETH L, I TIfTbTE LKL RERMEICET, 7
— LHERI R L D b EHEE TOMNTEINEB I N FHBREINTE L (eg,
Fehr & Fischbacher, 2004; Kameda et al., 2011), L 723> TAMZE TH 5 Wl EHH%)
By, FERDOERBZE TRMAE SN T E MR L MK, BRSPS s k0 b EHE
TOWHIATE (e, RFDEREANDRER) DHEFRFINFERE L THEL DS Lk
W, LU, REBIRDLTOMILINICLE R REER (e, W) ZWITINICKRD 2 Z
ENFECAIICHEE L W (Rosenberg, Salomon, & Vieille, 2013), S #% D% T, kK h > v
7 V7 MAB O HE 2 HI T, EBRICSINE S HGERIN g2 etz a2z iz L
WCRRZITIDE) D 2BREET 2EBH 27259,

ZOHIE, MAB BEICE T 2R L INEOBIRICHE T 2 WE TH 5, RIEETONER
MZRE T, WRLAVAYAN—IZL2INED» S S, TRYICZ OB DAfifE 2N
D BWERT 2 LNTE, EHEBL2IENTERL, LEN-T, 7L ARKRENNH-

LT, HAPHRMTL 256 X ) 3BELERIENMPICEGEINS, T4, K
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WCHIC 28RS 26 2 28EHITH > TH, HHRIGE &S E X AE A0 =B e
WEEZ FAXEIZD0THS, ZORIL, FHEBRRCICEHTIBOEA =R %2%5

LT o it RkoHEYEEFTAVTRIAHTELLLLDTH B,

4.3 SRORE

KTV MAB D87 54 5Tk, ABTOBRILE L TH-7, T
bbb, EAVERLLMERA Y P OBEHRPETARERE > T, L LBHEIC
¥, ZOUDARAGABIELAETH B, TEIIBEETE 2 03B O/ LFIFIE D5
BOBAR, BRATEH2 ) LAEESNRVEALEDAR, LVBENESH, 20
X BREOETIZ, HHEBERED 70 AREAMIIH L TED X ) BEELE 2 3
225D

G 3TMTIY, ZOMEEBL TAETORR T ¥4 JTEE 2N A 7 KER O 55
ZHET S, R, WHEA =%y b ko THasy A b)) TRoNS LI %, ZEA

2B R~ DGl 2 2 EwR E LTHA T2 2 &%, HEHMEANED L9 LipE
ZBEXET2ICENAZY TS, BB LrGInksuha, thamsEdEick s

FEAIEDBREHRRINDEDTH 5 ) D
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Introduction

In the modern human environment, it is often argued that the “multi-armed bandit”
(MAB) problem may be solved collectively by mass information-sharing systems
(Krause et al., 2009). For instance, with the growth of online shopping sites like
Amazon or review sites like Yelp, consumers can learn how other consumers have
evaluated products (e.g., Amazon’s 5-star rating system), as well as how many others
have purchased those products. Do such information-sharing systems in fact help us
solve the MAB problem? And, if so, how do the two types of social information
(frequency information in conjunction with evaluation information) affect our
decisions?

Although several previous studies have demonstrated that consumer choices are
actually influenced by social information on the Internet (Salganik et al., 2006;
Muchnik et al., 2013) and in the MAB task (McElreath et al., 2005; 2008; Toelch et al.,
2010), they did not directly assess how social information could improve the objective

qualities of people’s choice behaviors above and beyond individual choices. We thus

LV NN FToyokawa, W., Kim, H. & Kameda, T. 2014. Collective human intelligence under dual
exploration-exploitation dilemmas. PLoS ONE, 9 (4): €95789.] & LTI TIIATII iz — ik E
L7bDTH D,
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implemented a test-bed for the MAB problem in the laboratory.

In the current experiment, a group of 5 participants worked on a 30-armed bandit
problem (see Figure 3-1; also see the methods section, Supporting figure S3-1 and S3-2
for details). Participants worked on the MAB task for a total of 100 rounds (the number
of rounds was not specified in advance). In each round, participants chose one of the 30
alternatives individually, receiving associated payoffs as personal rewards. For each
chosen option, payoffs were randomly generated from a stationary uniform probability
distribution. To simulate some foraging environments in which qualities of patches are
negatively correlated with their commonality (i.e., high quality patches are rare), one
of the 30 options was made to have the highest mean (“category 1” option), followed by
two “category 2”, three “category 3”, five “category 4”, eight “category 5”, and eleven
“category 6” options (see Methods section for details about these categories). In
addition to their own private payoff-feedback, participants could observe information
about other members’ choice behaviors from the preceding round. Within the group
condition, we created two sub-conditions in which the richness of the social information
was varied: (A) the “frequency only” sub-condition where individuals were informed of
how many members had chosen each of the 30 alternatives in the preceding round; and
(B) the “frequency plus evaluation” sub-condition where participants were provided
opportunities to rate their chosen options on a 5-point scale (see Figure 3-1B) and could
learn averages of those ratings for each option in addition to the social-frequency

information. Rating the chosen option was entirely optional, and participants could
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skip the evaluation and proceed to the next round (see Methods section for details). As

a baseline, we also ran an individual condition where participants worked on the MAB

task alone without any social information. Our focus is thus on how the availability of

social information may affect human collective performance on the MAB.

A Frequency only B Frequency-plus-evaluation
Current round: 2 Current round: 2
Your total earnings: 130 Your total earnings: 130
1 4.100
2 1 e °E
2.
1 1OO

Figure 3-1: Example displays of choice stage. Except for round 1,
social information about all 5 group members’ choice behaviors in the
preceding round was made available to each participant. A: An example
display in the frequency-only sub-condition. The nhumber displayed in each
box (i.e., option) indicates how many members chose the option in the
preceding round (round 1 in this example). B: An example display in the
frequency-plus-evaluation sub-condition. In addition to the
social-frequency information (black colored numbers), participants were
informed of average evaluations (red colored numbers) that members had
provided about chosen options in the preceding round, on a 5-point scale
that ranged from 1 (very bad) to 5 (very good). Evaluating options was not
mandatory, and a horizontal red bar indicated that no evaluation was
contributed about the option.
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Methods

2.1 Ethics statements

This study was approved by the Institutional Review Board of the Center for
Experimental Research in Social Sciences at Hokkaido University (No. H24-3). Written

informed consent was obtained from all participants before beginning the task.

2 .2 Participants

One hundred and ninety-four undergraduates (42 females; age: mean + S.D. =19.8 +
1.44) were randomly selected from a subject pool at Hokkaido University in Japan to
participate in the experiment. After the experiment, participants received monetary
rewards based on their performance in the MAB task as compensation for their

participation (mean + S.D. =1175.7 + 139.6 JPY).

2.3 Experimental procedure

For each experimental session, six to eight participants were brought into the

laboratory. Five were randomly assigned to the group condition and the remaining

participants were assigned to the individual condition. Upon arrival, each participant

was seated in a separate semi-soundproof cubicle equipped with a computer terminal,

and received further instructions individually on a computer screen. Participants

remained strictly anonymous to each other throughout the experiment, and the

monetary reward was also paid individually after the experiment. The experimental
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task software was constructed using z-Tree (Fischbacher, 2007). The entire session

lasted about 75 minutes.

The MAB task

The experimental task assigned to participants was a 30-armed bandit problem in
which they had to choose between 30 options that could yield different payoffs.
Participants worked on the MAB task for a total of 100 rounds, and each round
consisted of two stages: a choice stage followed by a feedback stage. First, each
participant was asked to choose from an array of 30 options (see Figure 3-1) by clicking
their preferred option. Next, participants were told how much their payoffs were.
Payoff amounts depended on quality of the option each participant chose. For each
chosen option, payoffs were randomly generated from a stationary uniform probability
distribution with an interval (min, min + 150) (where min is the option’s minimum
payoff), rounded up to the next integer. To simulate some foraging environments in
which qualities of patches are negatively correlated with their commonality (.e., high
quality patches are rare), we varied the profitability of the 30 options as follows.
Eleven of the 30 options were in the lowest-quality category (category 1) with min = 0,
eight options in category 2 with min = 15, five options in category 3 with min = 30,
three options in category 4 with min = 45, two options in category 5 with min = 60, and
only one option was in the highest-quality category (category 6) with min = 75. The
locations of these options on the computer screen were fixed across 100 rounds and

were common for all participants in the same experimental session, but were randomly
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re-shuffled across different experimental sessions. At the outset of each session,
participants were told that (a) they would have multiple (unspecified) choice
opportunities in the experiment, (b) payoffs from their choices would be randomly
determined by some unknown probability distribution unique to each option, and (c)
those individual payoffs would be summed, multiplied by 0.1, and rounded up to the
nearest ten in Yen to determine their individual rewards after the experiment (see
Supplementary Figure S3-1 and Figure S3-2 for more details about the program).
Thus, at the beginning, participants had no knowledge about the properties of the
options, the exact shapes of the payoff distributions, and the total number of rounds.
As time passed, however, participants could learn about the task structure via the

feedback from their choice outcomes in each round.

Conditions

In addition to the private payoff-feedback, participants in the group condition could
learn other members’ choice behaviors in the preceding round. Two sub-conditions
were nested in the group condition. Half of the 28 groups were randomly assigned to
the “frequency only” sub-condition in which, at the choice stage, each participant could
learn how many group members had chosen each option in the preceding round (see
Figure 3-1A). The remaining 14 groups were assigned to the “frequency plus evaluation”
sub-condition where, in addition to the social-frequency information, participants could
learn the average ratings that participants had given to their chosen options in the

feedback stage (see Figure 3-1B). Rating the chosen option at the feedback stage was
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entirely optional, and participants could skip the evaluation and proceed to the next
round. Contributing or skipping evaluation had no monetary impact. When all 5
members finished the feedback stage, they proceeded to the next choice stage. As a
control, we also had an individual condition where 54 participants worked on the

30-armed bandit problem alone, without any social information.

2.4 Statistical analysis

Comparing participants’ performance

We used the qualities (category 1-6) of each option to score participants’ choice
performance in the MAB task. Because the difference in expected payoffs between any
two adjacent categories were held constant (15 points), the qualities of options can be
treated as an interval scale. We summed participant’s choices over the 100 rounds,
which yielded scores that could range from 100 (always choosing one of the 11
lowest-quality options) to 600 (always choosing the highest-quality option). Because
participants in the group condition were nested in the same 5-person groups, we used a
hierarchical linear model with the individual vs. group condition as a fixed effect and

group-specific effect as a random effect to analyze their performance.

Comparing frequencies of participant’s exploratory choices

We used hierarchical Bayesian logit models with the Markov Chain Monte Carlo
(MCMC) method to estimate per-individual exploration probability in the two

conditions (see Supplementary SI 3-2) and in the two sub-conditions (SI 3-3) (51). The
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individual vs. group condition, and the frequency-only vs. frequency-plus-evaluation
sub-condition were treated as fixed effects, and individual- and group-specific effects
were treated as random effects. We then examined the 95% Bayesian credible interval
of a parameter (A1) for the condition (or sub-condition) effect to see if the interval
contained zero (if not, we interpret the effect as significant). The MCMC simulation
was conducted using the package rjags under R 3.0.3 and JAGS v 3.3.0 (further

technical details are provided in Supporting Information section SI 3).

Comparing the two sub-conditions

We divided the 100 rounds into 5 blocks, and calculated each participant’s average

score in each block. Because the activities of participants in the same group were

correlated, we averaged all 5 members’ scores in each group to derive its aggregate

scores to assure independence of samples. Therefore, the unit of analysis was the group,

with N = 28. We applied a 2 (Sub-conditions) X 5 (Blocks) repeated-measures ANOVA

(available in the package “anovakun v.4.3.3” under R 3.0.1) to this data set.

The relation between the volume of evaluation information in a group and

participants’ exploration behaviors

We constructed two mixed logit models treating both individual- or group-specific
effects as random effects. One model posits that an individual’s exploration probability
at round t+1 is influenced by the total number of ratings contributed in the group at
round t (evaluation effect model; SI3-3). The other, converse model assumes that

probability of each member’s contributing rating in the feedback stage at round t is
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influenced by whether or not she/he engaged in exploration in the choice stage at round
t (exploration effect model; SI3-4). We used the hierarchical Bayesian method to infer
the parameters using the package rjags under R 3.0.3 and JAGS v 3.3.0 (further
technical details of this analysis are provided in Supplementary SI 3). We used 95%

credible intervals to see the significance of each parameter.

Analysis of individual differences in scale-use

We first examined the modal point that each participant used in evaluation (.e.,
which point of the 5-point scale, from 1 to 5, was used most frequently by each
participant). We then applied a variance-ratio test to see whether the modes were more
variable between participants belonging to the same group (as an index of individual

idiosyncratic biases in scale-use) than between group-means.

Results

In the following, we first examine whether participants benefited from social
information to yield “collective intelligence” at the group level. We then examine how
the richness of social information affected collective performance by comparing the

frequency-only and the frequency-plus-evaluation sub-conditions.

3.1 Group versus individual performance

Figure 3-2A shows box-plots of participants’ cumulative scores over 100 rounds in

the individual and group conditions. Participants’ choices in each round were assigned
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scores ranging from 1 (choosing one of the 11 lowest-quality options) to 6 (choosing the
single highest-quality option). Because participants in the group condition were nested
in the same 5-person groups, we used a hierarchical linear model to analyze their
individual performances (see Methods section for details). On average, participants
achieved higher scores in the group condition (M = 397.3) than in the individual
condition (M = 321.7), AD (difference between model deviances) = 19.50, p = 1.0 * 10-5.

Figure 3-2B shows frequency distributions of how often participants engaged in
exploratory choices out of the 100 rounds in the individual and group conditions. Here,
exploration was defined as a choice in which a participant selected options other than
the “greedy” option that had yielded the largest cumulative payoff so far in her/his
own experience (see Methods section for details). We estimated per-individual
exploration probability by a hierarchical Bayesian logit model with the Markov Chain
Monte Carlo (MCMC) method (see SI 3-1). The 95% Bayesian credible interval of the
fixed effect for the conditions (individual vs. group) was (-1.63, -0.27), which indicates
that participants engaged in significantly fewer exploratory choices in the group
condition than in the individual condition (the full results are shown in Supplementary
Table S3-1). Together with the results from Figure 3-2A, this implies that social
information about other members’ choices in the preceding round reduced each
participant’s total exploration time, helping her/him to exploit better options for a
longer time in the group condition than in the individual condition. In other words, the

within-individual exploration-exploitation dilemma was more efficiently resolved in
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the group condition than in the individual condition.
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Figure 3-2: Comparison between individual and group condition. A:
Participants’ scores in the individual and group conditions (N = 54 and N =
140, respectively). The y-axis refers to total scores of participants summed
over 100 rounds, ranging from 100 (always choosing one of the 11
lowest-quality options) to 600 (always choosing the highest-quality option).
The horizontal bars represent the median of each condition, while the
boxes represent 50% ranges, and the upper and lower whiskers represent
the highest and lowest values respectively that are within 1.5 * IQR (the
inter-quartile range). B: Histograms of participants’ exploratory choices
among the 100 rounds in the individual and group conditions (N = 54 and N
= 140, respectively). The x-axis refers to the total number of “exploratory”
choices (when a participant selected options other than the one that had
yielded the largest cumulative payoff in her/his own experience so far) out
of 100 rounds. The y-axis refers to observed proportions of participants
with a given exploratory-choice frequency in each condition.
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Interestingly, regarding the between-individual dilemma, the exploratory costs
essential for emergence of collective intelligence (i.e., efficient collective exploitations of
better options in the group condition) were not borne equally by all group members.
Figure 3-3 displays participants’ exploratory choices over the course of the experiment
separately for each group sub-condition. We classified the experimental rounds (except
for the 1st round where any choices were counted as “exploration”) into three blocks of
33 rounds each, and examined how often participants in the group condition engaged
in exploratory choices in each block. As the figure shows, the frequency distributions
changed over time, approaching a more U-shaped pattern in the later blocks. It can
also be seen that such U-shaped pattern as well as the prevalence of explorations in
groups were more evident in the frequency-plus-evaluation sub-condition than in the
frequency-only sub-condition (the 95% Bayesian credible interval of the fixed effect for
the sub-condition in individual exploration probability was (0.07, 1.78); see SI3-2 and
Table S3-2 for details). The observed U-shaped pattern implies that participants were
divided largely between “information producers” who engaged in exploratory choices
most of the time and information scroungers who free-rode on those efforts, exploiting
others’ findings through social learning (Galef & Giraldeau, 2001; Kameda &
Nakanishi, 2002; 2003). Indeed, consistent with results from a recent
social-learning-strategies tournament (Rendell et al., 2010), participants who engaged
in more exploratory individual learning attained smaller net profits within each

5-person group (r(140) =-0.52, p = 0.45 * 10-11 ; see Figure S3-4). Yet, it is noteworthy
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that, despite the emergence of information scroungers, groups still benefited overall

from exchanging social information about each other’s behavioral choices in the MAB

task (Kameda & Nakanishi, 2003; Rendell et al., 2010).
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Figure 3-3: Temporal changes in frequency distributions of
exploratory choices in the group condition. Shown from top to bottom,
the first block (2nd through 34th round), the second block (35th through
67th round) and the last block (68th through 100th round). The y-axis
refers to observed frequencies of participants with a given
exploratory-choice frequency in each sub-condition (N = 140).
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3.2 The frequency-only versus frequency-plus-evaluation sub-conditions

Next we examine how enriched social information (.e., evaluation information
alongside frequency information) affected the collective performance of participants in
the MAB task. A simple statistical intuition suggests that richer information (i.e., more
predictors) should lead to better collective performance, as instantiated in many
websites posting updated customer reviews of products in addition to sales volume or
rank (e.g., Amazon or Yelp). However, this intuition may not necessarily hold for the
group MAB situation. First, given the exploration-exploitation dilemma operating at
the between-individual level (see Figure 3-3), some people may intentionally abuse the
evaluation opportunity. For instance, they may rate options randomly, or even
evaluate good options as “bad” in order to manipulate others into exploring different
options while they take advantage of their own new findings. Second, if participants
use the rating scale differently from each other, the evaluation information could be a
statistically less reliable signal as compared to the frequency information, which is free
from such interpersonal scaling differences. In short, the evaluation information may
be susceptible to strategic manipulations as well as individual biases in scale-use.

Figure 3-4A shows the trajectories of participants’ average scores in the
frequency-only and frequency-plus-evaluation sub-conditions (as a comparison, the
trajectory in the individual condition was also displayed). For this analysis, we divided
the 100 rounds into 5 equal blocks. A 2 (Sub-conditions) x 5 (Blocks) repeated-measures

Analysis of Variance (MANOVA) yielded a main effect of blocks (F(4, 26) = 114, p = 3.0
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* 10-6) and an interaction effect (F(4, 26) = 2.53, p = 0.0448), while a main effect of
sub-conditions was not significant (F(1, 26) = 2.67, p = 0.11). As can be seen in Figure
3-4A, performance generally improved over time, but the improvement was smaller in
the frequency-plus-evaluation sub-condition than in the frequency-only sub-condition
(see also Figure S3-3 for trajectories of all participants’ performances). A post hoc
Shaffer’s multiple comparison test revealed that, in block 5, the average score was
significantly lower in the frequency-plus-evaluation sub-condition (M = 4.49) than in
the frequency-only sub-condition (M = 5.10; F(1, 26) = 4.27, p = 0.0488), which suggests
that, contrary to the aforementioned intuition, the additional evaluation information
may have had a detrimental effect on participants’ performance in the group MAB
task.

To shed some light on the potentially detrimental effects of the evaluation
information, we examined the relationship between the total number of times 5
members chose to rate their payoffs over the 100 rounds and the group’s overall score
where 5 members’ total scores were averaged (see Figure 3-4B). Figure 3-4B also
displays each group’s total number of exploratory choices over the 100 rounds. As can
be seen, more evaluation was associated with lower group score (r(14) = -0.613, p =
0.0198), indicating that evaluation information may indeed have had detrimental
effects. Group score was also negatively correlated with the total number of exploratory
choices (r(14) =-0.854, p = 9.95 * 10-5). A causal analysis using a hierarchical Bayesian

logit model with the MCMC method (see Methods section) revealed that evaluations
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and exploratory choices had a circular relation, whereby more evaluations led
participants to engage in more exploratory behaviors, which facilitated further
evaluations. This behavioral loop led participants in the frequency-plus-evaluation
sub-condition to engage in over-exploration and fail to exploit better options for enough

time (see Table S3-2 for details of the MCMC results).

A condition B

6 - ~—* frequency
frequency + evaluation explorations ° 40 @ 60 O 80
- & - individual 0
S oy 600
: ;
£ E o
° 0 q
O 400
5 5 Bed OOO O
o Q
2 O
© 200
=
Y
2 -
1 2 3 4 5 oliiTio0; 200l 15001 2001500
Blocks Total number of ratings

Figure 3-4: Effects of additional social information. A: Trajectories of
participants’ average scores. The scores of all 5 members of each group
were averaged to yield aggregated group performance scores in each block
that could range from 1 (choosing the lowest-quality options) to 6
(choosing the highest-quality option). Thus, the units of analysis was the
group, with N = 14 in each sub-condition. Means of these group scores
were plotted for the 2 sub-conditions and 5 blocks in the figure. To show
the baseline, the performance of the individual condition is also plotted (N
= 54). The error bars indicate + 1 SEM. B: Scatter plots of the collective
scores against the total number of ratings contributed and the total number
of explorations in groups of the frequency-plus-evaluation sub-condition (N
= 14). The x-axis refers to the total number of times group members chose
to rate their payoffs over the 100 rounds (minimum: 0, maximum: 500),
and the y-axis refers to the group’s overall score (minimum: 100,
maximum: 600). The size of circle represents the total number of
exploratory choices in the group (minimum: 0, maximum: 500 — see Fig. 2
for the definition of exploration).

63



3.3 Fragility of the evaluation information

As argued earlier, one possible reason for the detrimental effects of the evaluation
information was that it could be faked much more easily than the frequency
information. Figure 3-5 displays the validities of each participant’s evaluation
information in terms of correlation coefficients between the participant’s ratings of
options on the 5-point scale and actual experienced outcomes. As can be seen, 20 out of
70 participants in the frequency-plus-evaluation sub-condition provided invalid
evaluations of options (i.e., correlations between their ratings of options and actual
experienced payoffs were either non-significant or significantly negative). Three of
them even rated bad options as “good” and/or good options as “bad”, suggesting

strategic manipulations of evaluation.
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Figure 3-5: Credibility of evaluation information. The plot shows
validities of each participant’'s evaluation information in the
frequency-plus-evaluation sub-condition (N = 70). Each participant is
represented by a circle. The y-axis refers to Pearson’s correlation
coefficient between a participant’s ratings of options on the 5-point scale
and actual earned payoffs. The size of each circle represents the total
number of ratings that the participant provided out of the 100 rounds. To
avoid overlap, the circles were jittered horizontally.

Finally, Figure 3-6A and 3-6B show overall validities of the two types of social
information. Although both types were positively correlated with the objective
option-qualities (frequency: r = 0.45, p = 2.2 * 10-16; evaluation: r = 0.22. p = 2.2 *
10-16), the correlation coefficient was significantly lower for the evaluation than the
frequency information (z = 13.39, p = 3.52 * 10-41). The lower validity of the evaluation
information was caused by individual differences in use of the rating scale (see
Methods section for details). Modal points that participants used most frequently on
the 5-point scale were different from each other (F(69, 13) = 2.88, p = 0.0378), as

reflected in the broad 50% ranges in Figure 3-6B.
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Figure 3-6: validity of frequency and evaluation information in the
frequency-plus-evaluation sub-condition. (A) Relations between the
choice frequencies and the chosen options’ average qualities. The y-axis
refers to mean objective qualities of options chosen by 1, 2, 3, 4, or 5
participants in each round. (B) Relations between evaluations of options
and the options’ average qualities. The y-axis refers to mean objective
qualities of options rated on the 5-point scale ranging from 1 (very bad) to
5 (very good). We merged all rounds of all 14 groups into one dataset, thus
both graphs represent 5000 observations each. The horizontal bars
represent medians, while the boxes represent 50% ranges, and the vertical
bars represent 1.5 * IQR (the inter-quartile range).

Discussion

The “multi-armed bandit” (MAB) problem is a pervasive adaptive task for humans as
well as non-human animals. Eusocial insects often show an impressive array of
performances on the MAB task through evolved coordinated mechanisms that function
at the group level. Different from their colonies, however, the exploration-exploitation
dilemma exists both within- and between-individuals for human groups composed of
non-kin. This study thus focused on how a group of human agents may solve such dual

dilemmas collectively with the aid of social information about each other’s behavior.
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Results from the experiment showed that average choice performance was
substantially better in the group condition than in the individual condition (see Figure
3-2A). Analysis of choice behaviors suggest that on average, participants in the group
condition were able to shorten total exploration time and exploit better options for a
longer time by referring to each other’s past behaviors (see Figure 3-2B). Interestingly,
such exploratory costs were not borne evenly by all members — some members
behaved as information scroungers who free-rode on other members’ exploratory
efforts via social learning, harvested the “greedy” option (Sutton & Barto, 1998) most of
the time (see Figure 3-3) and earned more profits than information producers within
each group (see Figure S3-4). However, opportunities to share social information were
still beneficial for producing collective intelligence, which suggests that a group of
human agents working on the MAB task can deal with the within- and
between-individual dilemmas successfully, if not perfectly. In other words, social
learning opportunities can provide greater net benefits to individuals above and
beyond asocial learning, which is consistent with recent arguments from evolutionary
theories emphasizing individual-fitness advantages of cultural learning (Rogers, 1988;
Kameda & Nakanishi, 2003; Rendell et al., 2009; Enquist et al., 2007).

For better performance in the MAB problem, it is important to switch from the
exploration phase to the exploitation phase at some point and harvest from a
reasonably good option, rather than keep exploring for the very best option all the time.

In this sense, our study introduces an important dimension for the rapidly growing
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literature on human collective intelligence. It has been argued that social influence
sometimes undermines collective performance on simple estimation tasks (Asch, 1956).
For example, in a recent study (Lorenz et al., 2011), each participant was first asked to
make numeric estimates about some factual questions (e.g., population density of
Switzerland, crime statistics), and then provided social information about other
participants’ estimates to reconsider her/his initial responses. Compared to the initial
estimates, estimates after the social information were found to be less accurate, by
which the researchers concluded that even mild social influence could undermine the
wisdom of crowds effect. Although such demonstrations are useful in illuminating the
functions of social influence, we conjecture that the experimental paradigm that
focuses only on accuracy may miss a critical aspect of natural decision-making —
cost-benefit trade-offs under a fixed time/energy budget. Given that most natural
decisions are made under time/energy constraints, striking an optimal balance
between the benefits of accuracy and necessary cognitive/physical costs is essential to
maximizing the overall profitability of choices. By extending the MAB problem to a
group context, this study has demonstrated that the benefit of social information arises
not only from improving individual decision accuracies per se, but also from enabling
agents to save exploration costs collectively, even in the face of the between-individual
exploration-exploitation dilemma.

This study also examined how the richness of social information may affect collective

performance. Contrary to the statistical intuition that more predictors should lead to
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better choices, sharing evaluations of options in addition to their frequency of choice
had a detrimental effect on choice performance (see Figure 3-4A and 3-4B). Even
though frequency information and evaluation information were both expected to be
useful cues to predicting objective option-qualities, participants performed worse when
both cues were combined than when only the frequency information was available,
similar to the “less-is-more” effect in the judgment and decision making literature
(Gigerenzer et al., 1999). Our results suggest that at least two factors were responsible
for this decline. First, nearly 30% of the participants seemed to try to manipulate
others toward exploration of new options by providing unreliable evaluations (see
Figure 3-5). Notice that for such manipulative purposes, faking evaluation is much
cheaper and easier than faking the frequency information, which would require
sacrificing the benefits of one’s own behavioral choices. Second, participants used the
rating scale differently from each other, especially in which of the 5 rating levels to use
most frequently in evaluation. With such idiosyncratic individual biases, the average of
those ratings across individuals could be misleading (see Figure 3-6A and 3-6B). In
short, the evaluation information seems to be susceptible to manipulations and
individual biases in scale-use, and thus more fragile than the social frequency
information.

Given these results, it is tempting to argue that websites such as Amazon or Yelp
that implement similar rating systems may also suffer from these problems. However,

users of these websites may not have strong incentives to deceive others into exploring.
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Furthermore, rather than the 5-star rating system implemented in our study, many
recent websites (the most famous being Facebook) have adopted a “Like” button where
only positive evaluations are allowed. Interestingly, in the animal kingdom, most
eusocial insects use only positive signals to recruit other workers to valuable resource
patches (e.g., waggle dances by honeybees (Seeley et al., 1991), pheromone trails
(Beckers et al., 1990) or tandem-running by ants (Shaffer et al., 2013), while negative
or mixed signals that can inform others of the “badness” of patches are rather rare.
Given their impressive choice performance as colonies, it seems important to examine
how these positive-negative differences in rating systems may affect group dynamics
under uncertainty. Comparing different species from insect colonies to human societies
and examining similarities and differences in their computational algorithms will be
helpful in illuminating such questions (Sumpter, 2010; Krause & Ruxton, 2002). In
future research, collaborations between biologists and social scientists on these topics
will be essential for a better understanding of the nature of collective intelligence,

which is much desired in our rapidly connecting societies.
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5. Supplementary materials

5.1 Supporting methods

Defining exploration and exploitation

We followed the traditional definitions of exploration and exploitation in the
reinforcement learning literature [1]. Individual x facing a choice at round t has a
unique vector Q(x,t) = {th, Q% Q3¢ - Q30 } , whose elements represent
expected payoffs of the 30 options based on x’s cumulative knowledge up to round t. As
x’s experience accumulates, Q (x, ¢) is updated by an averaging rule, in which Qi)fl 1s
equal to the mean payoff that x has earned from option 7 until round ¢. The averaging
updating rule is a suitable assumption of the action-value function in a stationary
multi-armed bandit task [1]. This model assumes that players can hold up to 30 values
for the different options simultaneously in working memory and calculate a new
average for each option. Although such assumptions are too strong for human cognitive
capacity, we believe that this model can provide a first approximation to distinguish
between exploration and exploitation in a stationary multi-armed bandit task. We
categorized choice behaviour as “exploitation” when the individual x chose option 1 with
max le, in round ¢ + 1 (i.e., the greedy choice). Otherwise, we categorized the choice
as “exploration.” The initial O values were set to zero, i.e., O(x,0)= 10,0,0,...,0}, because
x had no prior knowledge about the expected payoff from each option. For the first

round (¢ = 1) only, we categorized all choices as “exploration.”
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Comparing exploration frequencies between the individual and group conditions

To compare the frequencies of exploratory choices over all 100 rounds between the
individual and group conditions, we used a hierarchical Bayesian method. We modeled
the probability of individual x in group g engaging in exploration (q_(x,g)) as a mixed

logit model:

1“(1?«;29) = Ao+ Ay * (condition) + &(x) + Eq(9), S1)

where A1, o indicates an intercept, A1, 1 indicates a fixed effect for the condition
(dummy coded: individual condition = 0; group condition = 1), and local parameters e1(x)
and Ei(g) indicate random effects specific to the individual and to the group
respectively (&1 (x) ~ Normal(0, g,) and E;(g) ~ Normal(0,Z,)).

To estimate the four parameters (A1,0, A1, 1, 01, and X1), we set the uninformed priors
of A1,0 and A1,1 to a normal distribution with mean = 0 and variance = 104 (i.e., a very
stretched distribution), and those of the hyper parameters (o1 and 1) to a uniform
distribution [0, 104]. We conducted Markov Chain Monte Carlo (MCMC) simulations
for 5 independent sequences. The number of total iterations per chain was 240,000
(thinning rate was 250), and first 40,000 steps were discarded from analysis because of
initial-value dependencies. We used 95% Bayesian credible intervals to determine the
significance of each parameter.

Comparing exploration frequencies between the frequency-only and

frequency-plus-evaluation sub-conditions

To compare the frequencies of exploratory choices over all 100 rounds between the
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two sub-conditions, we used a hierarchical Bayesian method. We modeled the
probability of individual x in group g engaging in exploration ¢y, as a mixed logit

model:

In (—:’;’g ) = Ay0 + 421 * (subcondition) + &,(x) + E;(g), (S2)
%9

where A2 0 indicates an intercept, Ae, 1 indicates a fixed effect for the sub-condition
(dummy coded: firequency-only sub-condition = 0; frequency-plus-evaluation sub-condition = 1),
and local parameters e2(x) and Es(g) indicate random effects specific to the individual
and to the group respectively (,(x) ~ Normal(0,0,) and E,(g) ~ Normal(0, Z,)).

Because the structure of the model was identical to the equation S1, the MCMC

protocol was the same as described above.

Analysis of the causality between exploration and evaluation

To analyze factors affecting individual exploratory choices, we constructed two
models. One model posits that an individual’s exploration probability at round ¢ + 1 is
influenced by the total number of ratings contributed in the group at round ¢
(evaluation effect model). The converse model posits that the individual probability of
contributing rating information at the feedback stage of round ¢ is influenced by
whether or not she/he has engaged in exploration at the choice stage of round ¢
(exploration effect model).

For the evaluation effect model, the probability of individual x in group g engaging in

exploration at round ¢+ 1 (py g +4+1) was modelled:
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in (ZE42) = gy 4y + Wy + £2(0) + Ea(9), 3

1-Dx.g,t+1

where zj; = B1 + f2*condition(i) + r(i) + rg(j), a: indicates an intercept, B:
indicates a fixed effect for the total number of ratings contributed in the group at the
preceding round (W, ,), and local parameters e3(x) and E;(g) indicate random effects
specific to the individual and to the group respectively (e3(x) ~ Normal(0,03) and
E3(g) ~ Normal(0, Z53)).

To estimate the four parameters (a1, B1, 03, and Z3), we set the uninformed priors of a1
and B1 to a normal distribution with mean = 0 and variance = 104 (i.e., a very stretched
uniform distribution), and those of the hyper parameters (03 and X3) to a uniform
distribution [0, 104]. We conducted MCMC simulations for 5 independent sequences.
The number of total iterations per chain was 63,000 (thinning rate was 300), and first
3,000 steps were discarded from analysis because of initial-value dependencies. We
used 95% credible intervals to determine the significance of each parameter.

For the exploration effect model, the probability of contributing evaluation at the

feedback stage of round ¢t was modeled:

In (M> = a, + B, * (exploration),; + €,(x) + E,(g), (S4)

1-wxg,t
where o, indicates the probability of individual x contributing her/his evaluation at
round ¢, a2 for an intercept, f2 for a fixed effect of exploration in the current period ¢
(dummy coded: exploration = 1, exploitation = 0). Local parameters es(x) and E4(g)

indicate random effects specific to the individual and to the group respectively
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(e4(x) ~ Normal(0,04) and E,(g) ~ Normal(0,Z,)). Because the structure of the
model was identical to the evaluation effect model, the MCMC protocol was the same

as described above.
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Hig E=

S| 3-1: Defining exploration and exploitation

We followed the traditional definitions of exploration and exploitation in the
reinforcement learning literature [1]. Individual x facing a choice at round t has a
unique vector Q(x,t) ={th, Qé“t,Q;t,...,Qg‘O,t}, whose elements represent expected
payoffs of the 30 options based on x’s cumulative knowledge up to round t. As x’s
experience accumulates, Q (x, t) is updated by an averaging rule, in which Qi is equal
to the mean payoff that x has earned from option 1 until round t. The averaging
updating rule is a suitable assumption of the action-value function in a stationary
multi-armed bandit task [1]. This model assumes that players can hold up to 30 values
for the different options simultaneously in working memory and calculate a new
average for each option. Although such assumptions are too strong for human cognitive
capacity, we believe that this model can provide a first approximation to distinguish
between exploration and exploitation in a stationary multi-armed bandit task. We
categorized choice behaviour as “exploitation” when the individual x chose option 1 with
max Q;; inroundt+1 (i.e., the greedy choice). Otherwise, we categorized the choice as
“exploration.” The initial Q values were set to zero, i.e., Q(x,0) = {0,0,0,...,0}, because
x had no prior knowledge about the expected payoff from each option. For the first

round (t = 1) only, we categorized all choices as “exploration.”

S| 3—2: Comparing exploration frequencies between the individual
and group conditions

To compare the frequencies of exploratory choices over all 100 rounds between the
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individual and group conditions, we used a hierarchical Bayesian method. We modelled
the probability of individual x in group g engaging in exploration (qx,g) as a mixed
logit model:

In (q"—g> = Mo+ Ay * (condition) + & (x) + E1(9),
1- qx,g

where A1,0 indicates an intercept, A1, 1 indicates a fixed effect for the condition (dummy
coded: individual condition = 0; group condition = 1), and local parameters ¢1 (x) and
E,(g) indicate random effects specific to the individual and to the group respectively
(g;(x) ~ Normal(0,0,) and E,(g) ~ Normal(0,Z,)).

To estimate the four parameters (A1, 0, A1, 1, ol, and X1), we set the uninformed
priors of A1, 0 and A1, 1 to a normal distribution with mean = 0 and variance = 104 (i.e.,
a very stretched distribution), and those of the hyper parameters (o1 and X1) to a
uniform distribution [0, 104]. We conducted Markov Chain Monte Carlo (MCMC)
simulations for 5 independent sequences. The number of total iterations per chain was
240,000 (thinning rate was 250), and first 40,000 steps were discarded from analysis
because of initial-value dependencies. We used 95% Bayesian credible intervals to

determine the significance of each parameter.

. Sl 3-3: Comparing exploration frequencies between the
frequency-only and frequency-plus-evaluation sub-conditions

To compare the frequencies of exploratory choices over all 100 rounds between the two
sub-conditions, we used a hierarchical Bayesian method. We modelled the probability of

individual x in group g engaging in exploration (q_(x,g)) as a mixed logit model:

In (%) = Ay0 + Ay * (subcondition) + &,(x) + E;(g),
x.g
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where A2, 0 indicates an intercept, A2, 1 indicates a fixed effect for the sub-condition
(dummy coded: frequency-only sub-condition = 0; frequency-plus-evaluation
sub-condition = 1), and local parameters €2 (x) and E_2 (g) indicate random effects
specific to the individual and to the group respectively (e_2 (x) ~ Normal(0,6_2 ) and
E_2(g) ~ Normal(0,Z 2)).

Because the structure of the model was 1dentical to the equation S1, the MCMC protocol

was the same as described above.

4 . Sl 3-4 Analysis of the causality between exploration and evaluation

To analyze factors affecting individual exploratory choices, we constructed two
models. One model posits that an individual’s exploration probability at round t + 1 is
influenced by the total numbervolume of ratingsevaluation information contributed in
the group at round t (evaluation effect model). The converse model posits that the
individual probability of contributing ratingevaluation information at the feedback
stage of round t is influenced by whether or not she/he has engaged in exploration at
the choice stage of round t (exploration effect model).

For the evaluation effect model, the probability of individual x in group g engaging in

exploration at round t + 1 (p_(x,g,t+1)) was modelled:

" (pxg—tﬂ> =y + By * Wy, + £5(0) + s (g),
1- px,g,t+1

where z; = B1 + B2*condition(i) + r(i) + rg(j),al indicates an intercept, B1 indicates a
fixed effect for the total number of ratings contributed in the group at the preceding
round (Wg‘t ), and local parameters £3(x) and E;(g) indicate random effects specific to
the individual and to the group respectively ( &(x)~ Normal(0,05) and

E;(g) ~ Normal(0,%5)).
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To estimate the four parameters (al, B1, 03, and £3), we set the uninformed priors of
al and Bl to a normal distribution with mean = 0 and variance = 104 (i.e., a very
stretched uniform distribution), and those of the hyper parameters (03 and X3) to a
uniform distribution [0, 104]. We conducted MCMC simulations for 5 independent
sequences. The number of total iterations per chain was 63,000 (thinning rate was 300),
and first 3,000 steps were discarded from analysis because of initial-value
dependencies. We used 95% credible intervals to determine the significance of each
parameter.

For the exploration effect model, the probability of contributing evaluation at the

feedback stage of round t was modelled:

In (M> = a, + 5, * (exploration), , + &,(x) + E,(g),

1—(1)x'g't

where wx,g,t indicates the probability of individual x contributing her/his evaluation
at round t, a2 for an intercept, B2 for a fixed effect of exploration in the current period t
(dummy coded: exploration = 1, exploitation = 0). Local parameters £4(x) and E4(g)
indicate random effects specific to the individual and to the group respectively
(g4(x) ~ Normal(0,0,) and E,(g) ~ Normal(0,%,)). Because the structure of the model
was identical to the evaluation effect model, the MCMC protocol was the same as

described above.
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5. Sl 3-5 Supporting figures

Frequency only sub-condition

Choice stage of the 15t round
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Figure S3-1: Time sequence in the frequency only sub-condition. At
the choice stage, each participant chose one box from 30 green box icons,
then proceeded to the feedback stage where she/he could learn how many
points they earned in this round. By clicking the next button, they could
proceed to the next round’s choice stage. Participants were provided 100
rounds in total, although they were not informed of this ahead of time.
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Frequency-plus-Evaluation sub-condition
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Figure S3-2: Time sequence in the frequency-plus-evaluation
sub-condition. At the result stage of each period, participants were asked
to decide whether or not to contribute an evaluation of the chosen option.
If yes, they were asked to rate the option on a 5-point scale before
proceeding to the next round’s choice stage.
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Figure S3-3: Trajectories of all participants’ choices are shown
separately for each group. Performances of 5 participants belonging to
the same group are displayed by separate curves in each group. The y-axis
refers to objective qualities of chosen boxes. The left column shows choice
trajectories in the frequency-only sub-condition and the right columns
shows the frequency-plus-evaluation sub-condition. The numbers on the
right indicate the rank of the group in terms of total scores averaged over
its 5 members, within the respective sub-condition. As can be seen, choices
fluctuated more (i.e., were more exploratory) in the
frequency-plus-evaluation sub-condition than in the frequency-only
sub-condition, and more among lower ranked groups than among higher
ranked groups.
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Figure S3-4: Relation between frequencies of explorations and
participants’ total scores. The x-axis refers to a participant’s rank within
a 5-person group in terms of exploration frequency. The y-axis refers to
the participant’s rank within the group in her/his total score. The size of
circle represents the number of participants in the respective rank.
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6. Sl 3-6 Supporting tables

Table S3-1: MCMC results of the exploration probability model (equation S1)
Quantiles Gelman-Rubin
Statistics
Parameters Mean SD  2.5%  50.0% 97.5%  median (upper Effective
ClL) sample size
Ao 1.94 02 1.42 1.94 2.47 1.00 (1.01) 1527
5
A -094 03  -1.63 -0.94  -0.27 1.00 (1.01) 1528
2
o 1.62 0.1 1.42 1.61 1.86 1.00 (1.00) 4051
|
2 083 0.1 0.44 0.83 1.20 1.00 (1.01) 2921
9

The Gelman-Rubin statistics of each parameter was lower than 1.1, which means the MCMC
sampling converged.

Table S3-2: MCMOC results of the exploration probability model (equation S2)

Quantiles Gelman-Rubin
Statistics
Parameters  Mean SD 2.5% 50.0% 97.5% median Effective
(upper C.L.) sample size
25 0 0.54 0.30 -0.05 0.54 1.13 1.01 (1.02) 1675
A1 0.92 0.43 0.07 091 1.78 1.00 (1.01) 1959
0, 1.70 0.13 1.42 1.69 1.96 1.00 (1.00) 3611
2, 0.80 0.25 0.28 0.80 1.31 1.00 (1.00) 2494

The Gelman-Rubin statistic for each parameter was lower than 1.1, which means the MCMC
sampling converged.
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Table S3-3: MCMOC results of the causality between exploration and evaluation

Quantiles Gelman-Rubin
Statistics
Parameter =~ Mean SD 2.5% 50.0% 97.5% median (upper
C.L)
a, 1.47 0.32 0.86 1.48 2.10 1.01 (1.03)
. a, 0.42 0.040 0.34 0.42 0.50 1.00 (1.02)
Evaluation
effect model
(q) o, 1.93 0.20 1.57 1.91 2.38 1.01 (1.03)
2, 0.67 0.39 0.04 0.66 0.90 1.00 (1.01)
bo 0.87 0.39 0.094 0.86 1.67 1.01 (1.02)
. b 0.34 0.089 0.17 0.34 0.52 1.00 (1.01)
Exploration
effect model
() g, 2.09 0.25 1.67 2.06 2.60 1.00 (1.01)
2, 0.98 0.47 0.12 0.96 2.01 1.00 (1.02)

The Gelman-Rubin statistics of each parameter was lower than 1.1, which means the MCMC

sampling converged.
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