
Δؔ͢ʹ༺࡞ޓॴੑͷ૬ہͱۭؒతੑܙޓਐԽʹ͓͚Δؒྗڠ
ήʔϜతݕ౼ ∗

 ᗀ৽ †1 ɹླ ࣑ྷ ‡2 ɹ༗ా ོ ‡2

1 େֶݹ໊ ใจԽֶ෦ †

2 େֶݹ໊ େֶӃใՊֶڀݚՊ ‡

1 ͡Ίʹ
ࣗવબʹͮ͘جదԠਐԽʹΑΕੜརݾతͰ͋Δ

͕ͣͩɼώτҰ෦ͷੜʹ͓͍ͯߦྗڠಈසൟʹݟΒΕ
Δɽྗڠͷݯىʹ͍ͭͯɼ༷ʑͳͰ͕ٞͳ͞Ε͖ͯͨ
͕ɼͦͷதͰਐԽήʔϜཧʹͮ͘جΞϓϩʔν༗ྗͰ͋
Δ [1, 2]ɽҰൠʹɼߦྗڠಈΛઆ໌͢Δཧɼใु͕ޙʹ
తʹࣗʹΔ͜ͱʹݸͮ͘جମϨϕϧͷϝΧχζϜͱɼใ
ु͕ࣗͱಉ͡ҨࢠΛͭ࣋ଞऀʹΔ͜ͱʹͮ͘جҨࢠ
ϨϕϧͷϝΧχζϜʹ̎Ͱ͖Δ [3]ɽͨͩ͠ɼ྆ϝΧχζϜ
ڞଘ͍ͯ͠ΔͣͰ͋Δ͕ɼ྆ϝΧχζϜؒͷ૬࡞ޓ༻ͷ
ͨΒ͢Өڹʹ͍ͭͯेղ໌͞Ε͍ͯͳ͍ɽ
ຊڀݚͰɼݸମϨϕϧͱҨࢠϨϕϧͷϝΧχζϜͷయ

ॴੑΛऔΓ্͛ɼہͱۭؒతੑܙޓͱͯ͠ɼͦΕͧΕɼؒܕ
྆ऀͷ૬࡞ޓ༻ʹযΛ߹ΘͤΔɽؒੑܙޓͱɼ͠ྗڠ
ͨରͱผͷଞऀ͔ΒྗڠΛड͚Δ͜ͱʹͮ͘ج [4]ɽྫ͑
ɼ͋Δݸମ͕͢ྗڠΔͱͦΕΛͬͨଞऀʹ͓͍ͯͦͷݸମ
ͷධ্͕͕Δ͜ͱͱɼධͷݸ͍ߴମʹ͕ͪ͠ྗڠͰ͋Δ͜
ͱͷ྆ऀཱ͕͢ΕɼྗڠਐԽ͠͏ΔɽҰํɼۭؒతہॴ
ੑͱɼϥϯμϜʹબग़͞Εͨݸମಉ࢜Ͱ૬࡞ޓ༻͢ΔͷͰ
ͳ͘ɼूஂߏʹӨڹΛड͚ͯ૬࡞ޓ༻૬ख͕ܾ·Δ͜ͱʹج
ͮ͘ [5]ɽྫ͑ɼऀྗڠͷΫϥελ͕Ͱ͖ΔͱɼΫϥελ
Ͱͪͨऀྗڠ૬͠ྗڠʹޓ߹͏ͷͰɼใुʗίετ͕ेߴ
͍ͱཪΓऀΑΓదԠ͕͘ߴͳΔɽͦͷͨΊɼͦͷΫϥελ
֦ு͠ɼ͕ྗڠਐԽ͠͏ΔɽຊߘͰɼ྆ϝΧχζϜͷ૬ޓ
ΔͨΊͷγϯϓϧͳΤʔδΣϯτϕʔεϞσϧ͢౼ݕΛ༺࡞
Λ࡞͠ɼγϛϡϨʔγϣϯ࣮ݧΛߦͳͬͨɽ

2 Ϟσϧ
2.1 ήʔϜد
ऀͱ͠دɼ̍ਓ͕͍ߦήʔϜ̎ਓͷϓϨΠϠʔ͕د

ͯɼ͏̍ਓ͕डӹऀͷׂΛͭɽدऀ͚͕ͩडӹऀʹର
ͯ͠ɼ͢ྗڠΔ͔͠ྗڠͳ͍ʢཪΓʣ͔Λબ͢Δɽ͢ྗڠ
ΔͳΒ cͷίετΛࢧ͍ɼडӹऀͷݯࢿ bʢb > cʣ૿Ճ͢
Δɽ͠ྗڠͳ͍ͳΒɼ྆ऀͷݯࢿมԽ͠ͳ͍ɽ
2.2 Ϟσϧͷ֓ཁ
ମNݸ ͷूஂ̎ݩ࣍ඇτʔϥεฏ໘ʢwidth×heightʣ

ʹଘ͠ࡏɼಈ͔ͳ͍ͷͱ͢Δɽ͜ͷฏ໘্Ͱͷ̎ݸମؒͷڑ
྆ऀؒͷࣾձతͳ૬࡞ޓ༻ͷ͞ڧΛද͢ɽ֤ݸମɼد
ήʔϜͷઓུɼརಘͷ߹ܭͱͯ͠ͷݯࢿɼධʢͷʮΠ
ϝʔδείΞʯͰදݱʣΛͭ࣋ɽઓུͱͯ͠શ໘ྗڠɼશ໘ཪ
Γɼධґଘઓུͷ̏छྨ͕͋Γɼ֤ݸମରԠͨ͠Ҩࢠ
̏ͭͷ͏ͪͷ̍ͭΛͭɽ
ΞϧΰϦζϜΛҎԼʹࣔ͢ɽ

(1) ॳੈظݸମΛฏ໘্ʹϥϯμϜʹஔ͢Δɽ
(2) దԠΛ 0ʹઃఆ͠ɺ֤ ମͷઓུͱΠϝʔδείΞʢͷݸ

∗ Interaction between Indirect Reciprocity and Spatial Lo-
cality in the Evolution of Cooperation: A Game theory
Approach

† Huanxin Chen
School of Informatics and Sciences, Nagoya University

‡ Reiji Suzuki, Takaya Arita
Graduate School of Information Science, Nagoya Univer-
sity

ਖ਼ෛʣΛϥϯμϜʹઃఆ͢Δɽ
(3) ධͷઃఆΛͮ͘جʹͱͦͷ݁ՌߦήʔϜͷ࣮د S ϥ
ϯυ܁Γฦ͢ʢৄࡉޙड़ʣɽ

(4) ڑମʢݸମࣗΛؚΉۙݸ֤ R ҎʣͷதͰ࠷େ
దԠͷݸମͷҨࢠΛίϐʔ͢Δɽ

(5) ֬ Pm ͰಥવมҟʹΑΓࣗͷҨࢠʢઓུʣΛ̏ͭ
ͷͲΕ͔ʹϥϯμϜʹஔ͖͑Δɽ

(6) G ੈʹୡ͢Δ·Ͱ (2) ʹඈͿɽ
2.3 ήʔϜͷ࣮ߦ
ʢήʔϜϓϨΠͱධͷൖʣҎԼͷ֬༺࡞ޓମؒͷ૬ݸ

Ͱ࣮͞ߦΕΔɽ

P (i, j) =
1

1 + e
−α+d(i,j)

β

(1)

͜͜ͰɼP (i, j) iͱ j ͷڑ d(i, j)Λಠཱมͱ͢Δγά
ϞΠυؔͰ͋Δɽ d(i, j) ͕ύϥϝʔλ α ͱҰக͢Δͱ͖ʹ
1/2ͱͳΓɼͦΕҎ্Ͱ 0ɼͦΕҎԼͰ 1ʹۙͮ͘ɽύϥϝʔ
λ β  d(i, j)͕ αΛ͑ΔʢΔʣ࣌ͷཱͪԼ͕Γʢ্ཱͪ
͕Γʣͷܹ͞ٸΛܾఆ͢Δɽ͕ͨͬͯ͠ɼβ ͕େ͖͍΄Ͳۭؒ
తہॴੑ͕খ͍͜͞ͱΛҙຯ͢Δɽ
ήʔϜΛ͢Δ͔ܾͯͬମʹؔͯ͠ಉࣜΛݸମଞશݸ֤

ఆ͠ɼ͢Δ߹ʹҨతʹܾఆ͞ΕͨઓུͰήʔϜΛ͏ߦɽ
ͦΕ͕ධґଘઓུͷ߹ɼ࠶ͼɼಉࣜͷ֬Ͱ૬खͷධΛ
ར༻͠ɼར༻͠ͳ͍߹ɼϥϯμϜʹ͔ྗڠཪΓ͔Λબ
͢ΔɽධΛར༻͢Δ߹ɼલϥϯυͷ૬खͷήʔϜϓϨ
ΠʹԠͯ͡ઃఆ͞Εͨධ͕Α͍ʢΠϝʔδείΞ͕ 0 Ҏ্ʣ
߹ʹ͠ྗڠɼѱ͍߹ʹʢ0ະຬʣཪΔɽ
2.4 ධͷઃఆ
શݸମʹؔͯ͠ɼલͷϥϯυʹ͓͚ΔήʔϜͰબ͠

ͨઓུʹԠͯ͡ΠϝʔδείΞΛઃఆ͢ΔɽΠϝʔδείΞ
ͷఏҊจܙޓؒͮ͘جʹ [1] Ͱɼͨ͠ྗڠͳΒ +1ɼཪ
ͬͨͳΒ-1 ΛՃ͢ࢉΔɼߦಈ͚ͩʹґଘͨ͠ϧʔϧ͕࠾༻
͞Εͨɽͨͩ͠ɼडӹऀͷධΛྀ͢ߟΔ͜ͱͷॏཁੑ͕ࢦ
ఠ͞Ε͍ͯΔ [7]ɽͦ͜ͰɼຊڀݚͰɼΦϦδφϧͷϧʔϧ
 3.4Ͱݕ౼͢ΔʹͱͲΊɼධͷΑ͍डӹऀʹͨ͠ྗڠ߹
ͱධͷѱ͍डӹऀΛཪͬͨ߹ʹ +1ɼͦΕΒͰͳ͍߹
ʹ-1 ΛՃ͢ࢉΔϧʔϧ [6] Λ࠾༻ͨ͠ɽ

3 ݧ࣮
༻͍ͨύϥϝʔλͷҎԼͷ௨ΓͰ͋Δɿwidth = 100ɼ

height = 100ɼN = 100ɼPm = 0.01ɼG = 10, 000ɼS = 20ɼ
R = 20ɼb/c = 5ɼα = 15ɼβ = 5ɽॳੈظͷݸମͷઓུ
ϥϯμϜʹܾఆ͞ΕΔɽ10 Λͨ͠ɽݧ࣮ߦࢼ
3.1 શൠతͳ

10 ͷ͏ͪɼ9ߦࢼ తͱͳΓɼฏࢧͰධґଘઓུ͕ߦࢼ
ྗڠۉ 0.73 Ͱ͋ͬͨɽΓͷ 1 ࢧͰཪΓઓུ͕ߦࢼ
తͰ͋ͬͨɽਤ 1 ʹલऀͷ߹ͷయܕతͳ̍ߦࢼʹ͓͚Δ
ਐԽͷ༷ࢠΛࣔ͢ɽධґଘઓུ͕ٸʹूஂΛࢧͨ͠ޙɼ
શ໘ޙͨ͑૿͕ྗڠʹશ໘ཪΓ͕૿͑Δ༷͕ࢠΑ͘͞؍
Ε͕ͨɼଟ͘ͷ߹ɼूஂશମʹ৵ೖͰ͖ͳ͔ͬͨɽ͜ͷͱ
͖ฏྗڠۉ͕̍ʹࢸΒͳ͔ͬͨཧ༝ɼධґଘઓུ͕ࣗ
͔Βԕ͍૬खͱήʔϜͨ͠ࡍʹ૬खͷධΛΒͣɼϥϯμϜ
తͳࢧΒΕΔɽཪΓઓུ͕͑ߟಈΛબͨͨ͠Ίͱߦʹ
·Ͱɼ͋Δੈʹશ໘ཪΓ͕ूஂશମʹ৵ೖ͠ɼͦͷߦࢼ
·ऩଋͨ͠ɽ
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(a) ̏ͭͷઓུͷׂ߹

(b) ྗڠ
ਤ 1: ࢠͰͷਐԽͷ༷ߦࢼతܕΔయ͚͓ʹݧຊ࣮ج

(a) 3508ੈ (b) 3509ੈ

(c) 3510ੈ (d) 3511ੈ
ਤ 2: ֤ੈʹ͓͚Δઓུͷ

3.2 ॳੈظΛશ໘ཪΓूஂͱͨ͠߹
લઅͷ࣮ݧͷ 1 ͰɼҰ୴શһ͕ཪΓઓུʹͳͬͨߦࢼ

ಈൃ͠ͳ͔ͬͨɽͦ͜Ͱɼશ໘ཪΓूஂ͔ߦྗڠޙ
Βߦྗڠಈ͕ൃ͠͏Δ͔Ͳ͏͔ΛৄࡉʹௐΔͨΊɼॳظ
ੈΛͯ͢શ໘ཪΓઓུͷूஂͱͯ͠ 50 ɽͨ͠ݧ࣮ߦࢼ
ͦͷ͏ͪɼߦྗڠಈ͕ൃͨ͠ͷ 3 Ͱ֬ೝ͞Εɼͦͷߦࢼ
ͯ͢ͰධґଘઓུʹΑΔߦྗڠಈͷΫϥελ͕ݟΒΕͨɽ
ਤ 2 ߦྗڠಈ͕ൃͨ͠ࡍͷੈ͝ͱͷઓུͷΛࣔ͠
ͨͷͰ͋ΔɽݸʑͷݸମΛද͠ɼ৭͕ઓུΛ͍ࣔͯ͠Δ
ʢɿશ໘ཪΓɼ੨ɿશ໘ྗڠɼɿධґଘઓུʣɽ3508ੈ
ͷΑ͏ͳશ໘ཪΓूஂͷதʹɼ3509 ੈͷΑ͏ʹධґ
ଘઓུ 2 Δͱɼ͢ݱମʢਤதӈ্ʣ͕ಥવมҟͰྡͯ͠ग़ݸ
3510 ੈҎ߱ͰঃʑʹͦͷΫϥελ͕֦େ͠ɼҡ࣋͞ΕΔɽ
3511 ੈͰΫϥελΛߏ͢Δධґଘઓུͷฏྗڠۉ
0.6 Ͱ͋Γɼߦྗڠಈ͕ൃͨ͠ͱ͑ݴΔɽධґଘઓུɼ
૬खͷධ͕͔͍ͬͯΕධΛԼ͛ͳ͍Α͏ʹߦಈ͢Δɽ
͜ΕΒͷઓུ͕ྡ͢Δͱ͍ޓʹධΛߴΊͭͭ͠ྗڠ߹͏
Ұํɼධͷ͍ଞͷશ໘ཪΓʹ͠ྗڠͳ͍ͨΊɼେ͖ͳ
རಘΛಘͯΫϥελΛ֦େ͢Δ͜ͱ͕Ͱ͖Δɽैͬͯɼશ໘ཪ
Γूஂ͔Βߦྗڠಈ͕ൃ͢ΔʹɼධґଘઓུʹΑΔڠ
ྗͷΫϥελ͕ඞཁͳ͜ͱ͕Θ͔ͬͨɽ

ද 1: αͱ β ڹಈͷׂ߹ʢ%ʣʹ༩͑ΔӨߦྗڠ͕

α
β 2 5 20

10 39.94 9.51 0.43
15 33.46 2.48 0.28
20 1.38 0.33 0.26

3.3 ߹ͨ͠ߋॴੑΛมہ
ۭؒతہॴੑʹతʹؔ͢ΔύϥϝʔλͰ͋Δ α ͱ β

Λදʹࣔ͢Α͏ʹมͨ͠ߋ݅Λ༻͍ɼલઅͰͨ͠ߦࢼͷ
3509 ੈʢਤ 2bʣΛॳஂूظͱͯ͠ɼ20 ੈͷߦࢼΛ
֤݅Ͱ 100 ɽදͨͬߦͭͣߦࢼ 1 ֤݅ʹ͓͚Δ࠷ऴੈ
Ͱͷߦྗڠಈׂ߹ͷฏۉʢ%ʣͰ͋Δɽα·ͨ β ͕େ͖͘
ͳΔ΄Ͳɼͭ·Γɼہॴੑ͕ऑ͘ͳΔ΄Ͳɼׂ߹খ͘͞ͳΓ

ہͱۭؒతܙޓಈͷൃ͕͘͠ͳͬͨɽͭ·Γɼؒߦྗڠ
ॴੑ͕૬࡞ޓ༻ͨ݁͠Ռɼߦྗڠಈ͕ൃͨ͠ͱ͑ݴΔɽ
3.4 डӹऀͷධΛྀ͠ߟͳ͍ؒܙޓͷ߹

2.4 ಈͷΈͰධΛઃఆ͢ΔΦϦδφϧߦऀͷدͨࣔ͠ʹ
ͷϧʔϧʹมݧ࣮ͯ͠ߋΛͨͬߦɽ݁Ռͱͯ͠ɼߦͳͬͨ 10
ઓུ͕૿͑ूஂྗڠॳͷेੈͰશ໘࠷શͯʹ͓͍ͯɼߦࢼ
ΛΊͨޙɼશ໘ཪΓઓུʹ৵ೖ͞Εऩଋͨ͠ɽ͜ͷઃఆͰ
ɼධґଘઓུ͕ධΛΒͳ͍ԕ͘ͷ૬खʹର͠ϥϯμϜ
ʹཪΓΛग़͢ͱৗʹධ͕ѱ͘ͳΔͨΊɼ͜ΕΛ͖͔͚ͬʹ
ͯ͠ධґଘઓུಉ࢜ͰཪΓ͋ͬͯධΛམͱ͕͋͢
Δɽ͜Ε͕શ໘ྗڠઓུʹΑΔධґଘઓུͷ৵ೖΛՄ
ʹͨ͠ͱ͑ߟΒΕΔɽैͬͯɼैདྷڀݚ [7] ͱಉ༷ʹɼ૬࡞ޓ
༻͢Δࡍɼߦಈ͢Δऀ͚ͩͰͳ͘ߦಈ͢Δ૬खͷධྀߟ
͢Δ͜ͱ͕ඞཁͰ͋Δ͜ͱ͕ຊڀݚͰࣔ͞Εͨɽ
3.5 ใुʗίετΛมͨ͠ߋ߹
ήʔϜͷใुʗίετʢb/cʣؒੑܙޓ [1] ۭؒతہ

ॴੑ [2] ʹΑΔߦྗڠಈͷൃΛ͑ߟΔ্ͰॏཁͳཁҼͰ͋Δ
͜ͱ͕ࢦఠ͞Ε͍ͯΔɽͦ͜Ͱɼb/c͕྆ऀͷ૬࡞ޓ༻ʹͲͷ
Α͏ʹӨ͢ڹΔ͔ʹ͍ͭͯɼb/c Λ 3 ͱ 12 ʹม͑ͨ݅Ͱ࣮
=ɽͦͷ݁Ռɼb/cͨͬߦΛݧ 3 ͷ߹ɼجຊ࣮ݧͱൺͯશ
໘͕ྗڠ৵ೖ͠ʹ͘͘ͳΓɼߦྗڠಈਐԽ͠ʹ͔ͬͨ͘ɽҰ
ํɼb/c= 12 ͷ߹ɼશ໘͕ྗڠසൟʹ৵ೖͯ͠༏ʹͳͬ
ೝ͞Εͨɽैͬͯใुʗίετ͕͘ͳ͔͍͕֬ͭ͘ߦࢼͨ
Δͱશ໘͕ྗڠ৵ೖ͠ʹ͘͘ͳΓɼ͘ߴͳΔͱશ໘͕ྗڠ৵ೖ
͘͢͠ͳΔ͜ͱ͕Θ͔ͬͨɽOhtsukiΒ [2]ɼωοτϫʔ
Ϋ্ͷߦྗڠಈͷਐԽʹ͓͍ͯɼb/c͕ฏ࣍ۉΛ্ճΔ߹
Ͱ૬ݧຊ࣮جಈ͕ਐԽ͠͏Δ͜ͱΛ͍ࣔͯ͠Δɽߦྗڠʹ
ۉΔ૬खͷฏ͢༺࡞ޓ 12 ͕ͩͬͨɼ্هͷ݅ʹͯ
·Βͳ͍ b/c=5 ͷ߹Ͱධґଘઓུʹߦྗڠͮ͘جಈ
͕ൃͨͨ͠Ίɼۭؒతہॴੑͱ͕ؒੑܙޓɼߦྗڠಈͷਐ
ԽΛΑΓଅਐͨ͜͠ͱ͕ࣔࠦ͞ΕΔɽ

4 ͓ΘΓʹ
ຊڀݚͰؒੑܙޓͱۭؒతہॴੑͷ૬ߦྗڠ͕༺࡞ޓ

ಈͷൃʹٴ΅͢ӨڹΛγϯϓϧͳΤʔδΣϯτϕʔεϞσ
ϧΛ༻͍ͯݕ౼ͨ͠ɽۭؒతہॴੑ͕ଘ͢ࡏΔ߹ɼධґଘ
ઓུͷΫϥελ͕ਐԽ͠ߦྗڠಈ͕ൃ͠͏Δ͜ͱΛࣔͨ͠ɽ
ʹ༺࡞ޓͱήʔϜతͳ૬༺࡞ޓධͷൖʹؔ͢Δ૬ޙࠓ
ؔ͢Δہॴੑ͕͚ΒΕΔ߹ɼؒੑܙޓͱۭؒతہॴੑ͕
Ͳ͏૬࡞ޓ༻͢Δ͔ʹ͍ͭͯݕ౼͍ͨ͠ɽ
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