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今日の内容	

•  はじめに	  
•  自然選択と進化ゲーム　入門	  
•  罰と協力について	



自己紹介	

•  専門分野	  
– 数理生物学	  
– 社会シミュレーション	  
– 人間行動進化学	  

•  人間社会の本質を探る	  
– 進化生態学的観点	  

•  社会性の起源	  
–  協力行動の進化に関する研究	  

•  人間特有の形質（言語、学習、文化、他者の意図推論能力、
共感、感情など）と人間社会の関係	  

– 現在・過去の社会システムの理解	  
	  



社会の基盤：協力	

•  人の協力行動について	  
– 学際的な研究分野	  

•  心理学、社会心理学	  
•  経済学：合理性では説明できない	  
•  社会学：秩序問題	  
•  政治学：投票行動、社会関係資本	  
•  進化生態学：利他行動の進化、血縁淘汰	  
•  数理生物学：進化ゲーム	  
•  数物系：数理的なダイナミクスへの関心	  

– 最先端	  
•  脳・神経や遺伝子と協力行動の関係を探る	



協力を達成するのは難しい	

•  研究で良く用いられるフレームワーク	  
– 囚人のジレンマゲーム	  
– 公共財ゲーム	



囚人のジレンマゲーム	
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囚人のジレンマゲーム	
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協力の進化条件を	  
進化ゲームで解くとは？	

•  進化ゲームの前提となる自然選択を説明	



自然選択と進化ゲーム　入門	  



進化で獲得された形質と系統	

シリーズ進化学５ 『ヒトの進化』p143　岩波書店	
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進化ゲーム　→「自然選択」が根底にある	

変異：�

遺伝：�

選択：�

酒井など「生き物の進化ゲーム」3ページより�

個体間である性質の違い�

性質の異なる個体間では、残す子の数の
平均や子の生存率が違う�

その性質は遺伝する（次世代へ伝わる）�

自然選択による進化の起こるための3つ�



自然選択による進化	

変異�

酒井など「生き物の進化ゲーム」page 6より�
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適応度の定義	

酒井など「生き物の進化ゲーム」page 8より�
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（生物の）進化ゲームでは	

表現型形質A� 表現型形質B�

相互作用→ゲーム的状況�

相互作用によって�

利得が生じる�
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利得が適応度
に影響する時�

進化ゲーム理論の
枠組みで扱うことが
可能！�



２者間の社会的相互作用	

利他行動とは： 
自らの適応度を下げてまで相手の適応度を上げる行動 
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囚人のジレンマゲームや公共財ゲームなどで表現	



協力の進化条件とは？	

血縁淘汰 

直接互恵性 

間接互恵性 

社会ネットワーク構造 

群淘汰 

評判、ゴシップ 

繰り返し囚人のジレンマゲーム 

ハミルトンルール 

空間構造の影響など 

罰　あるいは　嫌がらせ 協力者＋罰行動 

etc..... 

研究例	



罰が協力を促進するのか？	



罰は協力を促進？	

協力 -c b 

-q -p 

協力をするコスト 協力からの利益 

罰実行のコスト 罰されるコスト 

協力者 非協力者 

罰 

非協力 

大問題！ 



公共財ゲーム	  in	  Fehr	  &	  Gachter	  (2002)	  
1人：20MU配布 
投資額：0-20MU 
戻り額：0.4MU/1MUプール	
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公共財ゲーム	  in	  Fehr	  &	  Gachter	  (2002)	  
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全員協力の時の利得　＞　全員非協力の利得	



16MU	
→28MU	

公共財ゲーム	  in	  Fehr	  &	  Gachter	  (2002)	  
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Fehr	  and	  Gachter	  2002	  Nature	  



Fehr	  and	  Gachter	  2002	  Nature	
罰の導入・・・	

pool	  
40MU	

16MU	

16MU	

16MU	
16MU	

31MU	21MU	

16MU	

36MU	

得！	

0-10ポイントの範囲で罰可能	

罰１ポイント毎	

罰実行者：-1MU 
罰された側：-3MU	

どうなるのか？	

損！	



Fehr	  and	  Gachter	  2002	  Nature	  



罰は協力を促進？	

協力 -c b 

-q -p 

協力をするコスト 協力からの利益 

罰実行のコスト 罰されるコスト 

協力者 非協力者 

罰 

非協力 

大問題！ 



協力的罰	  

協力者 b 
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罰と協力の共進化の理論研究	

•  非協力者へ、協力者が罰	  
– Axelrod(1980年代)	  
– Boyd,	  Richerson,	  Henrich,	  GinFs,	  Bowl	  
– Sigmund	  等（2000年代以降）	  
– Nakamaru	  &	  Iwasa	  (2005,	  2006)	  
– など	  



NAKAMARU	  &	  IWASA	  (2006)の	  
紹介	



戦略	  
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AP	  と	  SNの利得	  
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プレーヤーの配置	  

AP 

SN 

AP 

SN 
AP 

格子モデル�
完全混合モデル"

（ランダムマッチング）�

ランダムに出会った相手とゲーム" 隣の4個体とそれぞれゲーム"

AP 
AP SN 

桃色の“AP”の得点"
            = 2(b-c)+2(-c-q)"

SN 

AP 

桃色の“AP”の得点"
            = 2(b-c)+2(-c-q)"

微分方程式とコンピュータによって解析"



戦略更新ルール：得点依存増殖率モデル	  

（1）ランダムに死亡"
（2）隣接の4プレーヤーの
うち一つが、利得に比例
した確率で選ばれる"

増殖率：ゲームの利得"
死亡率：ランダム"

（3）子どもを
空白へ産む"



２次元格子での、得点依存増殖率モデル
のシミュレーション結果	  
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得点依存増殖率モデルの結果	  
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2次元格子モデル"
-微分方程式-" -コンピュータシミュレーション-"



戦略更新ルール：得点依存生存率モデル	  

（1）プレーヤー
をランダムに選
ぶ"
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1つがランダムに選
ばれる"



得点依存生存率モデルの結果	  
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格子モデルの比較	  
得点依存生存率モデル"

罰金 (p) が協力的罰
の進化に影響 "

得点依存増殖率モデル"

Altruist- 
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得点依存増殖率モデル	  
b-2c-q" 0"
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2b-2c > b-p! b-2c-q > 0"
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隣同士ではない（つまりゲームをしない）A2 と S1が場所を巡って競争ー＞"

隣と協力し合ってゲームの利得を高くしたほど、子孫を増やすチャンスが増える"

A2’"A2"A3" S1" S2" S3"



得点依存生存率モデル	  
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(or 2c+q > p)" (or 2c+q < p)"

隣同士(たとえば、A1 と S1) が場所を巡ってい競争ー＞"
ゲームをする時に相手の利得を下げる行動（スパイト）が有効"

A2’"A2"A3" S1" S2" S3"
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格子モデルは協力と罰の共進化
を促進する."

得点依存生存率モデルにおいて
AP は少数はであっても進化できる "

まとめ	



一方で、協力者へも罰？！	

•  Herrmann	  et	  al.	  (2008)	  “AnFsocial	  Punishment	  
across	  socieFes,”	  Science　	  
– AnFsocial	  Punishment=反社会的罰（協力者への

罰）	  

•  １６カ国での公共財ゲーム実験	  
– Fehr	  and	  Gachter	  (2002)と同じ枠組みを使う	  
– プレーヤーは匿名	  

•  主な結果	  
– ある地域では、非協力者へも協力者へも罰	  
– 別の地域では、非協力者へのみ罰される	  



Herrmann	  et	  al.	  (2008)	

罰への平均支出	

罰された人のPPGでの投資ー罰した人の投資	

オーマンの都市	

ベルラーシの首都	

成都	

ウクライナの都市	

ロシアの都市（サマーラ）	

スイスの都市	

イギリスの都市	



Herrmann	  et	  al.	  (2008)	

反社会的罰の平均値	

P
P

G
で

の
平

均
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力
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Herrmann	  et	  al.	  (2008)	
•  この実験結果の解釈	  

–  civic	  cooperaFon（市民としての協力）に関する社会規範
が強固かどうかに影響？	  

•  civic	  cooperaFonに関する社会規範＝税金支払い逃れ、
社会保障制度の悪用、交通機関のただ乗りなどに対
する態度として現れる	  

•  この規範が強固であるほど、フリーライダーは許され
ないと感じる→規範的に望ましい行動をしている人は
罰をされないだろう	  



Herrmann	  et	  al.	  (2008)	

•  実験の解釈	  
– World	  Value	  Surveyを用いて検討すると、上記を裏付けて

いた	  
•  Civic	  cooperaFonへの規範が強固で法の支配が強い

地域	  
– 公共財ゲームへの投資（協力）が（罰しようとするプレーヤー

と比べて）低いプレーヤーに、罰をする	  

•  Civic	  cooperaFonへの規範が弱く、法の支配が弱い地
域	  

– 反社会的罰の度合いが強くなる　→　なぜ？（論文では決定
的な議論は無し）	  



罰と協力の共進化の理論研究	  

非協力者
への罰"

全く罰を
しない"

協力者 
への罰	

誰に対しても
罰	

協力"

非協力"

協力者へ罰をする場合も考慮 

Rand	  et	  al.	  (2010)	  
Nakamaru	  and	  Iwasa	  (2006)と同じ枠組み	  
罰　４種類の導入	  
→協力者が罰をされてしまうため、「協力＋非
協力者への罰」は進化しにくくなる	  



罰と協力の共進化の理論研究	

•  Hilbe	  and	  Traulsen	  (2012)	  
– 協力者に罰をするプレーヤーが存在するとき	  
– 「非協力者に罰をする人」という評判がたっている

人には協力する場合を考慮	  



進化ゲームによる解析	  
例）Hilbe	  and	  Traulsen	  (2012)	

Donor	
Recipient	

協力／非協力	

Donor	 Recipient	

罰／罰しない	



Hilbe	  and	  Traulsen	  (2012)	

Donor	 Recipient	
常に協力(C)	

協力のコスト -c	 協力からの利益 b	

常に非協力(D)	

Donorの戦略　4種類	

OC	 OD	

Recipientが「非協力者に
罰をする人」なら、協力	

Recipientが「非協力者に
罰をする人」なら、協力	

情報がないと、非協力	情報が無くても、協力	

λ: Recipient の情報が得られる確率	

利得の変化はなし	



Hilbe	  and	  Traulsen	  (2012)	

Donor	 Recipient	
Responsible Sanction 
非協力者へ罰(R)	

罰されるコスト -β	 罰するコスト -γ	

Antisocial punishment 
協力者へ罰(A)	

Recipient の戦略　4種類	

-β	 -γ	

Spiteful punishment 
誰にも罰(S)	

Non punishment 
誰にも罰しない(N)	

-β	 -γ	



Hilbe	  and	  Traulsen	  (2012)	
集団サイズ　 n	

2人プレーヤーを
ランダムに選ぶ	

・利得を比較し、高い利得
のプレーヤーの戦略を真似 
（social learning） 
・ランダムに戦略を変えるこ
とも（exploration）	



Hilbe	  and	  Traulsen	  (2012)	

	
	

gain a foothold in the population. These conditions are intuitive for
they lead to local competition where relative payoff advantages mat-
ter. It is noteworthy that the three conditions of anonymity, small
group sizes and cheap punishment are characteristic for many labor-
atory experiments, suggesting that such behavioural studies may
overestimate the impact of spite on human decision making.
The positive effects of reputation are robust with respect to errors

in the perception of the co-players’ reputation, and to extensions of
the strategy space (SI Text and Figs. S3 and S4). Moreover, these
results are not restricted to pairwise interactions: Our results also
carry over to public good games between more than two players (SI
Text and Figs. S5 and S6). Also in that case, there is a critical thresh-
old for the reputation parameter l which needs to be met for coop-
eration and responsible sanctions to evolve. This critical threshold,
however, increases with the number of group members. Thus, large
group sizes threaten the emergence and the stability of responsible
peer punishment, which may explain why most large societies

rather rely on centralized punishment institutions than on self-
governance19,27,28.

Discussion
Previous evolutionary models could not explain why individuals
learn to deal responsibly with sanctions. Instead, it was either pre-
sumed that punishment is targeted at defectors only9–16,18, or it was
predicted that evolution leads to non-punishing defectors or spite,
respectively22. Here, we have shown how reputation can resolve these
issues. Non-anonymity makes anti-social punishment and spite
unappealing, and if punishment evolves, then it is systematically
targeted at non-cooperators. Hence, we also question the conven-
tional wisdom that any behaviour, even if abstruse, can become a
common norm as long as deviations are punished8. Opportunistic
individuals will stop to impose sanctions on pro-social activities,
simply because it is in their own interest to let cooperative outcomes
evolve. In particular, the emergence of anti-social punishment in
some models21,22, is likely to be a consequence of their assumption
of anonymous interactions. Antisocial punishment has been
observed experimentally in repeated games, but there it could be a
component of retaliation20,29.
In our model, individuals learn to make use of responsible

punishment because these sanctions serve as a signal to bystan-
ders. In this way, responsible sanctions are a form of weak reci-
procity30: they are beneficial in the long run, despite being costly in
the short run. If this individual long-run benefit of punishment is
absent (e.g. if reputation effects are precluded), then responsible
sanctions do not evolve. Strong reciprocators (i.e., individuals that
are willing to punish others even if it reduces their absolute fitness
in the long run31) do not emerge in our model. Thus, responsible

Figure 2 | Time evolution of responsible punishment. Two typical
individual-based simulation runs, without (a) and with (b) reputation. In
both cases, the upper graph depicts the dynamics among the donors’
strategies, whereas the lower graph shows the evolution of strategies among
recipients. While a low information regime results in neutral drift between
different non-cooperative strategies, individuals almost immediately
switch to social sanctions and cooperation if their reputation is at stake.
Parameter values are m 5 0.0001 and l 5 0 for (a) and l 5 0.3 for (b),
respectively, the other parameter values being the same as in Figure 1.

Figure 3 | Responsible punishment can invadewhen rare. Time-averaged
frequencies of the 16 possible strategy combinations and typical transitions
between homogeneous populations. Arrows with dashed lines indicate
neutral drift between the two corresponding strategy combinations.
Arrows with solid lines represent transitions where the target strategy has a
fixation probability that exceeds the neutral probability 1/n. Populations
marked with a colored ring can only be invaded through neutral drift. The
Figure illustrates that unconditional defectors can be subverted by
opportunistic defectors, which in turn can be swayed by responsible
sanctions. However, once established, responsible sanctions can be
replaced by unconditional defectors via the (unlikely) path via non-
punishing cooperators, which can be invaded by non-punishing defector
strategies. Parameter values are n5 80, b5 4, b5 3, c5 c5 1, s5 0.5, l5
0.3 and frequencies are calculated for the limit of rare exploration. For
clarity, we have only plotted arrows starting from strategies that are played
in more than 0.5% of all cases.
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非協力者へ罰したかどうかの情報（評判）があるとき	

gain a foothold in the population. These conditions are intuitive for
they lead to local competition where relative payoff advantages mat-
ter. It is noteworthy that the three conditions of anonymity, small
group sizes and cheap punishment are characteristic for many labor-
atory experiments, suggesting that such behavioural studies may
overestimate the impact of spite on human decision making.
The positive effects of reputation are robust with respect to errors

in the perception of the co-players’ reputation, and to extensions of
the strategy space (SI Text and Figs. S3 and S4). Moreover, these
results are not restricted to pairwise interactions: Our results also
carry over to public good games between more than two players (SI
Text and Figs. S5 and S6). Also in that case, there is a critical thresh-
old for the reputation parameter l which needs to be met for coop-
eration and responsible sanctions to evolve. This critical threshold,
however, increases with the number of group members. Thus, large
group sizes threaten the emergence and the stability of responsible
peer punishment, which may explain why most large societies

rather rely on centralized punishment institutions than on self-
governance19,27,28.

Discussion
Previous evolutionary models could not explain why individuals
learn to deal responsibly with sanctions. Instead, it was either pre-
sumed that punishment is targeted at defectors only9–16,18, or it was
predicted that evolution leads to non-punishing defectors or spite,
respectively22. Here, we have shown how reputation can resolve these
issues. Non-anonymity makes anti-social punishment and spite
unappealing, and if punishment evolves, then it is systematically
targeted at non-cooperators. Hence, we also question the conven-
tional wisdom that any behaviour, even if abstruse, can become a
common norm as long as deviations are punished8. Opportunistic
individuals will stop to impose sanctions on pro-social activities,
simply because it is in their own interest to let cooperative outcomes
evolve. In particular, the emergence of anti-social punishment in
some models21,22, is likely to be a consequence of their assumption
of anonymous interactions. Antisocial punishment has been
observed experimentally in repeated games, but there it could be a
component of retaliation20,29.
In our model, individuals learn to make use of responsible

punishment because these sanctions serve as a signal to bystan-
ders. In this way, responsible sanctions are a form of weak reci-
procity30: they are beneficial in the long run, despite being costly in
the short run. If this individual long-run benefit of punishment is
absent (e.g. if reputation effects are precluded), then responsible
sanctions do not evolve. Strong reciprocators (i.e., individuals that
are willing to punish others even if it reduces their absolute fitness
in the long run31) do not emerge in our model. Thus, responsible

Figure 2 | Time evolution of responsible punishment. Two typical
individual-based simulation runs, without (a) and with (b) reputation. In
both cases, the upper graph depicts the dynamics among the donors’
strategies, whereas the lower graph shows the evolution of strategies among
recipients. While a low information regime results in neutral drift between
different non-cooperative strategies, individuals almost immediately
switch to social sanctions and cooperation if their reputation is at stake.
Parameter values are m 5 0.0001 and l 5 0 for (a) and l 5 0.3 for (b),
respectively, the other parameter values being the same as in Figure 1.

Figure 3 | Responsible punishment can invadewhen rare. Time-averaged
frequencies of the 16 possible strategy combinations and typical transitions
between homogeneous populations. Arrows with dashed lines indicate
neutral drift between the two corresponding strategy combinations.
Arrows with solid lines represent transitions where the target strategy has a
fixation probability that exceeds the neutral probability 1/n. Populations
marked with a colored ring can only be invaded through neutral drift. The
Figure illustrates that unconditional defectors can be subverted by
opportunistic defectors, which in turn can be swayed by responsible
sanctions. However, once established, responsible sanctions can be
replaced by unconditional defectors via the (unlikely) path via non-
punishing cooperators, which can be invaded by non-punishing defector
strategies. Parameter values are n5 80, b5 4, b5 3, c5 c5 1, s5 0.5, l5
0.3 and frequencies are calculated for the limit of rare exploration. For
clarity, we have only plotted arrows starting from strategies that are played
in more than 0.5% of all cases.
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Results
We consider a pairwise game with two stages. Before the game starts,
a coin toss determines which player is in the role of the donor and
which one is in the role of the recipient. In the initial helping stage,
donors may cooperate and transfer a benefit b to their recipients, at
their own cost c, b, or they may refuse to do so. In the subsequent
punishment stage, recipients decide whether or not to punish the
donor at a cost c, thereby reducing the payoff of the donor by b.
Depending on the outcome of the helping stage, there are four pos-
sible reactions of the recipient: Punishing defectors only (denoted by
R for responsible sanctions), punishing cooperators only (A for anti-
social punishment), punishing everybody (S for spiteful punishment)
or punishing nobody (N). Because sanctions are costly, immediate
self-interest speaks against either form of punishment, leading to a
destabilization of punishment in the absence of reputation12. In order
to incorporate reputation, we assume that donors can anticipate their
co-player’s behaviour with probability l, either from previous
encounters, from observation, or from gossip. We can therefore
distinguish four different types of donors. The first type are the C-
players who always cooperate, whereas the second type, the D-
players, never cooperate, regardless of l and the opponent’s repu-
tation. The third type are the opportunistic cooperators, OC, who
optimally adapt their behaviour on the co-player’s punishment repu-
tation: They cooperate against social sanctioners, while saving the
cooperation costs against all other recipients, N, A, and S. If no
information on the co-player’s reputation is available, OC-donors
cooperate by default. The last type of donors, opportunistic defectors
OD, also adjust their behaviour to the recipient’s reputation (in the
same way as OC-donors), but play defect if the recipient’s reputation
is unknown.
Thus, if there is no information about the reputation of the other

group members available, opportunistic cooperators OC just behave
as unconditional cooperators C, and opportunistic defectors OD are
indistinguishable from defectors D. However, once the others’ repu-
tation is known, opportunists can be swayed by the threat of pun-
ishment, whereas the unconditional strategies cannot. As players can
be in both roles, donor and recipient, and since we consider four
strategies for each role (C, OC, OD, D for donors and R,N,A,S for
recipients), there are 16 strategies in total. Note that this is only a
subset of the full strategy space; for example, donors might also apply
the rather counter-intuitive rule to cooperate only against anti-social
punishers. However, such a strategy is clearly dominated by OC, and
we show in the Supplementary Information (SI) that our results
remain unchanged if we consider the full strategy space.
We study the transmission of strategies with a frequency-depend-

ent birth-death process26 in a finite population of size n. In each time
step, two randomly chosen individuals compare their payoffs and
one of them can switch to the other one’s strategy. This process can
be interpreted as a model for social learning, whereby successful
strategies spread, and, occasionally, random strategy exploration
introduces novel strategies (corresponding tomutations in biological
models). In the limit of low exploration rates, we provide an analy-
tical approximation, which is complemented with simulations for
frequent exploration (SI Text).
When interactions are completely anonymous (l 5 0), then nei-

ther responsible punishment nor cooperation occurs at not-
able frequencies (Fig. 1). Instead, donors tend to defect either uncon-
ditionally, or because they are not swayed by responsible sanctions.
Because of the absence of cooperators, antisocial punishment incurs
no costs and can therefore increase to substantial levels through
neutral drift, which is in line with previous studies21,22. These results,
however, change drastically when the recipient’s reputation is at
stake: If the probability of knowing the others’ type fulfills (see SI)

lw n{1ð Þc{b

n{1ð Þ czbð Þzc{b
, ð1Þ

then it pays off for the recipient to engage in responsible sanctions to
deter opportunists from defection. Notably, this expression simpli-
fies to l. c/(c1 b) for large populations, indicating that responsible
punishment is the result of balancing the costs of punishment c with
the prospects of future benefits b, but does neither depend sensitively
on cost of cooperation c nor on the magnitude of the punishment b.
In fact, we find that above this threshold, recipients almost immedi-
ately switch to responsible punishment, which in turn promotes the
evolution of cooperative strategies among the donors. Remarkably,
this positive effect of information is largely independent of the
exploration rate, although frequent exploration has a distinct impact
on the abundance of opportunism.
To illustrate the emergence of responsible punishment, we

have traced the evolutionary dynamics (Fig. 2). In the absence of
reputation effects, both, spite and responsible sanctions soon go
extinct, followed by a long period of neutral drift between uncon-
ditional and opportunistic defection, such that everyone defects, as
well as between antisocial punishment and no punishment, such that
no one punishes. On the other hand, if recipients have the oppor-
tunity to build a reputation, then they turn to responsible punish-
ment, which promotes the evolution of opportunism and, eventually,
establishes cooperation. This holds true even if responsible sanctions
are absent in the initial population (Fig. 3): Indeed, starting from a
population of antisocial defectors (DA), mutation and neutral drift
can lead to a population of non-punishing opportunists (ODN). This
kind of opportunism paves theway for responsible sanctions (ODR or
OCR).
Our results demonstrate that with and without information, spite

is immediately driven to extinction (see Figs. 1–3). This is in contrast
to a recent model considering the evolution of antisocial behaviour
in locally subdivided populations22. However, we show in the
Supplementary Information that spite requires a high degree of
anonymity, small population sizes and low costs of punishment to

Figure 1 | Information promotes the co-evolution of cooperation and
responsible punishment. Time-averaged frequencies for the strategies of
donors (left graph) and recipients (right graph), respectively. Solid lines
indicate exact results for the limiting case of rare exploration. Filled
symbols represent simulation results for low exploration rates (m 5
0.0001) and open symbols are simulations for high exploration rates (m5
0.1). The black dashed line represents the critical information level given by
Eq. (1). Above this information level, individuals make use of responsible
sanctions to deter opportunists from defection. Parameter values are n 5
80, b 5 4, b 5 3, c 5 c 5 1, the strength of selection is set to s 5 0.5.
Simulations were run over a period of 1010 time steps (i.e., each individual
was allowed to implement more than 108 strategy changes).
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協力／非協力、罰する／しない、という戦略を仮定	  

罰と協力の進化の理論研究	
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協力レベルに対する反応としての罰	

•  協力や罰には度合いがある	  
– 社会や集団として制裁を与える時に協力レベル

に応じて罰を与える	  
•  オストロムの共有地管理のルール	  

– ルールを逸脱する度合いに応じて罰も与える	  

•  刑法の罰則	  

•  →個人の認知メカニズムにおいて、そのよう
な傾向があるのか？	  

進化ゲームによる解析	



SHIMAO	  AND	  NAKAMARU	  (2013)の
紹介	
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Nakamaru	  &	  Dieckmann	  (2009)	

•  完全混合モデル	  
– 協力と罰は共進化しない	  

•  格子モデル	  
– strict	  punishmentが協力レベルを高く進化する	

cooperation level	

da
m

ag
e 

fro
m

 p
un

is
hm

en
t	

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.2

0.4

0.6

0.8

1.0



完全混合モデルでは	  
どのような罰が進化？	

•  モデルの仮定の一つとして　	  
– 更新ルール：得点依存生存率モデルの導入	  

•  スパイトが効果的	  

– 完全混合モデルにおいて協力と罰の共進化が起
こりやすいだろう	  

•  どのような罰関数型が協力を促進？	  



Shimao	  and	  Nakamaru	  (2013)	  の説明	

•  ４つ進化形質	  
– x	  協力量、公共財ゲームの投資量　0	  ≤	  x	  ≤	  1	  
–  f	  罰強度　0	  ≤	  f	  ≤	  1	  
– u	  相手が協力者かどうかの判断の閾値	  0	  ≤	  u	  ≤	  1	  
– a	  罰関数型 　0	  ≤	  a	  <	  infinity	  
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罰の意思決定の関数	



アルゴリズム	

•  公共財ゲームをするメンバーを選ぶ	  
•  公共財ゲームを行う	  

– 協力量（投資量）　x	  
– プール金が配当されるときの利子：r	  

•  各メンバーが、他のメンバーの協力量に応じて、
罰関数（罰の意思決定）に従って罰を返す	  
– 全員が、全員へ罰をする	  

•  更新：得点依存生存率モデル	  
– 利得が低いほど死にやすい	  
– 相互作用をしたメンバーのうち、ランダムに選ばれた

プレーヤーが子を産む	  



公共財ゲーム	

1人：１単位 配布 
投資額：0〜1 
戻り額：プール額 × r / 4	

pool	  
W=x1+x
2+x3+x4	  

x1	 Pool	  
W=x1+x
2+x3+x4	  
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プレーヤーの空間配置	

完全混合モデル	  
•  公共財ゲームのメンバー	  

–  ランダムに選ぶ	  

•  解析	  
–  シミュレーション	  
–  adapFve	  dynamicsによる近似

計算	

格子モデル	

•  公共財ゲームのメンバー	  
–  隣接するプレーヤー	  

•  解析	  
–  シミュレーション	  



関数型を固定した時の罰と協力の進化	
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a:罰関数
型	

x: 協力レベル	

u: 閾値	ｆ：罰の強度	

パラメータ依存性：完全混合モデル	



a:罰関数
型	

x: 協力レベル	

u: 閾値	ｆ：罰強度	

パラメータ依存性：格子モデル	



まとめ	

•  完全混合モデル	  
– graduate	  punishment	  が協力レベルを上げる	  

•  格子モデル	  
– strict	  punishmentが協力レベルを上昇	  
– Nakamaru	  &	  Dieckmann	  (2009)と同じ	  



完全混合モデルでgraduate	  
punishmentが協力を進化させた理由	

•  モデルの仮定の一つとして	  
– 更新ルール：得点依存生存率モデル	  

•  Nakamaru	  &	  Iwasa	  (2006)	  
•  スパイトが効果的	  
•  完全混合モデルにおいて協力と罰の共進化	  

•  Shimao	  &	  Nakamaru	  (2013)	  
– 完全混合モデルにおいて罰と協力は共進化する

と予測	  
– では、罰関数型はどのようになるのか？	



完全混合モデルでは。。	
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完全混合モデル：様々な協力レベルのプレーヤーと
であってゲームを行う	



格子モデルでは。。	
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格子モデル：同じ協力レベルのプレーヤーがかたまりやすい	



最後に	

•  人間社会の基盤：協力	  
– 「協力の進化」条件を探る研究	  

•  進化ゲーム理論を例に	  



社会の基盤：協力	

•  人の協力行動について	  
– 学際的な研究分野	  

•  心理学、社会心理学	  
•  経済学：合理性では説明できない	  
•  社会学：秩序問題	  
•  政治学：投票行動、社会関係資本	  
•  進化生態学：利他行動の進化、血縁淘汰	  
•  数理生物学：進化ゲーム	  
•  数物系：数理的なダイナミクスへの関心	  

– 最先端	  
•  脳・神経や遺伝子と協力行動の関係を探る	

理工系の活躍の場	


