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Evolution of altruistic rationality provides a solution to social dilemmas via rational reciprocity
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Decades of scientific inquiry have sought to understand how evolution fosters cooperation, a concept seem-
ingly at odds with the belief that evolution should produce rational, self-interested individuals. Most previous
work has focused on the evolution of cooperation among boundedly rational individuals whose decisions are
governed by behavioral rules that do not need to be rational. Here, using an evolutionary model, we study how
altruism can evolve in a community of rational agents and promote cooperation. We show that in both well-mixed
and structured populations, a population of objectively rational agents is readily invaded by mutant individuals
who make rational decisions but evolve a distorted (i.e., subjective) perception of their payoffs. This promotes
behavioral diversity and gives rise to the evolution of rational, other-regarding agents who naturally solve all
the known strategic problems of two-person two-strategy games by perceiving their games as pure coordination

games.

DOL: 10.1103/sz5b-j75y

I. INTRODUCTION

Understanding the conditions that help to solve social
dilemmas and promote cooperative behavior is of fundamental
importance to understanding the biological and socioeco-
nomic world in which we live. It is also central to achieving
solutions to our social and ecological problems, such as
socioeconomic [1] and environmental inequality [2,3], habi-
tat destruction and biodiversity loss [4,5], and the current
environmental crisis [6-8]. Game theory, which considers
strategic interactions among rational agents, has played a piv-
otal role in formulating the underlying problem for solving
social dilemmas by introducing the notion of game equilibria
[9,10]. In the Nash equilibrium of a game, no player can
increase their payoff by changing strategy unilaterally [9].
Tragedies of the commons, in which self-interest can result
in the overexploitation of public goods (such as a common
resource), are an inevitable consequence of this notion of
rationality when individuals and collective interests conflict,
i.e., when a social dilemma exists [11].

In contrast to this conclusion of classical game theory,
cooperation is widespread in biological and social life and is a
cornerstone of all forms of life, from multicellularity to social
structure [11]. An understanding of how, in contrast to the
predictions of rationality in classical game theory, cooperation
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has evolved has been sought in evolutionary game theory
[12—-14]. Research in this framework has typically abandoned
the notion of rationality and has addressed how cooperation
may evolve in the community of agents using behavioral rules
that do not need to be rational. Consequently, the literature
in evolutionary game theory has been shaped by the idea
of bounded rationality [12], according to which agents fol-
low simple heuristics rather than rational reasoning to make
decisions [15]. Following this research program, theoretical
work has successfully revealed diverse enforcement mech-
anisms that can solve or reduce tragedies of the commons
[12—14], such as kin selection [16], direct [17-20] and indirect
reciprocity [19,21-29], network reciprocity [12,30,31], pun-
ishment and reward [23,32-36], freedom of choice [37,38], or
voluntary participation in the games [39,40].

Here, we propose to approach the evolution of cooperation
using a rather different perspective and by resorting to the
notion of rationality. However, rather than taking the self-
interested nature of rational decision-makers for granted, as
rationality has been historically framed [41], we study the
evolution of subjective, other-regarding preferences in rational
decision-makers. From behavioral economics and experimen-
tal studies, we know that humans and other animals often
deviate from the classical notion of purely self-interested
rational agents [42—-49]. Individuals appear to be influenced
by other-regarding preferences and have subjective utilities
that incorporate the welfare of others [50-52]. This obser-
vation is captured by models developed within the so-called
indirect evolutionary approach, where preferences (or subjec-
tive payoff assessments) rather than strategies are subject to
evolutionary forces [50,52-56]. Such work has shown that
payoffs can be “distorted” by subjective perceptions, allowing
altruistic and other-regarding preferences to emerge as evolu-
tionarily stable traits under certain conditions [53,54,56-60].
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For instance, it has been shown how subjective preferences
can explain a disposition toward altruistic behavior, such as
fairness in the trust or ultimatum game [52,56], or reciprocal
behavior [57]. Other works in this framework have shown
how the evolution of preferences can stabilize cooperation
[54]. Furthermore, it has been argued that such a deviation
from objective rationality can be generic, and thus a distorted
perception of payoffs can often be advantageous when players
have access to perfect information about others’ types [53].

We build on these insights and consider a model in which
individuals have an evolvable other-regarding component to
their subjective payoff. To do so, we assume that individuals
exhibit the capacity to evolve a subjective (i.e., distorted)
assessment of payoffs via an evolvable altruistic trait (8, from
0 to 1, representing a gradient from purely selfish to purely
altruistic behavior), which they utilize to play the game. The
altruistic trait § thus determines whether an agent exhibits
other-regarding preferences [61-64] and will allow us to study
the evolution of such preferences. Each individual is fully
rational with respect to their own subjective payoffs, always
playing the Nash equilibrium strategy profile that maximizes
their subjective utility. However, their evolutionary success
(reproductive fitness) depends only on the original (objective)
payoff matrix of the game. Importantly, the agents’ actual
payoff is determined based on the original, objective payoff
matrix of the game.

By doing so, our framework emphasizes the often over-
looked fact in evolutionary game theory that evolution often
does not act on behavior directly. Rather, it selects for the
decision-making mechanism, such as emotional or perceptual
factors, that shapes behavior [58,65]. Our setup thus allows
us to study the coevolution of behavior and subjective pref-
erences: individuals evolve not in their observed behavior
directly, but in how they subjectively perceive payoffs. For
animals, like humans, this subjectivity may correspond to
psychological factors, such as caring about others; however,
this feature could exist in much simpler organisms via any
evolvable mechanism that modulates the relationship between
the perception of, and actual, payoffs.

Intuitively, one may expect that distorting the perception
of reality in this way (i.e., having an altruistic trait above 0)
would undermine individuals’ fitness in an evolutionary game,
and thus, individuals should remain selfish. In the regime
where the Nash equilibrium of the game is mutual defection,
a tragedy seems inevitable, and thus, cooperation should not
evolve. However, in contrast to such rationale, previous work
has provided existence theorems according to which such
deformations of payoff can be generically beneficial in the
sense that there exist some deformations of payoffs that can
increase an individual’s fitness [53]. We demonstrate that such
altruistic deformations of payoff can indeed give rise to a
diversity of rational personalities, and this diversity can serve
as a way to the evolution of a broad spectrum of cooperative
behavior in all the possible two-person two-strategy games.

Notably, the assumption that individuals can recognize oth-
ers’ preferences (or altruism) is crucial. It is akin to having
type recognition via phenotypic cues, language, or reputa-
tion [66-73]. This makes our model intimately connected
to models of indirect reciprocity in the usual framework of
evolutionary game theory [19,21-29]. However, instead of

studying indirect reciprocity based on behavioral rules that
do not need to be rational, our framework allows us to study
whether conditional strategies similar to those observed in
models of indirect reciprocity (often formulated exogenously
as model assumption [21-28]) can evolve in rational agents
and in a self-organized way.

We begin by showing that subjectively rational individuals
show behavioral diversity and mathematically identify four
basic strategic “personality types,” concerning altruistic in-
centives, as all the possible types in two-person two-strategy
games. The usual notion of rationality in game theory (self-
interested rationality) corresponds to one of these personality
types, which can be considered objective rationality. Follow-
ing this, using a simple evolutionary model, we show that
objective rationality is evolutionarily unstable and that indi-
viduals evolve into multiple coexisting personality types in
both well-mixed and structured populations. Importantly, in
our framework, selection does not directly act on strategies
but rather on the decision-making mechanism (controlled by
8) that can be applied to any game structure. We show that
subjectively rational individuals not only solve social dilem-
mas but also solve all the strategic problems contained in
two-person two-strategy games by transforming them into
pure coordination games, in the sense that the subjective game
that the individuals play is always a coordination game.

Like many other mechanisms, cooperation is dependent
on the evolution of conditional strategies. Unlike many other
mechanisms, here cooperation emerges as a purely rational so-
lution to the subjectively perceived games, turning them into
effective coordination problems due to the evolved distorted
perception of the games. Thus, the reciprocity underlying the
evolution of cooperation in our framework is not hard-coded
in agents’ behavior (strategies). Rather, it evolves naturally
due to the fact that, under perfect information, one can change
the equilibrium behavior of an opponent by changing their
own valuation of the game payoffs. This leads to the evolution
of rational conditional cooperators who selectively cooper-
ate with those who value their game in an altruistic way.
While core to many previous mechanisms for the evolution
of cooperation (such as direct [17-19] and indirect reciprocity
[19,21-26]), unlike others, the conditional cooperation in our
model is not hard-coded in behavior. Rather, it evolves in a
self-organized way even in a well-mixed population and in
the absence of any other cooperation-favoring mechanism. We
call this mechanism rational reciprocity, which can provide an
avenue to explore the notion of indirect reciprocity.

Moreover, we compare the evolution of cooperation among
rational individuals with one of the most studied mecha-
nisms for the evolution of cooperation: network reciprocity
[12,30,31], which can promote cooperation in a structured
population of boundedly rational individuals (i.e., agents fol-
lowing rigid behavioral rules [12]). We show that cooperation
among subjectively rational individuals, even in a well-mixed
population, is more robust than the latter, in the sense that
it evolves under broader conditions and more diverse game
theoretic scenarios. Furthermore, the fact that the evolution of
cooperation in our framework results from rational decision-
making (as individuals always play the Nash equilibrium of
their subjective game) leads to the notable result that a simple
replicator dynamic can explain the dynamics of the system,
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even in a structured population. This starkly contrasts the
situation in bounded rationality, where the effect of population
structure is vital, and even an approximate analytical descrip-
tion requires sophisticated analytical methods [26,40].

Our approach can thus be seen as a general theoretical
framework that integrates ideas from evolutionary game the-
ory, the indirect evolutionary approach, preference evolution,
and rationality-based game theory, providing a plausible route
for the evolution of universal forms of cooperation in some
contexts.

II. THE MODEL AND SETUP

In our model, we consider a population of agents playing
a symmetric two-person two-strategy game (with strategies,
s € C, D, corresponding to “cooperation” and “defection,” re-
spectively). Each individual’s subjective payoff depends on
their evolved altruistic trait, §; € [0, 1], such that its subjective
payoff is the weighted sum of its payoff and its opponent’s
payoff; Ul-‘“(s,-, Sj) = (1 — (Si)U(Si, Sj) + SiU(Sj, S,'), where U
is the objective payoff function of the game, and s; and s;
are the strategies of individual i and individual j, respectively.
Agents are rational and always play the Nash equilibrium
of the game based on their subjective payoff function. The
usual notion of rationality in game theory, which we refer
to as selfish rationality, occurs when §; = 0. We consider
one-shot games in both a well-mixed population (in which the
evolution of cooperation is most restrictive) and a structured
population, and assume individuals have perfect information
about others’ altruism. This assumption can hold in diverse
contexts, such as small groups, structured populations, or
when a reputation mechanism exists [66—68]. In contrast to
the usual usage of bounded rationality, in our framework,
agents are not defined by their strategies (e.g., cooperation
and defection in the Prisoner’s Dilemma). Rather, the agent’s
decision-making mechanism, controlled by a parameter §, is
subject to evolution (in keeping with the indirect evolutionary
approach [52]). This fact allows us to study the same decision-
making mechanism in different environments. Thus, we do
not limit ourselves to the Prisoner’s Dilemma and instead
study three games, each belonging to one of the classes of two-
person two-strategy games: the Prisoner’s Dilemma, which
belongs to the pure dominance class; the Snowdrift game,
which belongs to the anticoordination class; and the Stag Hunt
Game, which belongs to the coordination class. These games
are defined by the objective payoffs, the reward for mutual
cooperation (R), the punishment for mutual defection (P), the
temptation to defect (T'), obtained when an individual defects
while its opponent cooperates, and the sucker’s payoff (S),
obtained when an individual cooperates while its opponent
defects [see Fig. 1(a)]. Individuals reproduce with a proba-
bility proportional to their objective payoff. Offspring inherit
the altruistic trait § of their parent, subject to mutations; with
mutation rate v, offspring are created with § € [0, 1] chosen
uniformly at random (although it should be noted that, in
contrast to some previous models [74], our results are robust
with respect to how mutations are introduced; see Sec. V for
further details of the model). We study the evolutionary model
using both agent-based simulations and replicator dynamics,
as detailed in Sec. V [75].

We note that several points differentiate between our ap-
proach and the usual approach in evolutionary game theory.
Since such points are not explicit model assumptions, but
rather are driven by our rationality- and subjectivity-based
setup, we explicitly discuss them. First, while the objective
game is the same for all, different agents perceive the game
differently and subjectively play different games. Moreover,
since the altruistic trait of an individual affects its valuation
of the game, the same individual essentially plays different
subjective games when playing with different opponents (be-
cause the subjective payoff values of the opponent depend
on their altruistic trait). Besides, individuals can evolve so
that their subjective payoff depends on the opponent’s payoff
(i.e., § > 0). Thus, while we limit the objective game to be
a symmetric game, the subjective game can be, and often is,
asymmetric. Since our agents are rational, and play the Nash
equilibrium of their games, we do not need to make such
complexities explicit, for instance, by prescribing behavioral
rules for agents to make decisions in each such possible game.
In the following, we start with a formal analysis to identify
possible rational personalities and then appeal to evolutionary
models to study evolutionary outcomes.

III. RESULTS

A. Classification of personality types and games

We begin by asking whether the usual notion of rationality
is evolutionarily stable. To address this question, we consider
a population of selfish rational individuals (i.e., §; = 0 for
all the individuals i) who play a Prisoner’s Dilemma game
(specified by the condition S < P < R < T) in a well-mixed
population. A simple argument may provide two predictions.
First, “caring” about others (i.e., 0 < §;) undermines individ-
uals’ fitness. Thus, individuals’ altruism should not increase
and they should remain selfish rationals. Second, given that
the Nash equilibrium of the Prisoner’s Dilemma is mutual
defection, a tragedy should be inevitable for R < T = 5, and
no cooperation should evolve in this regime. However, neither
of these conclusions is correct.

The evolution of the average value of the altruistic trait
in the population, 8 (altruism for short), and the fraction
of agents exhibiting the cooperative strategy, pc, for three
different values of the benefit of cooperation R, over time is
shown in Fig 2(a) (a similar behavior is exhibited via replica-
tor dynamics; see Note 1 in the Supplemental Material [76]).
Although the Nash equilibrium is defection for R < 5, we find
that cooperation nonetheless evolves for R > 4. Why is this
the case? The first clue to the solution of this apparent paradox
is provided by the histogram of the strategies played by and
against individuals with a given altruism in Figs. 2(c) and 2(d).
As expected intuitively, individuals with high & cooperate
[Fig. 2(c)]. However, counter intuitively, high § also leads
to receiving more cooperation, while individuals with low §
tend to experience defection [Fig. 2(d)]. This suggests that
the evolution of cooperation can emerge via the self-organized
punishment of selfishness via withholding cooperation.

How does such selective withholding of cooperation evolve
in the first place? The mechanism behind this phenomenon
can be considered rational reciprocity, which can promote
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FIG. 1. Altruisic rationality in symmetric two-person two-strategy games. (a) A symmetric two-person two-strategy game is defined by two
strategies (C and D) and four payoft parameters. The first letter in each cell shows the payoff of the row player, and the second letter shows the
payoff of the column player. Caring for others transforms the game into a game where nondiagonal elements of the payoff matrix are a linear
superposition of one’s own and the opponent’s payoff. The coordination force induces cooperation when the value of the altruistic trait of the
individual is larger than §c = (T — R)/(T — S), and the punishment force induces defection when it is smaller than 6, = (P — S)/(T — S).
Players’ personality types can be classified based on their coordination and punishment force. (b) The probability of cooperation in the Nash
equilibrium of the games as a function of own and opponent’s altruistic trait values is color plotted. §¢ (red) and §p (blue) are superimposed.
Prisoner’s Dilemma shows two phases for §p < §¢ and §¢ < 8p. In the former (i), conditional defectors who punish altruists and reward
selfishness coexist with (unconditional) cooperators and defectors. In the latter (ii), conditional cooperators who reward altruists and punish
selfishness replace conditional defectors. Cooperation evolves only in this phase. In the Snowdrift game (iii), cooperators and conditional
defectors, who defect with altruists and play a mixed strategy among themselves, coexist. In the Stag Hunt game (iv), cooperators and
conditional cooperators, who cooperate with altruists but play a mixed strategy among themselves, coexist.

cooperative [52,54,56] or reciprocal [57] behavior, resulting provided their opponent defects. Such individuals, therefore,
in the evolutionary instability of objective rationality [53]. selectively cooperate with altruists and punish selfishness
This mechanism is illustrated in Figs. 1(a) and 1(b). An in- by defection. This type of strategic personality has been
dividual i who cooperates while its opponent j defects does frequently reported in economic experiments [42—48] and

not change its strategy if and only if U’(D, D) < U;/(C, D), motivated some to introduce the notion of strong reciprocity
which gives §; < ép = (P — S)/(T — §). Thus, individuals and it has been argued to play an essential role in human
with the value of altruistic trait higher than §p never pun- cooperation [49,77].

ish defection. Similarly, the opponent changes to cooperation (4) Conditional defectors—satisfy dp < §; < d¢. Condi-
if and only if U 1(C.0)>U;D,0), which gives §; > §¢c = tional defectors deviate from both mutual cooperation and

(T —R)/(T —S). As illustrated in Fig. 1(a), by comparing mutual defection, and their Nash equilibrium is the antico-
the value of altruistic trait of the players with ¢ and dp, it is ordination cooperation-defection pair. Conditional defectors
possible to infer the equilibrium of the game. are antisocial individuals who cooperate with the self-

The comparison of the altruistic trait of individuals with &¢ ish and defect with altruists. This strategic personality
and §p allows us to sort individuals into four basic strategic type is reminiscent of antisocial punishers who selectively

“personalities” concerning altruistic incentives: punish cooperators and have been observed in economic
(1) Unconditional cooperators—satisfy 8¢ <§; and  experiments [78,79].

dp < &;. They are fully altruistic and always cooperate. The above argument enumerates all the possible strate-
(2) Unconditional defectors—satisfy §; < §¢ and §; < &p. gic personalities in two-person two-strategy games played

They are fully selfish and always defect. by agents who employ subjective assessment of payoffs. In
(3) Conditional cooperators—satisfy &; > é¢, so do not simplified cases where either ¢ (coordination class) or §p

deviate from mutual cooperation provided their opponent co- (anticoordination class) become negative, strategic personali-

operates, and §; < dp, so do not deviate from mutual defection ties simplify to two types: conditional defectors (§¢ <)§ < ép

033211-4



EVOLUTION OF ALTRUISTIC RATIONALITY PROVIDES ...

PHYSICAL REVIEW RESEARCH 7, 033211 (2025)

(a) (c)

—e—Proportion of cooperation
—=—Proportion of defection

e
o
-

e

o
o
o

4
o

o
>

I

N
e
N

?
|2

Population average altruism

o

»

=
S

k)

T

3

=

Own strategy

3000 4000

=

0.2 0.4 0.6 0.8 1

(d)

O 1 o 1
= ¥ : W S —e—Proportion of cooperation
2 08 ,’:"'n., T :. .: 208 —=—Proportion of defection
7} O R [
c a4 =
3 0.6 iy . 06
e R - L
o
S 04 ::::::::: ! §o.4
] ]
g 02 i 202
g_ . "':h' ) 8_ .
BTy -

o "
[ 0

(] 1000 2000 3000 4000 0 0.2 0.4 0.6 0.8 1

time Focal individual's altruism (8)

FIG. 2. The evolution of altruism due to the rational punishment
of selfishness. Population average of individuals’ value of the altruis-
tic trait, 6 (a), and the density of cooperators, p¢ (b), as a function of
time are plotted. The evolutionary simulation starts with a population
of selfish rationals with zero value of the altruistic trait who fail to
cooperate in the Prisoner’s Dilemma. However, for R > 4, altruist ra-
tionals evolve and dominate the population, and cooperation reaches
a high level. Both the population-average value of altruistic trait
(altruism) and density of cooperation show fluctuations, suggesting a
cyclic dominance of individuals with different altruism. The strategy
played by an individual (c) and against an individual (d) with a given
value of the altruistic trait §. Individuals with high values of altruistic
traits cooperate, while those with low values of altruistic trait defect.
Surprisingly, a higher value of altruistic traits also leads to receiv-
ing more cooperation and less defection. This curious phenomenon
underlines the evolution of cooperation resulting from rational reci-
procity. Parameter values: N = 10000 and v = 1073, A well-mixed
population is used. Individuals play a Prisoner’s Dilemma; 7 = 5,
P =1, and S = 0. In panel (a), R is indicated in the legend, and in
panel (b), R = 4.1.

and cooperators § > §c(> &p) in the anticoordination class,
and conditional cooperators (8¢ <)& < ép and cooperators
8 > 8p(> 8¢) in the coordination class (see Table I).

Importantly, these strategic personalities are not model as-
sumptions (in contrast to the usual practice in evolutionary
game theory models [12]). Our only model assumption is
the rationality of the players; i.e., they always play the Nash
equilibrium of their subjective game. Rather, these personal-
ities result from a mathematical analysis as a categorization
of different personality types of rational agents in symmetric
two-person two-strategy games.

Notably, the standard classification of two-person two-
strategy games into dominance, anticoordination, and coor-
dination classes [12] maps onto the signs of §¢ and §p (see
Sec. V for details):

(1) In the pure dominance class (e.g., Prisoner’s
Dilemma), both §¢c >0 and 6p > 0 hold, allowing all
four personality types to exist.

(2) In the anticoordination class (e.g., Snowdrift), one
finds 6p < 0 < §¢, permitting only two personality types (co-
operators and conditional defectors).

(3) In the coordination class (e.g., Stag Hunt), one has
3¢ < 0 < ép, leading to coexisting cooperators and condi-
tional cooperators.

A summary of these classes and personality types is pro-
vided in Table I, clarifying the variety of strategic phenotypes
in subjectively rational populations.

B. Prisoner’s D ilemma: Evolving cooperation through
conditional cooperation

The decomposition of the population into different types
already reveals different evolutionary phases in the Prisoner’s
Dilemma (or, more generally, in the pure dominance class).
For §p < 8¢, which gives T + S > R+ P (R < 4 for the stan-
dard parametrization of the Prisoner’s Dilemma used here),
mathematically, only three types may exist: cooperators, de-
fectors, and conditional defectors. The Nash equilibrium of
the game for different levels of altruism of the two players in
this regime is illustrated in Fig. 1(b)(i). However, despite the
mathematical possibility of the evolution of conditional de-
fectors, they do not evolve because defectors receive a higher
payoff than others and dominate the population.

The Nash equilibrium of the game for dp > §¢ (R > 4)
is presented in Fig. 1(b)(ii). In this regime, defectors, coop-
erators, and conditional cooperators may exist. The key to
the evolution of cooperation is the existence of conditional
cooperators who punish defection.

In this regime, these three strategies are found in the
population and exhibit rock-paper-scissors-like cyclic evolu-
tionary dynamics. This can be seen in Fig. 3(a), where we
present the density plot of individuals’ altruistic traits as a
function of time (the replicator dynamics show a similar phe-
nomenology; See Note 1 in the Supplemental Material [76]).
Such a dynamic has been frequently observed in evolutionary
models [80] and results when no type can dominate in the
population, nor can few types coexist in a mutualistic poly-
morphism. Rather, different types coexist in an antagonistic
polymorphism. In our model, such oscillation occurs due to
density-dependent changes in the payoffs of individuals with
different altruism (cooperators, conditional cooperators, and
defectors), as explained below.

In the absence of defectors, conditional cooperators
occasionally withhold cooperation from each other but
cooperate with cooperators. Consequently, cooperators
receive a higher payoff due to not paying the cost of
punishment, and increase in number. This reduces the fraction

TABLE 1. Classification of game types and associated personality types as a function of §¢ and §p.

Game class Conditions Personality types Example
Pure dominance 8¢ >0,8p>0 UC, UD, CC, CD Prisoner’s Dilemma
Anticoordination §p <0 < d¢ UC, CD Snowdrift
Coordination §c <0< ép UC, CC Stag Hunt
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FIG. 3. The evolution of altruistic rationality in the Prisoner’s
Dilemma. The density plot of the individuals’ altruism as a function
of time in a well-mixed (a) and a structured (b) population. Individu-
als show behavioral diversity and can be decomposed into defectors
with a low value of the altruistic trait, conditional cooperators, and
cooperators with a high value of the altruistic trait, showing rock-
paper-scissors-like dynamics. The density plot of the time-average
value of the altruistic trait in a well-mixed (c) and a structured (d)
population as a function of the benefit of cooperation, R, is plotted.
Comparison of individuals’ value of altruistic trait with §¢c (green
dashed) and §p (red dashed) allows identification of different per-
sonality types. Below R = T 4+ S — P = 4, defectors dominate, and
above R = 4, cooperators, conditional cooperators, and defectors co-
exist. Increasing R increases the density of cooperators and decreases
the density of defectors and conditional cooperators, especially in a
structured population. The population-average value of altruistic trait
(e) and the proportion of cooperation, pc (f), in a structured and a
well-mixed population as a function of the benefit of cooperation, R,
are plotted. The purple line shows the result of the replicator dynam-
ics expected to be an exact solution of the model in a well-mixed
population and in the infinite population limit. Parameter values:
N = 10000 and v = 1073, In panel (a), R = 4.1.

of conditional cooperators, makes the population vulnerable
to defectors, and leads to a burst of defectors. Once defectors
increase, conditional cooperators perform better due to
selectively cooperating with cooperators and defecting with
defectors and increase in frequency, and so on. We note
that, as R increases, and thus the strength of social dilemma
decreases, the advantage of defectors over unconditional
cooperators decreases. Thus, the frequency of unconditional
cooperators increases in the population, leading to increasing
average § as a function of R [Fig. 3(e)].

This analysis indicates that conditional cooperation plays
a pivotal role in the evolution of cooperation among ratio-
nal individuals, and is consistent with the diverse forms of
conditional cooperation that have been argued to underlie
cooperative behavior among rational [52,57] or boundedly

rational agents, such as in direct [81] and indirect reciprocity
[19,82], or voluntary contribution to public goods under per-
fect information [83,84].

To evaluate how population structure affects the evolution
of altruism and cooperation, in Fig. 3(b), we present the
density plot of individuals’ altruism as a function of time
in a structured population. Weakened cyclic dynamics and
a lower density of defectors are two key differences when
compared with a well-mixed population. In Figs. 3(c) and
3(d), we present the density plot of the time-average altruism
of the individuals in, respectively, a well-mixed and a struc-
tured population as a function of R. The population-average
altruism and the proportion of cooperation as a function of
R are presented in Figs. 3(e) and 3(f), respectively. Here, the
results of the replicator dynamics are also shown, which are
in strong agreement with simulation results in finite popula-
tions for both well-mixed and structured populations. While a
slightly higher proportion of cooperative behavior and slightly
higher values of the altruistic trait are observed in a structured
population in the regime where cooperation can evolve, the
effect of population structure is not appreciable, and the repli-
cator dynamics are in good agreement with both structured
and well-mixed populations. As we will shortly see, the inde-
pendence of evolutionary dynamics from population structure
in a community of subjectively rational agents also holds in
other game structures and starkly contrasts the situation in
boundedly rational agents. This observation arises from the
fact that the evolution of cooperation in the framework of
subjective rationality results from rational decision-making
(in the form of a diversified form of rationality), which,
as intuitively expected, should be independent of population
structure.

C. Snowdrift game: Cooperation through marginal altruism

So far, we have focused on the Prisoner’s Dilemma as a
prototypical example of social dilemmas. In the following,
we illustrate how agents with an evolvable subjective percep-
tion of payoff matrices can trivially solve strategic problems
belonging to the anticoordination and coordination class and
take over a population of selfish rational individuals.

We begin with the Snowdrift game (also known as the
Hawk-Dove game or the Chicken game), which belongs to
the anticoordination class. This game satisfies the condition
T >R > S > P, and is widely used to study conflict among
individuals [12,14]. The Snowdrift game also creates a social
dilemma (when 2R > T + §), as individuals are better off
when everybody cooperates, but each individual can increase
their payoff by defection. However, this is a softer social
dilemma than that contained in the Prisoner’s Dilemma as
(a suboptimal) cooperation is maintained in the Nash equi-
librium [12,14]. The Nash equilibrium of the game for the
standard payoff values of the game and different altruism of
players is plotted in Fig. 1(b)(iii). In the Snowdrift game,
dp becomes negative. Thus, the condition §; > §p is always
satisfied, and individuals do not have an incentive for mu-
tual defection and can be classified only based on §¢ into
cooperators (8; > 8¢), who always cooperate, and conditional
defectors (§ < §¢) who defect if their opponent is altruistic,
and otherwise play a mixed strategy.
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FIG. 4. The evolution of cooperation by subjective rationality in
the Snowdrift and Stag Hunt games. The density plot of the time-
average value of the altruistic trait of the individuals as a function of
the benefit of cooperation, R, in the Snowdrift game (a) and the temp-
tation to defect, 7', in the Stag Hunt game (b). (a) In the Snowdrift
game, individuals self-organize on the line defined by § = 8p and are
marginally unconditional cooperators. As a result, full cooperation
evolves. (b) In the Stag Hunt game, individuals evolve above the
line defined by § = d¢. Consequently, a monomorphic population of
unconditional cooperators evolves who successfully avoid coordina-
tion failure. Above 7' = 3, the game becomes a Prisoner’s Dilemma,
and the coexistence of cooperators, unconditional cooperators, and
defectors is observed. For too high 7', defectors dominate. Parameter
values: N = 10000 and v = 1073,

The evolutionary dynamics of subjectively rational agents
in the Snowdrift game are studied in Fig. 4(a), where the
density plot of the value of altruistic trait of the individu-
als in a well-mixed population is shown (see Notes 1 and
2 in the Supplemental Material [76] for replicator dynam-
ics and further details, respectively). The situation is similar
in a structured population (see Note 1 in the Supplemental
Material [76]). We find that evolution gives rise to a popula-
tion of marginally unconditional cooperators at the boundary
of unconditional cooperation defined by § = §¢. This is the
case because lower § can lead to payoff loss in confronta-
tions, and higher § can lead to consistent exploitation by
the selfish. Clearly, the mechanism underlying the evolution
of cooperation in the Snowdrift is different from that in
the Prisoner’s Dilemma, as it does not involve conditional
cooperation.

D. Stag Hunt game: Avoiding coordination failure

We move on to the Stag Hunt game, which belongs to the
coordination class and is defined by the condition R > T >
P > S. This game is used to study coordination dilemmas:
while mutual cooperation is the socially optimal Nash equilib-
rium (i.e., leads to the highest total payoff), mutual defection
is the risk-dominant Nash equilibrium, and a population of in-
dividuals playing such a game show bistability and may settle
for the inferior option (mutual defection). For this game, when
played among subjectively rational agents, we have §¢ < 0,
and thus, agents can be classified into cooperators (5; > dp)
and conditional cooperators (6; < §p). The Nash equilibrium
of this game when played among subjectively rational agents
is presented in Fig. 1(b)(iv). Cooperators always cooperate.
However, conditional cooperators cooperate with cooperators
and play a mixed strategy among themselves. As mutual
cooperation endows the highest individual payoff, evolution

leads to a monomorphic population of cooperators in this
game. This can be seen in Fig. 4(b), where the density plot of
individuals’ altruism in a well-mixed population is presented
(see Notes 1 and 2 in the Supplemental Material [76] for
details). Here, we have fixed, R=3, P =1, and S =0, and
varied T from 1 to 5. At T = 3, the structure of the game
changes to a Prisoner’s Dilemma. At this point, §¢, plotted
by the dashed red line, starts to be positive. This leads to
the emergence of conditional cooperators and defectors in
the population. At T = R 4+ P — § = 4, cooperators cease to
dominate the population.

E. Comparison with bounded rationality
and network reciprocity

To summarize, in Fig. 5, we compare the performance of
subjectively rational agents with boundedly rational agents in
the three different games (see Sec. V for details of simulations
for boundedly rational agents). In a well-mixed population, a
population of boundedly rational agents is expected to con-
verge to the Nash equilibrium of the game (dashed black
line). However, deviation from the Nash equilibrium occurs
in a structured population due to network reciprocity, a well-
known enforcement mechanism in a population of boundedly
rational agents [12,26,30]. While it is broadly known that
population structure can promote cooperation in the Pris-
oner’s Dilemma, this is only the case for certain evolutionary
dynamics. For instance, while cooperation can evolve when
individuals reproduce with a probability proportional to the
exponential of their payoff (Structured I), it does not evolve
when individuals reproduce with a probability proportional to
their payoffs (Structured II). By contrast, robust cooperation
evolves in a community of subjectively rational agents and for
a broader range of parameter values. Furthermore, the positive
impact of population structure on the evolution of cooperation
in a community of boundedly rational agents depends on
the strategic problem at hand. For instance, while population
structure can be detrimental to the evolution of cooperation
in the Snowdrift game in a community of boundedly rational
agents [85], it does not appreciably impact the evolution of
cooperation, especially for R notably larger than 1 in a com-
munity of subjectively rational agents. Similarly, subjective
rationality can outperform network reciprocity in the Stag
Hunt game (see Note 3 in the Supplemental Material [76] for
more details).

In Fig. 5, the results of replicator dynamics for subjectively
rational individuals are also shown. Replicator dynamics are
expected to be an exact solution only in an infinite, well-mixed
population and not in a structured population [86]. Nonethe-
less, a very high agreement between the results in a structured
population and replicator dynamics is observed (simulation
results in finite well-mixed populations are similar). Such a
level of agreement is not achievable for boundedly rational
agents, where sophisticated methods are required to approx-
imate the evolution of cooperation in structured populations
(e.g., [26,40]). As noted above, this results from the fact that
rational decision-making, which is expected to be universal
and independent of population structure, underlies the evolu-
tion of cooperation in subjective rationality.
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FIG. 5. Comparison with network reciprocity. The outcome of evolutionary dynamics in a population of subjectively rational agents in a
structured population (blue) and using replicator dynamics (purple; up to a binary redefinition of altruistic trait in the replicator dynamics,
this is similar to a well-mixed population in the limit of large population size) is compared with that in a population of boundedly rational
agents in a structured population (structured I, orange, and structured II, red) for Prisoner’s Dilemma (a), Snowdrift (b), and the Stag Hunt
game (c). The Nash equilibrium of the game (mixed or pure), expected to occur in a well-mixed population, is plotted by a dashed black line.
Structured I indicates an evolutionary algorithm in which individuals reproduce with a probability proportional to the exponential of a selection
parameter 8 = 0.5, times their payoff [exp(Bm)], and structured II indicates an evolutionary algorithm in which individuals reproduce with
a probability proportional to their payoff (this algorithm is also used for subjectively rational individuals here). Subjectively rational agents
outperform bounded rational agents and reach higher cooperation in all three games. Cooperation in a structured population remains close
to that predicted by the replicator dynamics, indicating that population structure does not play a significant role in promoting cooperation.
Parameter values: N = 10000 and v = 1073, The population resides on a first-nearest-neighbor network with Von Neumann connectivity and

periodic boundaries.

IV. DISCUSSION

We have shown that allowing subjective assessment of
payoffs in agents with evolvable other-regarding preferences
provides a unifying explanation for the emergence of co-
operation in two-person two-strategy games under perfect
information. By incorporating a trait that distorts payoffs to
include opponents’ utilities, individuals evolve diverse strate-
gic personality types, including those that selectively reward
altruists and punish selfishness. This transforms traditional
social dilemmas, as well as other strategic problems, into
effective coordination games, in the sense that individuals
evolve to perceive their game as a coordination problem, and
thus, cooperation can thrive.

Our approach falls under the indirect evolutionary ap-
proach, where preferences rather than strategies evolve
[52-54]. While previous works in this tradition demonstrated
the potential for nonselfish preferences to be evolutionarily
stable and help resolve certain social dilemmas [56,57], our
results show that such preferences can generically lead to
robust and universal cooperation across all classes of two-
strategy games. The essential ingredient is type recognition:
individuals know the other player’s altruism §, enabling them
to adjust behavior conditionally. In this sense, our model is
closely related to known mechanisms like direct [17-20] or
indirect [19,21-29] reciprocity, or partner choice [17], but
achieves them in a one-shot setting by evolving preferences
that make cooperation a rational response.

In this regard, our work can be considered a different di-
mension to models of indirect reciprocity [19,21-26]. While
the indirect reciprocity literature has focused on rigid be-
havioral [21,22] or explicit moral assessment rules [26-29],
which are used to determine good and bad behavior, rational
conditional cooperators in our model are not introduced by

model assumptions, nor are they defined based on behavioral
rules. Rather, these strategies are found by a mathematical
analysis and evolve in a self-organized way. The mechanism
underlying the evolution of such rational cooperative strate-
gies is the fact that rational agents can change the behavior of
their opponents by changing their own subjective valuation of
the game, and thus effectively playing different games with
different opponents, which admit different sets of rational
choices (behavior).

Empirical studies have repeatedly observed that hu-
mans deviate from self-interested rationality and instead
show strong reciprocity, conditional cooperation, and other-
regarding preferences [42-45,48,49,77]. While a broad range
of theoretical work has provided important insights into this
topic [50,52,64], our findings suggest a simple evolutionary
explanation: subjective payoff assessment (caring about oth-
ers) can be favored by natural selection since, under broad
strategic scenrios, it can lead to better evolutionary outcomes.
Hence, what appears as deviations from classical rationality
can be understood as alternative stable equilibria of an indirect
evolutionary process.

An implicit assumption of our work is mutual recognition
of preferences, as in our analysis agents have access to per-
fect information about the altruism of their opponent. This
assumption can be a valid assumption in certain empirical
contexts, such as structured populations, small-scale societies,
or when a reputation mechanism [66—68] or symbolic or phe-
notypic cues are at work [72,87]. In other contexts, incomplete
information and uncertainty about others’ types and intentions
may be common, potentially leading to deviations from the
predicted equilibria. Future studies could address this limita-
tion by incorporating models of incomplete information and
exploring how uncertainty and learning dynamics affect the

033211-8



EVOLUTION OF ALTRUISTIC RATIONALITY PROVIDES ...

PHYSICAL REVIEW RESEARCH 7, 033211 (2025)

evolution of cooperation, behavioral diversity, and rationality
under such limitations.

Finally, our model is deliberately simple, focusing on
symmetric two-strategy games. Extending the approach to
richer games, multiple strategies, and more complex pop-
ulation structures can offer further insights. Nevertheless,
the central message remains: by allowing preferences them-
selves to evolve, we find that rational agents need not be
selfish. Subjective rationality—emergent from evolutionary
pressures—provides a plausible route for the evolution of
altruistic behavior and stable cooperation in a wide class of
social dilemmas that can be at work in some contexts.

V. MATERIALS AND METHODS
A. The model and simulations

We consider a population of rational individuals playing
a symmetric two-person two-strategy game, with strategies
s € C, D and the payoff matrix U (s, s*), where s is the focal
individual’s strategy and s* is the strategy of its opponent.
Each individual i has an altruism §;, such that its subjective
payoff is the weighted sum of its payoff and its opponent’s
payoff, U’ = (1 — §;)U + §;U. Individuals are rational and
play the Nash equilibrium of the game based on their sub-
jective payoffs. In the main text, we consider a case where
individuals play the mixed strategy Nash equilibrium if the
game has a mixed strategy Nash equilibrium. Otherwise, they
play a randomly chosen pure strategy equilibrium. However,
to take the one-shot nature of the interactions into account,
when a mixed strategy Nash equilibrium exists, individuals
gather payoff by playing one of their strategies with a prob-
ability proportional to the mixed strategy Nash equilibrium.
This choice does not affect the results, as for large enough
populations, the expected payoffs of individuals with altruism
6 converge to the expected payoff of a mixed strategy Nash
equilibrium. Thus, the results are similar to those when indi-
viduals’ payoff is determined based on the average expected
payoff of the mixed strategy Nash equilibrium.

At each time step, all the individuals play the game, gather
payoffs, and reproduce with a probability proportional to a
selection parameter 8 = 0.5 multiplied by their payoffs. Im-
portantly, the actual payoff of individuals is determined based
on the original payoff matrix of the game, U, and not their
subjective payoffs. Offspring inherit the altruistic trait of their
parent subject to mutations. Mutations occur with probability
v, in which case the altruistic trait of the offspring is set to
a value € [0, 1] chosen uniformly at random. All the simula-
tions begin with selfish-rational individuals, i.e., §; = O for all
i. Altruistically rational individuals evolve when the value of
altruistic traits grows strong enough to affect the behavior of
the individuals.

We consider both a well-mixed population and a structured
population. In a well-mixed population, at each time step,
individuals are paired at random to play the game, after which
all the individuals’ strategies are updated simultaneously. In
the structured population, individuals reside on a lattice and
play the game with all their neighbors on the network. After
playing the game, individuals imitate the strategy of one of the
individuals in their extended neighborhood with a probability

proportional to the exponential a selection parameter 8 = 0.5
(consistently with many studies) times its payoff, exp(8m)
(this algorithm is called Structured I in Fig. 5). The extended
neighborhood of an individual is composed of the focal in-
dividuals together with their neighbors. For the population
network, we consider a first-nearest-neighbor square lattice
with periodic boundaries and Von Neumann connectivity. In
Fig. 5, we also consider an alternative evolutionary dynamics,
denoted by Structured I, in which individuals reproduce with
a probability proportional to their payoffs. In the Supplemen-
tal Material [76] (Note 4), we further study the evolutionary
dynamics where individuals reproduce with a probability pro-
portional to their payoff and show that all the results remain
valid in this case.

Apart from the game payoffs and selection parameter S, the
evolutionary model has only two parameters: mutation rate v
and the population size N. In all the simulations performed
in the main text, we have set v = 1073 and N = 10000. In
the Supplemental Material [76], the effect of population size
(Note 5) and mutation rate (Note 6) is studied, and it is shown
that smaller population size and mutation rates can lead to the
fixation of one of the types due to random drift, which can
give rise to intermittent dynamics between periods of high and
low altruism and cooperation. Furthermore, while some past
studies have suggested the outcome of evolutionary dynamics
may depend on how mutations are introduced [74], in Note 6
in the Supplemental Material [76], we show that our results
are robust under different ways mutations are introduced into
the model.

Finally, in the Supplemental Material [76] (Note 7) we
study the effect of different notions of equilibrium selection
[88], where individuals play the risk-dominant or payoff-
dominant Nash equilibrium, and show that they lead to similar
results. The only difference that different notions of equilib-
rium selection can have occurs in the anticoordination class.
In this case, when individuals play a pure strategy Nash
equilibrium (irrespective of whether the Nash equilibrium is
payoff-dominant, risk-dominant, or none), the evolutionary
dynamics give rise to a population of conditional defectors
who anticoordinate on heterogeneous cooperation-defection
pairs and avoid paying the cost of anticoordination failure.

B. Boundedly rational agents
in a structured population simulation

In Fig. 5, we have compared subjectively rational agents
with one of the well-known mechanisms for the evolution of
cooperation in boundedly rational agents: population struc-
ture. Here, all the details of the simulation (the evolutionary
algorithm) are the same for boundedly rational and sub-
jectively rational agents. The only difference is that, while
subjectively rational agents have a heritable trait §, based on
which they calculate their subjective payoffs, boundedly ratio-
nal agents have a hard-wired heritable strategy, cooperation C,
and defection D.

For clarity, we repeat other details of the evolutionary sim-
ulation, which is a standard highly replicated procedure [12].
Each individual resides on a first-nearest-neighbor square lat-
tice with periodic boundaries and Von Neumann connectivity
and plays the game with all their neighbors. After playing
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the game, individuals imitate the strategy of one of the in-
dividuals in their extended neighborhood with a probability
proportional to a selection parameter 8 = 0.5 times its payoff.
We have dubbed this algorithm, which is a standard algo-
rithm [40], structured I in Fig. 5. We have also considered
a second algorithm in which individuals reproduce with a
probability proportional to their payoffs (structured II). The
extended neighborhood of an individual is composed of the
focal individuals together with their neighbors.

We note that, while our subjectively rational agents know
the altruism of their opponent (an implicite assumption behind
the assumption that they play the Nash equilibrium of their
subjective game), such an assumption is not implemented for
boundedly rational agents. The reason is that our aim is to
compare our mechanisms with one of the most intensely stud-
ied and standard mechanisms for the evolution of cooperation
and we have chosen a standard evolutionary algorithm that
does not rely on any sort of recognition, but rather on spatial
affinity of individuals. If, for instance, we aimed to compare
our model with models of indirect reciprocity, which rely on
recognition mechanisms, then such an assumption would have
been essential in both cases.

C. The game structures

We study three games, each belonging to one of the classes
of two-person two-strategy games:

(1) Prisoner’s Dilemma, which belongs to the pure domi-
nance class [12]. This game satisfies S < P < R < T and is
widely used to study social dilemmas; Mutual cooperation
provides the highest total payoff. However, each player can
increase its payoff by defection. Consequently, the Nash equi-
librium of the game is mutual defection, which leaves all the
players worse off than if they had cooperated. Such a “tragedy
of the commons” is unavoidable when this game is played
between purely rational agents. The base parameter values
usedare T =5, 5 =0, and P = 1, and R is varied between
1 and 5.

(2) Snowdrift game, which belongs to the anticoordina-
tion class. This game is also known as the Hawk-dove or
the Chicken game and belongs to the anticoordination class
[12,14]. This game satisfies P < S < R < T. Defection yields
a higher payoff than cooperation if the opponent cooper-
ates. Thence, a temptation to defect exists. However, mutual
defection leads to the least payoff. Consequently, the Nash
equilibrium is a heterogeneous strategy pair where individuals
anticoordinate on defection and cooperation. In addition, this
game admits a mixed strategy Nash equilibrium. Thus, this
game provides only a weak social dilemma since in its Nash
equilibrium a suboptimal cooperation is observed. This game
is widely used in modeling conflict between individuals, such
as a contest over a shared resource: individuals can escalate
(defection) or conciliate (cooperation). A conflict is inevitable
if both individuals escalate, leading to a pure cost to both
individuals. Consequently, it is in both individuals’ best in-
terests to avoid conflict. The base parameter values used for
the Snowdrift game are 7 =5, S =1, and P =0, and R is
varied between 1 and 5.

(3) Stag Hunt game, which belongs to the coordina-
tion class. This game is widely used to model coordination

problems and satisfies S < P < T < R [12]. In the usual
framing of the game, players can coordinate to hunt Stag
(cooperation) or Hare (defection). Stag are more valuable.
However, stag hunting requires more effort and is successful
only if both players coordinate. However, players can receive
a lower payoff from hunting hare irrespective of what their
opponent does. This game has two pure strategy Nash equilib-
ria: mutual cooperation provides the higher payoff and is the
socially optimal outcome, and mutual defection provides the
lower outcome but is the risk-dominant Nash equilibrium. In
addition, this game admits a mixed strategy Nash equilibrium.
The base parameter values used for the Stag Hunt game used
hereare R=3,P=1,5 =0, and T is varied between 1 and
5. We note that for R > 3, this game becomes a Prisoner’s
Dilemma.

D. The relation with standard classes of two-person
two-strategy games

Symmetric two-person two-strategy games played between
subjectively rational agents can be classified into three
classes according to §¢ and dp: pure dominance class,
Sc > 0 and §p > 0; anticoordination class, §p < 0 < 8¢; and
coordination class, 8¢ < 0 < §p. It is easy to see that the pure
dominance class gives rise to four personality types. However,
the two latter classes give rise to only two strategic personality
types based on comparing the altruism of the individuals with
either §¢ or §p, illustrated in Fig. 1. The main difference
between the coordination and anticoordination classes is that
there is no incentive to punish in the anticoordination class.
Thus, mutual punishment cannot be a Nash equilibrium.
A final trivial case can be when 8¢ <0 and §p < 0. In
this case, the only Nash equilibrium is mutual cooperation,
independent of the altruism of the players. This can happen
only if cooperation Nash dominates defection (R > T and
S > P). Given this game is trivial, we do not consider this
case as an independent class.

The classification of the two-person two-strategy games
introduced here largely coincides with the classification of
the two-person two-strategy games played by selfish altruists,
i.e., the standard classification of the symmetric two-person
two-strategy games [12]. The only difference between the
classification of the games played between altruistically ratio-
nal agents and selfish rational agents is that the latter does not
depend on the denominator, 7 — S, in the definition of ¢ and
dp. This classification can be reproduced by setting §; = §, =
0, which requires replacing c = (T — R)/(T — S)by T — R,
and §p = (P —S)/(T —S) by P—S. This gives the pure
dominance class, satisfying 7 > R and P > S, where the only
Nash equilibrium is mutual defection; anti-coordination class,
satisfying P — S < 0 < T — R, where cooperation versus de-
fection, together with a mixed strategy, are Nash equilibria;
and coordination class, satisfying 7 — R < 0 < P — S, where
mutual cooperation and mutual defection, together with a
mixed strategy are the Nash equilibria.

E. The mixed strategy Nash equilibrium

A mixed strategy is a set of probabilities for playing dif-
ferent pure strategies. The support of a mixed strategy is the
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set of all the pure strategies that are played with nonzero
probability. A mixed strategy Nash equilibrium is defined as a
set of two mixed strategies, (q;, g;), in which each strategy
is the best response to the other strategy: g; = BR(g;) and
q; = BR(g;). This condition is achieved if the payoff of all
the strategies in the support of a mixed strategy is the same
(indifference condition), and no other strategy outside of the
support gives a higher payoff against the mixed strategy [24].
In games with two strategies, the calculation of a mixed strat-
egy is simplified to solving a set of linear equations to achieve
the indifference of each player. To see this, assume player
i plays strategy C with probability ¢;(C) and plays D with
probability g;(D) = 1 — g;(C). The expected payoff of player
Jj from playing C is ¢;(C )R“; + (1 —¢q;(C ))S; and its expected
payoff from playing D is ¢;(C)T; + (1 — ¢:(C))P;. Setting
these two equal gives for the mixed strategy Nash equilibrium
of player i, g7 (C) = (PJ:Y — S‘;)/(R'j‘- + P — T; — S']“-). Here, a
superscript s refers to the subjective payoffs, R} = R, P; = P,
$5=0-=6)S+4,;T,and T} = (1 - 8,)T +4,S. Similarly,
the Nash equilibrium mixed strategy of player j can be de-
rived as q;f(C) =P -8/ (R + P —TF —§}). A curious
and well-known property of mixed strategy Nash equilibrium
is that a player’s equilibrium strategy is determined by its
opponent’s payoffs. A similar observation also holds in pure
strategy equilibrium and is central to rational reciprocity in
games played between subjectively rational agents: by chang-
ing own values, one can change others’ behavior.

F. Replicator-mutator dynamics

The model in a well-mixed population can be solved in
terms of the replicator-mutator dynamics [86]. We begin by
developing the replicator-mutator dynamics for continuous
altruism 6 and then recover the equations for discretized
altruism. The replicator-mutator equations govern the time
evolution of the density of individuals with different values
of altruistic trait, p,(§), and read as follows:

1
Pr+1(8) = / W (8, 801 (8")m: (8") /7,8 ey
0

Here, 7,(8) is the expected payoff of individuals with altru-
ism § at time ¢ and 7, = ﬁ:ol 7,(8)p,(8)d8 is the average
payoff of the population at time t. W (4, §’) is the mutation
rate from an altruism &’ to altruism §. Under our assumption
of uniform mutations, this can be written as W(8,8) = v +
(1 —v)A(S — &'). Here, A(8 — &) is the Dirac delta function
(usually shown by §).

To use the replicator dynamics, we need to calculate the
payoffs.

1
7 (8) = /0 pi(8))q*(8,8)U'q™ (8, 8)d5'. @)

Here, U’ is the (objective) effective payoff matrix of the game.
In the model considered in the main text, where individu-
als reproduce with a probability proportional to a selection
parameter times their payoff, we have U’ = exp(BU) (where
the exponential of the matrix U is defined as an element-wise
exponential). When individuals reproduce with a probability
proportional to their payoffs (considered in the Supplemen-
tal Material [76]), U' =U. ¢*(8, 8') is the mixed (or pure)

strategy Nash equilibrium of a subjectively rational agent with
altruism & when the agent plays a game with an agent with
altruism &’. For two-person two-strategy games considered
here, these can be represented by a vector, ¢* = [g¢  gp]. A
superindex ¢ indicates matrix transpose. The average payoff
of the population can then simply be written as

1
m=/imwmwm& 3)
0

This set of equations describes the dynamics of the system. To
numerically solve these equations, we discretize the altruistic
trait such that it can take n possible values. This can be consid-
ered as an approximation of the integrals. However, such an
approach is also of interest when the altruistic trait can take
discrete values. The effect of discretization of the altruistic
trait (n) is studied in Note 1 in the Supplemental Material [76].
The replicator dynamics for discretized altruistic trait can be
written as

Pr+1(8k) = Z[Ak,k’(l —v)+v/nlp ) Be)/7. (4
k'=1

Here, k € [1, n], where n represents the number of possible
values of the altruistic trait. A reasonable choice (which is also
consistent with an approximation of the integral over continu-
ous altruistic trait with a summation over discrete values of the
altruistic trait), which we will use in numerical solutions, is
linearly spaced values of altruistic traits in the interval [0, 1].
Ay shows the Kronecker delta function, which is equal to
one if § = §’ and zero otherwise. The payoff of an individual
with altruism §; reads as

7 (8e) = Z P (81)q* (81, U™ (8, 8¢) &)
k=1

and the average payoff reads as
=Y 1 (8)pi(8). (6)
k=1

The numerical solutions of the replicator dynamics for
n = 400 are presented in Figs. 3(e), 3(f), and 5, and show high
agreement with simulation results. We note that the payoff
accrued in the replicator dynamics is taken to be the expected
payoff of the mixed strategy Nash equilibrium. However, in
the simulations, to take the one-shot nature of interaction into
account, we have chosen to consider a case where individuals
play one of the two possible strategies, with a probability
proportional to their probability in the mixed strategy Nash
equilibrium. This assumption does not change anything other
than increasing the finite size effects. This is the case because
the expected payoff of individuals with altruism §, when av-
eraged over all the individuals in the population, approaches
that of the mixed strategy Nash equilibrium for large enough
population sizes.
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