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AbStI'aCt: ‘We investigate the evolution of social norms in a game theoretical model of multi-level selection and mutation. Cooperation
is modelled at the lower level of selection by means of a social dilemma in the context of indirect reciprocity, whereas at the higher level of
selection conflict is introduced via different mechanisms. The model allows the emergence of norms requiring high levels of cognition. Results
show that natural selection and mutation lead to the emergence of a robust yet simple social norm, which we call stern-judging. Stern-judging
is compatible with expectations that anthropologists have regarding the Pleistocene hunter gatherer communities. Perhaps surprisingly, it
also fits very well recent studies of the behaviour of reputation-based e-trading. Under stern-judging, helping a good individual or refusing
help to a bad individual leads to a good reputation, whereas refusing help to a good individual or helping a bad one leads to a bad reputation.
The lack of ambiguity of stern-judging, where implacable punishment is compensated by prompt forgiving, supports the idea that simplicity

is often associated with evolutionary success.
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1. Introduction

Natural selection is conventionally assumed to favour the strong and selfish who
maximize their own resources at the expense of others. But many biological systems, and
especially human societies, show persistent patterns of altruistic, cooperative interac-
tions(1), forming large social groups in which cooperation among non-kin is widespread.
Therefore, one may naturally wonder: How can natural selection promote unselfish be-
haviour?
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2. The Mathematics of Give and Take

The problem may be mathematically formulated in the context of evolutionary game
theory(2). Following the work of Hamilton, Trivers, and Wilson(3-5), an act is altruis-
tic if it confers a bene”t b to another individual in spite of accruing a cost ¢ to the
altruist (where it is assumed, as usual, that b>¢). In this context, several mechanisms
have been invoked to explain the evolution of altruism, but only recently an evolutionary
model of indirect reciprocity has been developed by Nowak and Sigmund(6). According
to Alexander(7), indirect reciprocity presumably provides the mechanism which distin-
guishes us, humans, from all other living species on Earth. Moreover, as recently argued
in(8), “indirect reciprocity may have provided the selective challenge driving the cerebral
expansion in human evolution”. Unlike direct reciprocity, which reflects the common
principle “I scratch your back and you scratch mine”, indirect reciprocity conveys the
motto “I scratch your back and someone else will scratch mine”.We may assume an
underlying mechanism of reputation through which an individual, by providing help to
another, increases her reputation in such a way that it will become more likely for oth-
ers to help her in turn, boosting cooperation. As became clear in the model developed
by Nowak and Sigmund(6), the rule defining the conditions under which the reputation
of an individual will change depending on her action towards a third party and that
third party’s reputation constitutes the norm of the society. Nowak and Sigmund showed
that cooperation under indirect reciprocity is feasible when the ruling norm is “¢mage
score”, whereby an individual always increases her reputation by helping another in-
dividual. Obviously, #mage score is but one example of a myriad of possible norms,
some of which may ultimately promote cooperation, unlike others. The model developed
by Nowak and Sigmund(6), despite dealing with a single norm, had an inherent level of
strategic complexity which precluded its extension towards an exhaustive study of norms
per se. On the other hand, the model provided clear-cut links between norms of coopera-
tion and social norms studied long before in the context of economics(9), also associated
with community enforcement(10). Before the development of the simpler models we shall
address in the following, the consensus from both economics and evolutionary biology was
that reputation based cooperation must be associated with norms requiring high levels
of cognition(8).

3. From the Pleistocene to the Internet

Anthropologists have discussed for a long time the features and limitations related
to the social structure of hunter-gatherers during the Pleistocene(11). Such egalitarian,
small communities must have been under the influence of simple norms, more complex
norms being associated with the emergence of societies at a larger scale(12, 13). Con-
sequently, it has remained unclear to which extent indirect reciprocity may provide a
mechanism to explain reputation based cooperation in more primitive societies.

More recently, and in the midst of the information age, studies have shown that relatively
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low levels of cognition (associated with simple norms) seem to be the rule in modern means
of economic exchange such as e-trade, which also rely on reputation-based mechanisms
of cooperation (14-16). Indeed, anonymous one-shot interactions between individuals
loosely connected and geographically dispersed usually dominate e-trade, raising issues
of trust-building and moral hazard (17). Reputation in e-trade is introduced via a feed-
back mechanism which announces rating of sellers. Despite the success and high levels
of cooperation observed in e-trade, it has been found (14) that publicizing a detailed
account of the seller’s feedback history does not improve cooperation, as compared to
publicizing only the seller’s most recent rating. In other words, practice shows that sim-
ple reputation-based mechanisms are capable of promoting high levels of cooperation. In
view of the previous discussion, it is hard to explain the success of e-trade on the basis
of the results obtained so-far for reputation-based cooperation in the context of indirect
reciprocity.

4. A World in Black and White

Considerable insight into the nature of social norms became possible after some ma-
jor simplifications were introduced in the original model of Nowak and Sigmund (6).
Ohtsuki and Iwasa (18) and Brandt and Sigmund (19) have developed, simultaneously
and independently, a model of binary assessment in a world in black and white, in which
reputations can only take one of two values — GOOD or BAD. This model has influenced
many studies since then(8, 17-23). In the original work of Ohtsuki and Iwasa an exhaus-
tive search has been made in infinite populations under the same social norm, spanning
all possible social norms in such a world in black and white. In their model, the norm
constitutes a rule defining the reputation of a focal individual A, given his action towards
another individual B, A’s reputation and B’s reputation. These three factors contributing
to define the new reputation of individual A define so-called third order norms.

5. The Leading Eight

In this context, eight norms were found to be particularly efficient in promoting
cooperation. These so-called leading eight are depicted in Fig. 1. It is noteworthy
that the norm #mage-score proposed by Nowak and Sigmund(6) is not part of the
leading eight. On the other hand, this study addresses the stability of norms in infinite
populations in which ALL individuals adopt the same strategy, information is public,
no errors take place and stability is studied against invasion by individuals adopting a
different norm and strategy. Despite the great insight provided by this study, many of
simplifications adopted, with the aim of obtaining analytical solutions, raise questions
concerning the connection of these results to real-world situations. Indeed, while it is
reasonable to assume that a given population evolves under a common social norm, it is
hard to imagine that all individuals adopt exactly the same strategy and that the society
is free from errors both in what concerns decisions, but also in what concerns information
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spread. How do norms evolve in populations where such errors co-exist with diversity in
individual strategies?

() good reputation
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Fig. 1 Norm complexity and the Leading Eight Norms. The higher the order (and
complexity) of a norm, the more “inner” layers it acquires. The outer layer stipulates the
donor’s new reputation based on the 3 different reputation/action combinations aligned radially
layer by layer: Inwards, the first layer identifies the action of the donor. The second identifies
the reputation of the recipient; the third the reputation of the donor. The 3 white “slices” can
be associated with either GOOD (green) or BAD (grey) reputations. Consequently, we have 23
norms — the leading eight found by Ohtsuki and Iwasa. Note that, in this convention, second
order norms exhibit a mirror symmetry with respect to the equatorial plane (disregarding the
innermost layer). As a result, only two second order norms can incorporate the leading-eight.
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6. A Model of Conflict and Cooperation

Let us consider a world in black and white consisting of a set of tribes, such that
each tribe lives under the influence of a single norm, common to all individuals (see Fig.
2). Each individual engages once in the indirect reciprocity game with all other tribe
inhabitants. Her action as a donor will depend on her individual strategy, which dictates
whether she will provide help or refuse to do it depending on her and the recipient’s
reputation. In the indirect reciprocity game, any two players are supposed to interact
at most once with each other, one in the role of a potential donor, while the other as a
potential receiver of help. Each player can experience many rounds, but never with the
same partner twice, direct retaliation being impossible. By helping another individual, a
given player may increase (or not) her reputation, which may change the pre-disposition
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of others to help her in future interactions. However, her new reputation
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A

Fig. 2 Norm evolution under conflict and cooperation. Each palette represents a tribe
in which inhabitants (coloured dots) employ different strategies (different colours) to play the
indirect reciprocity game. Each tribe is influenced by a single social norm (common background
colour), which may be different in different tribes. All individuals in each tribe undergo pairwise
rounds of the game (lower level of selection, level 1 in figure), whereas all tribes also engage in
pairwise conflicts (higher level of selection, level 2 in figure). As a result of the conflicts between
tribes, norms evolve, whereas evolution inside each tribe selects the distribution of strategies
which best adapt to the ruling social norm in each tribe.

depends on the social norm used by her peers to assess her action as a donor. Rep-
utations are public: this means that the result of every interaction is made available to
every one through the ”indirect observation model” introduced in (18) (see also (21)).
This allows any individual to know the current status of the co-player without observing
all of her past interactions. On the other hand, this requires a way to spread the infor-
mation (even with errors) to the entire population: Language seems to be an important
cooperation promoter(24) although recent mechanisms of reputation spreading rely on
electronic databases (e.g., in e-trade, where reputation of sellers is centralized). Since
reputations are either GOOD or BAD, there are 2*=16 possible strategies, encoded as
shown in Table 1, further listed in more detail in Table 2, together with known names
from previous studies. On the other hand, the number of possible norms depends on
their associated order. The simplest are the so-called first order norms, in which all that
matters is the action taken by the donor. In second order norms the reputation of one
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of the players (donor or recipient) also contributes to decide the new reputation of the
donor. And so on, in increasing layers of complexity (and associated requirements of
cognitive capacities from individuals) as shown in Fig. 1, which illustrates the features
of third order norms such as those we employ here. Any individual in the tribe shares
the same norm, which in turn raises the question of how each inhabitant acquired it.
We shall not explore this issue here. It is likely that a common norm contributes to the

donor’s reputation | recipient’s reputation | donor’s action
GOOD GOOD Y /N
GOOD BAD Y /N
BAD GOOD Y /N
BAD BAD Y /N

Table 1 Bit-encoding of individual strategies. Each individual has a strategy encoded as
a four-bit string (Y=1 and N=0). For each combination pair of donor and recipient reputations,
the strategy prescribes individual’s action. There are a total of 2*=16 strategies, identified in
Table 2.

overall cohesiveness and identity of a tribe. For a norm of order m there are 22" possible
norms, each associated with a binary string of length 2. We consider third order norms
(8 bit-strings, Fig. 1): In assessing a donor’s new reputation, the observer has to make a
contextual judgment involving the donor’s action, as well as her and the recipient’s repu-
tations scored in the previous action. We introduce the following evolutionary dynamics
in each tribe: During one generation all individuals interact once with each other via the
indirect reciprocity game. When individuals “reproduce” they replace their strategy by
that of another individual from the same tribe, chosen proportional to her accumulated
payoff(19). The most successful individuals in each tribe have a higher reproductive suc-
cess. This indirect reciprocity game provides the basis for the cooperation dilemma that
each individual is facing in each tribe. Since different tribes are “under the influence” of
different norms, the overall fitness of each tribe will vary from tribe to tribe, as well as
the plethora of successful strategies which thrive in each tribe (Figure 2). This describes
individual selection in each tribe (Level 1 in Fig. 2).

Tribes engage in pairwise conflicts with a small probability, associated with selection
between tribes. After each conflict, the norm of the defeated tribe will change towards
the norm of the victor tribe, as detailed in the METHODS section (Level 2 in Fig. 2). We
consider different forms of conflict between tribes, which reflect different types of inter-
tribe selection mechanisms: group selection(7, 13, 25-29) based on the average global
payoff of each tribe (involving different selection processes and intensities — imitation
dynamics, a Moran-like process as well as selection resulting from inter-tribe conflicts
modeled in terms of games: The display game of war of attrition, and an extended
Hawk-Dove Game(20, 22). We perform extensive computer simulations of evolutionary
dynamics of sets of 64 tribes, each with 64 inhabitants. Once a stationary regime is
reached, we collect information for subsequent statistical analysis (cf. methods). We
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strategy name | GG | GB | BG | BB
ALLD N N N N
1 N N N Y
AND N N Y N
SELF N N Y Y
4 N Y N N
5 N Y N Y
6 N Y Y N
7 N Y Y Y
8 Y N N N
9 Y N N Y
CcO Y N Y N
OR Y N Y Y
12 Y Y N N
13 Y Y N Y
14 Y Y Y N
ALLC Y Y Y Y

Table 2 Different individual strategies in indirect reciprocity game. We identify the
different strategies and how they determine the action of a donor (N=no, do not provide help,
Y =yes, provide help), given the reputation pair donor/recipient. Whereas some of these strate-
gies have assumed well-known designations in the literature, others remain named by their
numeric order.

compute the frequency of occurrence of bits 1 and 0 in each of the 8 bit locations. A
bit is said to fixate if its frequency of occurrence exceeds or equals 98%. Otherwise,
no fixation occurs, which we denote by “X”, instead of “1” or “0”. We analyze 500
simulations for the same value of b, subsequently computing the frequency of occurrence
©1, @o and pyx of the bits “17, “0” and “X7”, respectively. If p1> ¢y + @x the final
bit is 1; if @o> 1 + px the final bit is 0; otherwise we assume it is indeterminate, and
denote it by ”e”. It is noteworthy that our bit-by-bit selection/transmission procedure,
though artificial, provides a simple means of mimicking biological evolution, where genes

are interconnected by complex networks and yet evolve independently.

7. Results

The results, for different values of b are given in Table 3, showing that a unique,
ubiquitous social norm emerges from these extensive numerical simulations. This norm
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is of second-order, which means that all that matters is the action of the donor and

the reputation of the receiver.

It is depicted in Fig. 3.

In other words, even when

b Imitation | Moran Pairwise War of attrition | Hawk-Dove
dynamics Comparison

2 1001 1001 1e01 1001 | 1001 1001 eeee oooe 1001 1001

>3 | 1001 1001 1001 1001 | 1001 1001 1001 1001 1001 1001

Table 3 Emerging social norm. For each value of the benefit b (¢c=1), each column displays
the eight-bit norm emerging from the analysis of 500 simulations employing the conflict method
between tribes indicated as column headers. Irrespective of the type of conflict, the resulting
norm which emerges is always compatible with stern-judging.

individuals are equipped with higher cognitive capacities, they rely on a simple norm as
a key for evolutionary success. In a nutshell, “helping a good individual or refusing help
to a bad individual leads to a good reputation, whereas refusing help to a good individual
or helping a bad one leads to a bad reputation”. Moreover, we find that the final norm is
independent of the specifics of the second level selection mechanism, i.e., different types
of conflict will alter the rate of convergence, but not the equilibrium state. In this sense,
we conjecture that more realistic procedures will lead to the same dominant norm.

stern-judging
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Fig. 3 Stern-judging. Out of the 28 possible norms, the highly symmetric, second order norm
shown as the outer layer emerges as the most successful norm. Indeed, stern-judging renders the
inner layer (donor reputation) irrelevant in determining the new reputation of donor. This can
be trivially confirmed by the symmetry of the figure with respect to the equatorial plane (not
taking the inner layer into account, of course).
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8. Prompt Forgiving and Implacable Punishment

The success and simplicity of this norm relies on never being morally dubious: To
each type of encounter, there is one GOOD move and a BAD one. Moreover, it is
always possible for anyone to be promoted to the best standard possible in a single move.
Conversely, one bad move will be readily punished(30, 31) with the reduction of the
player’s score. This prompt forgiving and implacable punishment leads us to call this
norm stern-judging(22).

Long before the work of Nowak and Sigmund(6) several social norms have been pro-
posed as a means to promote (economic) cooperation. Notable examples are the standing
norm, proposed by Sugden ..(9) and the norm proposed by Kandori ..(10) as a means
to allow community enforcement of cooperation. When translated into the present for-
mulation, standing constitutes a third-order norm, whereas a fixed-order reduction of
the social norm proposed by Kandori (of variable order, dependent on the benefit to
cost ratio of cooperation) would correspond to stern-judging. Indeed, in the context
of community enforcement, one can restate stern-judging as: “Help good people and
refuse help otherwise, and we shall be nice to you; otherwise, you will be punished”.

It is therefore, most interesting that the exhaustive search carried out by Ohtsuki and
Iwasa(18, 21) in the space of up to third-order norms found that these two previously
proposed norms were part of the so-called leading-eight norms of cooperation. On the
other hand, image-score, the norm emerging from the work of Nowak and Sigmund(6)
which has the attractive feature of being a simple, second-order norm (similarly to stern-
judging) does not belong to the leading-eight. Indeed, the features of image-scoring have
been carefully studied in comparison to standing(32-34), showing that standing performs
better than image-scoring, mostly in the presence of errors(19).

9. The Emergence of Good and Evil

Although we used the words GOOD and BAD to describe possible tags, these are
somewhat unfortunate choices, as can easily lead to the impression that good and bad
are previously defined concepts. It is important to notice, therefore, that nothing would
change if we have used 1 and 0, instead. The central idea of these works is to show that
morality (i.e., the means to distinguish between good and bad behaviours) can evolve
as a consequence of economic success. In our case, such economic success results from
cooperation within groups and conflict among groups. Once a leading norm emerges,
then 1 and 0 can be correctly interpreted as good and bad, respectively. Moreover, as
shown in a series of previous works, our economic behaviour is not necessarily pay-off
maximizer: in some simple games, like the "ultimatum” or ”"dictator” games, the typical
human behaviour is off Nash-equilibrium(35, 36). In some cases we violate economic
principles necessary for proving market equilibrium, generating economic inefficiency (37,
38). One possible explanation relies on the existence of a certain inner morality which
limits our ambition of being maximizers at all times. For a comprehensive explanation
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of the role of ethics in economics, see(37, 39).

The question of how a morality, which is not optimal from the economic point of view,
can evolve (which is the case of stern-judging, which ranks second in the work of Ohtsuki
and Iwasa, where norm selections are not involved) remains unanswered in general. But
as many have pointed before (see (7) and references therein) group selection plays an
important role and norms that are successful during "peace” time are not necessarily
stable when a conflict takes place. This means that under stress (a between-group con-
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Fig. 4 Cooperation under a selected social norm. We depict the three popular norms
(besides stern-judging pictured in Fig.3), the performance of which we analysed. Stern-judging,
simple-standing and image-scoring are symmetric with respect to the equatorial plane, and as
such are second order norms. As for standing, it clearly breaks this symmetry, constituting a
third order norm. In the lower panel, we plot the ratio between the average payoff attained by
each tribe under the influence of a single, fixed norm, and the maximum value possible, given
the population size (64), the benefit from cooperation (b) and the cost of cooperation (¢ = 1).

flict, natural catastrophes or epidemic outbreaks, for example) characteristics other than
economic efficiency (e.g., the existence of a social security network) may be fundamental.
10. Discussion

Among the leading-eight norms discovered by Ohtsuki and Iwasa(18, 21), only
stern-judging(8) and the so-called simple-standing(23) constitute second-order norms.
Our present results clearly indicate that stern-judging is favored compared to all other
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norms. Nonetheless, in line with the model considered here, the performance of each
of these norms may be evaluated by investigating how each norm performs individually,
taking into account all 16 strategies simultaneously. Such a comparison is shown if Fig.
4. The results show that the overall performance of stern-judging is better than that
of the other norms over a wide range of values of the benefit b. Furthermore, both stand-
ing and simple standing perform very similarly, again pointing out that reputation-based
cooperation can successfully be established without resorting to higher-order (more so-
phisticated) norms. Finally, image-scoring performs considerably worse that all the other
norms, a feature already addressed before(32-34). Within the space of second order
norms, similar conclusions have been found recently by Ohtsuki and Iwasa(23). Clearly,
stern-judging’s simplicity and robustness to errors may contribute to its evolutionary
success, since other well-performing strategies may succumb to invasion of individuals
from other tribes who bring along strategies which may affect the overall performance of
a given tribe. In this sense, robustness plays a key role when evolutionary success is at
stake. We believe that stern-judging is the most robust norm promoting cooperation.

The present results correlate well with the recent findings ine-trade, where simple
reputation-based mechanisms ensure high levels of cooperation. Indeed, stern-judging
involves a straightforward and unambiguous reputation assessment, decisions of the donor
being contingent only on the previous reputation of the receiver. We argue that the
absence of constraining environments acting upon the potential customers in e-trade, for
whom the decision of buying or not buying is free from further ado, facilitates the adoption
of a stern-judging assessment rule. Indeed, recent experiments(40) have shown that
humans are very sensitive to the presence of subtle psychologically constraining cues,
their generosity depending strongly on the presence or absence of such cues. Furthermore,
under simple unambiguous norms humans may escape the additional costs of conscious
deliberation(41).

11. Methods

We considered sets of 64 tribes, each tribe with 64 inhabitants. Each individual
engages in a single round of the following indirect reciprocity game(8) with every other
tribe inhabitant, assuming with equal probability the role of donor or recipient. The
donor decides if YES or NO she provides help to the recipient, following her individual
strategy encoded as a 4-bit string (18-20). If YES, then her payoff decreases by 1, while
the recipient’s payoff increases by b>1. If NO, the payoffs remain unchanged (following
common practice(6, 17, 19, 20, 32) we increase the payoff of every interacting player by 1
in every round to avoid negative payoffs). This action will be witnessed by a third-party
individual who, based on the tribe’s social norm, will ascribe (subject to some small
error probability p, = 0.001) a new reputation to the donor, which we assume to spread
efficiently without errors to the rest of the individuals in that tribe(18-20). Moreover,
individuals may fail to do what their strategy compels then to do, with a small execution
error probability p. = 0.001. After all interactions take place, one generation has passed,
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simultaneously for all tribes. Individual strategies in each tribe replicate to the next
generation in the following way: For every individual A in the population we select an
individual B proportional to fitness (including A)(19). The strategy of B replaces that
of A, apart from bit mutations occurring with a small probability us = 0.01.
Subsequently, with probability pconrrrcr=0.01, all pairs of tribes may engage in a
conflict, in which each tribe acts as an individual unit. Different types of conflicts between
tribes have been considered:

1) Imitation Selection: We compare the average payoffs [[4 and [[ 5 of the two conflicting
tribes A and B, the winner being the tribe with highest score.

2) Moran Process: In this case the selection method between tribes mimics that used
between individuals in each tribe; one tribe B is chosen at random, and its norm is
replaced by that of another tribe A chosen proportional to fitness.

3) War of attrition: We choose at random two tribes A and B with average payoffs
[]4 and []5. We assume that each tribe can display for a time which is larger the larger
its average payoff. To this end we draw two random numbers R4 and Rp each following
an exponential probability distribution given by exp(-t/[[a )/ []a and exp(-t/[]5 )/
[ 5, respectively. The larger of the two numbers identifies the winning tribe.

4) Pairwise comparison: We choose at random two tribes A and B, with average
payoffs [[4 and []p, respectively; then norm of tribe B will replace that of A with a
probability given by

p=[1+ e—ﬁ(ns—nmrl

whereas the inverse process will occur with probability (1 — p). In physics this function
corresponds to the well-known Fermi distribution function, in which the inverse temper-
ature (3 determines the sharpness of transition fromp = 0, whenever[[p< []a, to p = 1,
whenever [[a< [[5- Indeed, in the limit § — 400 we obtain imitation dynamics (strong
selection), whereas whenever § — 0 B replaces A with the same probability that A
replaces B ( 1/2 - neutral drift).

5) Extended Hawk-Dove Game: This method of tribal conflict has been developed
in Ref.(20) and is based on an extended Hawk-Dove game introduced in Ref. (42) Full
details are provided in Ref. (20) Similarly to the other types of conflict, we choose at
random two tribes A and B, with average payoffs [ [4 and [[5, to engage in a conflict. For
each tribe there are two possible strategies, HAWK and DOVE;, as described in Ref.(20).

As a result of inter-tribe conflict the norm of the loosing tribe (B) is shifted in
the direction of the victor norm (A). Convergence of such a non-linear evolutionary
process dictates a smooth norm crossover. Hence, each bit of norm A will replace the
corresponding bit of norm B with probability

b= nll4
nlla + (1 —n)Ilp

which ensures good convergence whenever 7 < 0.2, independently of the type of conflict
(a bit-mutation probability py = 0.0001 has been used). Furthermore, a small fraction
of the population of tribe A replaces a corresponding random fraction of tribe B: Each
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individual of tribe A replaces a corresponding individual of tribe B with a probabil-
ity fmigration = 0.005. Indeed, if no migration takes place, a tribe’s population may
get trapped in less cooperative strategies, compromising the global convergence of the
evolutionary process(27).

Each simulation runs for 9000 generations, starting from randomly assigned strategies

and norms, in order to let the system reach a stationary situation, typically character-
ized by all tribes having maximized their average payoff, for a given benefit b > c¢=1.
The subsequent 1000 generations are then used to collect information on the strategies
used in each tribe and the norms ruling the tribes in the stationary regime. We ran 500
evolutions for each value of b, subsequently performing a statistical analysis of the bits
which encode each norm, as detailed before. In our simulations, we adopted the following
values: 7=0.1, uny=0.0001, us=0.01, pu=p=0.001. The benefit b varied from b =2 to
b=36. Each individual, in each tribe, has a strategy (chosen randomly at start) encoded
as a four-bit string, which determines the individual’s action (N=no, do not provide help;
Y =yes, provide help) as a donor, knowing hers and the recipient’s reputation, as detailed
in Table 1. This results in a total of 16 strategies, ranging from unconditional defection
(ALLD) to unconditional cooperation (ALLC), as detailed in Table 2.
The results presented are quite robust to variations of the different mutation rates intro-
duced above, as well as to variation of population size and number of tribes. Furthermore,
reducing the threshold from 98% to 95% does not introduce any changes in the results
shown.

Finally, in Fig. 4, we ran 500 simulations for each tribe with 64 inhabitants, and used
the last 1000 generations from a total of 10000.
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