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Figure 4: Evolution of empathy, F, in a population of discriminators under three
different social norms. (a, c, e) White areas in the pairwise invasibility plots show
values of E for which the invader’s expected payoff exceeds the mean payoff of the resident
population. Orange arrows indicate the direction of evolution in an infinite population.
(b, d, f) Monte Carlo simulations in small populations of 100 individuals with recurring
mutations to E reflect the predictions of adaptive-dynamics analysis. Sample trajectories
showing all E values in three different populations are show in colors (red, blue, yellow),
with their population means shown in gray.
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Figure 5: Evolution of empathy in an infinite population of discriminator strate-
gists. Circles indicate evolutionarily stable (solid) and unstable (open) singular values of
empathy, E. (a) Above a critical benefit-cost ratio b/c, increasing the benefit of cooperation
promotes the evolution of high levels of empathy under Stern Judging norm. (b) Under
Simple Standing there is a single ESS value for empathy. The highest levels of empathy
evolve with high benefits and low costs of cooperation. However, in this case the monomor-
phic discriminator equilibrium is not stable at the ESS value of empathy. (c) In populations
governed by the Shunning norm there are no stable internal equilibria for £, and empathy
will evolve to either one or zero.

One of our key findings is that high levels of cooperation can be sustained only if
individuals recognize this moral relativity and are capable of making moral judgments from
another person’s perspective. Egocentric world-views lead to unjustified or irrational defec-
tion, because a person perceived as ‘bad’ by the observer might actually appear ‘good’ in the
eyes of the donor who’s action is being evaluated, or vice versa. This point is particularly
striking in the case of Stern Judging, the norm that assigns a ‘good’ reputation only to
individuals who cooperate with other ‘good’ players and defect against ‘bad’ [6, 15]. Despite
being the most efficient norm at promoting cooperation in empathetic societies, Stern Judg-
ing performs very poorly in egocentric populations. On the other hand, Scoring — the norm
that does not take into account the recipient’s reputation at all — is immune to the effects
of empathy and dominates in societies with egocentric moral evaluation rules.

Finally, we have shown that high levels of empathy in moral evaluation can evolve
through cultural copying, and remain evolutionarily stable if the society is governed by Stern
Judging or Shunning norms. Once these societies evolve empathy, individuals performing
egocentric evaluations of observed social behavior will be rewarded less than their empathetic
peers, and this remains true even if strategies are allowed to co-evolve with empathy.

However, we have also shown that under all four social norms, egocentric and uncoop-
erative societies are nevertheless possible evolutionary outcomes. In populations governed by
Stern Judging, Shunning and Scoring this outcome represents an alternative locally (though
not globally) attractive stable state in the strategy-empathy phase space. In the case of Sim-
ple Standing, by contrast, the egocentric and uncooperative outcome is the only long-term
stable outcome as both empathy and strategies are allowed to evolve.

Our study of the role of empathy in human cooperation raises a number of questions to
be addressed in future work. One question involves the competition of social norms for moral
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evaluation — a topic that has been studied in a few restrictive contexts, such as when errors do
not occur [25], or in the context of population structure [15]. Perhaps an even more important
question is whether and how population-wide social norms can evolve from individual moral
beliefs to begin with. It is unclear whether social contagion or individual-level Darwinian
selection is sufficient to establish a hierarchy of norms governing individual behavior in a
population. We have shown that the norms that promote the most cooperation change
depending on the individual capacity for empathetic perspective-taking, but should we also
expect different norms to evolve under empathetic and egocentric modes of judgment? For
instance, populations characterized by fully empathetic moral judgment might be conducive
to the evolution of selfish norms that indiscriminately assign ‘bad’ reputations to evade costly
cooperation without being punished, while models with private egocentric evaluation may
lead to the evolution of more cooperative norms, such as Scoring or Stern Judging ([26, 25]).

4 Methods

4.1 Cooperation under empathetic moral evaluation
4.1.1 Replicator dynamics

To analyze evolutionary dynamics in the strategy space, we consider replicator dynamics in
infinite populations with fixed social norms and fixed values of the empathy parameter F,
limiting ourselves to the discrete three-strategy space (ALLC or X, ALLD or Y and DISC or
Z). Denoting the mean payoff of strategy s as Il;, and the frequencies of the three strategies

dfts - fS(Hs - Zs szS>‘

To describe image dynamics, we let g denote the frequency of ‘good’ individuals within
the population, i.e. g = fxgx + fygy + fz9z. For the Stern Judging norm, we have

at fs, the strategy evolution dynamics can be described as

gx =g+ (1 —g)(1 —¢);

gy = gea + (1 — g)(1 — ey);

gz=E(ge+(1—g)(1—e)) + (1= E)(g’c + g(1 —g)(ea+1—¢) + (1 — g)*(1 — 62))-( |
5

Here e = (1 — e1)(1 — e3) + e1e2. Expected payoffs of the three strategies are then:
Ix =b(fx + fzgx)(1 —e1) — (1 —e1);
Iy = b(fx + f29v)(1 — e1);

Iz =b(fx + fz92)(1 —e1) — cg(1 — e1);
II = fxIIx + fylly + fz1l5.

Likewise for Shunning:

gx = ge + (1 — g)es;
gy = €2 (7)
9z = E(ge + (1 — g)ea) + (1 — E)(g*(e — e2) + €2).
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For Simple Standing;:

gx = ge+ (1 —g)(1 —e2);
gy = gea + (1 —g)(1 —es); (8)
gz =E(ge+ (1 —g)(1 —e2)) + (1= E)(g°c + g(1 — g) + (1 — 9)*(1 — e2)).

And finally for Scoring norm, empathy FE is irrelevant, because the norm does not take into
account the reputation of the recipient:

gx =&
gy = €2 (9)
gz = ge + (1 — g)es.

4.1.2 Stochastic simulations

In addition to the deterministic replicator-dynamics analysis of strategy evolution, we per-
formed a series of individual-based simulations to measure mean levels of cooperation under
continuous influx of mutations in the strategy space ([17]). We assume that all individuals
follow the same social norm and are characterized by the same value of empathy, E. The
population consists of N individuals, each with its own strategy and its own subjective list of
reputations. Each generation, any given individual interacts with all other members of the
society in three different roles: once as a donor, once as a recipient, and once as an observer.

First, each individual plays a single round of the donation game with all other mem-
bers of the society according to her strategy S = [p, ¢] and the subjective reputation of the
recipient, also taking into account the implementation error e;. Here p and ¢ denote the
probabilities that a donor cooperates with a ‘bad’ (B) and ‘good’ (G) recipient, respectively.
The act of cooperation fails with the probability e; (defection always succeeds). The cumu-
lative payoff is then assigned to each individual, with the benefit of cooperation fixed at b
and the cost of a cooperative act c.

To update their list of subjective reputations based on the social norm V;;, each
player then chooses to observe a single interaction per donor (that is, with a randomly
chosen recipient), again taking into account subjective reputation of the recipient either in
the eyes of the donor (probability F) or the eyes of the observer (with a probability 1 — E).
The newly assigned reputation is reversed with the probability es, representing observation
errors. For the sake of simplicity, we assume that all reputations are updated simultaneously
after all donor-recipient interactions have taken place.

We model selection and drift of strategies as a process of social contagion implemented
as a pairwise comparison process. Following the reputation-updating step, a random pair
of individuals is chosen; the first individual adopts the strategy of the second with the
probability 1/ (1 + exp(—w[Il; —Ily])), where w is the selection strength, and II; and II,
are payoffs of the two earned within the last generation. In our simulations of populations
with NV = 100 individuals, we used w = 1.0. Finally, each individual is subject to random
strategy exploration, in which a new random strategy is adopted with a small probability u

([17)).
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The simulation is initialized with random strategies and random lists of subjective
reputations. We recorded the mean rate of cooperation averaged over 150,000 generations
in 50 replicate populations, which is reported in Figure 3.

4.2 Evolution of empathy

Let g;; be the frequency of ‘good’ individuals in the sub-population 7 as seen by individuals
belonging to the sub-population j, where i and j correspond either to resident (i, = 0) or
invader (i, 7 = 1) sub-population. Working in the limit of negligible invader frequencies, for
Stern Judging norm we have:
goo =Fo (gooe + (1 — goo)(1 — e2))
+(1 = Ep) (950¢ + goo(1 — goo)(e2 + 1 — &) + (1 — goo)*(1 — €2)) ;
go1 =E1(gooe + (1 — goo)(1 — e2))
+(1 = E1) (901900€ + go1(1 — goo)ea + (1 — go1)goo(1 — ) + (1 — go1)(1 — goo) (1 — €2));
910 =Eo(go1e + (1 — go1)(1 — €2))
+(1 = Eo)(go1900¢ + go1 (1 — goo)e2 + (1 — go1)goo(1 — &) + (1 — go1)(1 — goo)(1 — e2)).
10
Here ¢ = (1 — e1)(1 — e3) + €169, and Ey and E; are empathy values of resident and invzgdez"
sub-population. For Simple Standing norm, the relative frequencies of good individuals are:
goo =FEo(gooe + (1 — goo)(1 — e2))
+(1 = Ep) (950¢ + goo(L — goo)(1 — €2) + (1 — goo)gooea + (1 — goo)*(1 — €2)) ;
go1 =E1(gooe + (1 — goo)(1 — €2))
+(1 = E1) (901900¢ + go1(1 — goo)ea + (1 — go1)goo(1 — €2) + (1 — go1)(1 — goo) (L — €2));
910 =Eo(gore + (1 — go1)(1 — €2))
+(1 = Eb) (901900 + go1(1 — goo) (1 — €2) + (1 — go1)gooe2 + (1 — go1)(1 — goo) (1 — 62)1)1-
Likewise, for the Shunning norm: -
goo =Eo(goog + (1 — goo)(€2))
+(1 = Ep) (950¢ + goo(1 — goo)ea + (1 — goo)gooe2 + (1 — goo)’e2) ;
go1 =F1(gooe + (1 — goo)ez)
+(1 = E1) (go1900€ + go1(1 — goo)ez + (1 — go1)gooez + (1 — go1)(1 — goo)ez) ;
910 =FEo(go1€ + (1 — go1)e2)
+(1 — Eb) (go1900€ + go1(1 — goo)ez + (1 — go1)gooez + (1 — go1)(1 — goo)ez2) - (12)
Under Scoring, the frequencies of ‘good’ individuals do not depend on empathy:
€2
T1_ctey
We then calculate the expected payoffs of individuals in resident and invader sub-populations:

{Ho = b(1 — e1)goo — (1 — e1)goo;

g (13)

14
I, = b(1 — e1)g10 — (1 — e1)go1- (14
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These payoffs are used to generate pairwise invasibility plots in Figure 4. Singular points
o(11; — Ip)

are found by setting 5E
1

= 0 and setting Fy = Fj.

4.3 Individual based simulations of empathy evolution

To verify the ESS results of the adaptive-dynamics calculations we performed a series of
Monte-Carlo simulations in finite populations of N = 100 individuals. The simulation routine
is largely the same as for the strategy evolution (section 4.1.2), except that in this case we
fixed the strategy at DISC and allowed F to evolve via constant influx of small mutations.
Each generation, empathy of an individual changes via mutation at a rate up = 0.005. Since
empathy is a continuous parameter, we draw the mutational deviation JF from a normal
distribution centered around 0E; = 0 with a standard deviation ¢ = 0.01. Selection for
empathy is modeled by choosing 5 random pairs of individuals and assuming that in each
pair the first individual copies the empathy value F; of the second with the probability
1/ (1 + exp(—w[Il; —IIy])), where II; and Il are their payoffs.
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5 Supplementary Figures
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Supplementary Figure 1: Cooperation rates at the cooperative equilibria in the replicator
dynamics of strategy evolution. For Stern Judging (SJ), Scoring (SC) and Shunning (SH)
norms the cooperative equilibrium (where it exists) corresponds to a homogeneous population
of DISC players, while for Simple Standing (SS) it consists of a mixture of ALLC and DISC
strategists. b/c =5, e; = es = 0.02.
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Supplementary Figure 2: Empathy-strategy co-evolution in an infinite population under
Simple Standing norm. The figure combines the equilibria analysis in the replicator dynamics
for strategy evolution given fixed empathy, fz(E); and singular-point analysis in pairwise
invasibility plots for empathy evolution, E(fz). We make no assumption about the timescales
of the two mutational processes. The only fixed point across the two models is £ = 0.
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