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Reciprocity is central to explanations of cooperation among unrelated individuals in societies of humans and
other animals. Most mathematical analyses of the evolution of reciprocity are based on the repeated Prisoner’s
Dilemma (RPD) and typically assume that new strategies are rarely introduced by mutation or analogous cultural
processes, that behavioral errors are absent or infrequent, and that agents are bound to interact with the same
partner. Here we analyze a version of the RPD in which new strategies are frequently tested, behavioral errors
occur at a non-negligible rate, and actors may have the option to leave their current partner. In this environment,
the usual indeterminacy disappears, and the mix of strategies and cooperation levels are quite stable. With the
option to leave, cooperation persists at a substantially higher level than without the option to leave. Classical
strategies such as Tit-for-Tat, Win-Stay-Lose-Shift, and Grim become rare and are largely displaced by strategies
that sanction cheaters by leaving rather than by retaliatory defection. Beyond a threshold, increasing the number
of times partners interact decreases the level of cooperation without the option to leave, but increases it when

leaving is possible.

1. Introduction

Cooperation among unrelated individuals is a defining feature of hu-
man societies and a central puzzle across the biological and social sci-
ences. The repeated Prisoner’s Dilemma (RPD) has long served as the
workhorse model to explain how pairwise reciprocity can emerge. By
conditioning future actions on past behavior, individuals can sustain
mutually beneficial cooperation.

The theoretical study of the RPD within classical game theory has
largely been guided by an equilibrium-based perspective, in which pre-
dictions are framed in terms of equilibrium concepts such as Nash equi-
librium and their refinements. A central difficulty in this approach is
indeterminacy: for sufficiently large continuation probability, the Folk
Theorem implies the existence of infinitely many Nash equilibria in the
RPD. However, none of them are strict. From an evolutionary perspec-
tive, there are infinitely many neutrally stable strategies (Bendor and
Swistak, 1995, 1998), but none are evolutionarily stable (Boyd and Lor-
berbaum, 1987) or dynamically stable (Garcia and van Veelen, 2016).
Thus, it seems impossible to identify “successful” strategies since, de-
pending on the definition of success, there are infinitely many or there
are none.

Introducing behavioral errors—so that players may occasionally
choose unintended actions—alters this picture but fails to resolve the
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indeterminacy. With rare errors, a large number of strict Nash strate-
gies appear (Sugden, 1986; Boyd, 1989; Kim, 1994; Leimar, 1997),
many of which can support full cooperation. These equilibria corre-
spond to asymptotically stable states under most evolutionary dynamics,
so the fundamental problem of identifying a clear “winning” behavior
remains.

To obtain sharper predictions, a common approach has been to study
evolutionary models with vanishingly rare mutations (Kandori et al.,
1993; Young, 1993, 1998; Fudenberg and Imhof, 2006; Fudenberg et al.,
2006; Traulsen and Hauert, 2009; Wu et al., 2012; Hilbe et al., 2013;
Stewart and Plotkin, 2013; Stewart et al., 2016; Garcia and van Vee-
len, 2016; van Veelen and Garcia, 2019; Schmid et al., 2021). In these
models, populations spend most of their time in homogeneous states,
with evolutionary change occurring through rare transitions between
these monomorphic states, as mutants either go extinct or fixate before
new mutations can arise. Long-run behavior is then characterized by the
relative prevalence of equilibria, reinforcing the equilibrium-selection
perspective that dominates the theoretical analysis of the RPD.

A central limitation of this body of work is the focus on settings
with negligible or nonexistent errors and mutation—an assumption that
clashes with the noisy reality of biological and social systems. Empirical
evidence from both biological and social systems indicates that behav-
ioral errors and mutation are common, and that substantial variation
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is persistently maintained within populations (Grujic et al., 2014; Boyd
and Mathew, 2021; Tkadlec et al., 2023). While single-locus mutation
rates in standard genetic models are typically low, complex behavioral
strategies are influenced by many loci with small effects, which allows
substantial heritable genetic variation to exist at equilibrium (Chabris
et al., 2015). In this context, high mutation rates serve as a practical and
effective proxy for modeling this underlying standing variation (e.g.,
Kokko et al., 2002). Furthermore, in human social contexts, behavioral
variation arises naturally through continuous individual experimenta-
tion and errors in strategy imitation. Evidence from social learning ex-
periments and naturalistic observations confirms that such innovation
and error rates are indeed substantial (Traulsen et al., 2010; Gruji¢ et al.,
2014; Tkadlec et al., 2023).

The importance of variation is not merely empirical: it can alter the
qualitative predictions of evolutionary games. In a finitely repeated Pris-
oner’s Dilemma, extrinsically maintained behavioral variation can sta-
bilize high levels of cooperation even when the corresponding homoge-
neous model predicts defection (McNamara et al., 2004). More broadly,
even small amounts of maintained variation can change strategic incen-
tives by preserving the value of learning about others and responding
contingently to their behavior (McNamara and Leimar, 2010). In evo-
lutionary models, recurrent mutation is one mechanism that maintains
such variation. When mutation is non-negligible, the resulting dynamics
need not be a small perturbation of the rare-mutation limit but may in-
stead constitute a qualitatively distinct dynamical regime (Imhof et al.,
2005; Hilbe et al., 2017; Tkadlec et al., 2023). A striking consequence
of allowing substantial mutation and errors is that predictions often
become sharper. When mutation and error rates are large enough to
maintain persistent variation, the profusion of equilibria characteristic
of repeated games collapses to a small number of dynamical attractors
(Imhof et al., 2005). This collapse makes it possible to move beyond
equilibrium enumeration and instead identify the behavioral traits that
characterize successful strategies, as well as the levels of cooperation
sustained in the long run.

In addition to the standard RPD, we consider the voluntarily repeated
Prisoner’s Dilemma (VRPD), in which players may terminate partner-
ships and seek a new partner (Friedman and Hammerstein, 1991; En-
quist and Leimar, 1993; Noé and Hammerstein, 1995; Hayashi and Ya-
magishi, 1998; Aktipis, 2004; Hamilton and Taborsky, 2005; Fujiwara-
Greve and Okuno-Fujiwara, 2009; Izquierdo et al., 2010; Aktipis, 2011;
Barclay, 2013; Barclay and Raihani, 2016; Graser et al., 2025; Gutiérrez-
Mielgo et al., 2025; Izquierdo and Izquierdo, 2026). This setting cap-
tures situations in which individuals can leave uncooperative partners,
such as friendships, marriages, economic relationships, and mutual aid
in humans and other animals (Mathew and Boyd, 2026). Equilibrium
analysis of the VRPD is even less selective than in the RPD: many par-
tially cooperative equilibria exist (Izquierdo and Izquierdo, 2026), and
evolutionary models with rare mutation likewise fail to identify a small
set of successful strategies (Graser et al., 2025). As in the RPD, equilib-
rium multiplicity persists even in the presence of partner choice, and
neither equilibrium analysis nor evolutionary models with rare muta-
tion are sufficient to explain which behaviors may be observed. Few
models have considered the option to leave with substantial variation.
A notable exception is McNamara et al. (2008), who elegantly demon-
strated that voluntary separation can drive the evolution of cooperation
when populations are subject to substantial variation. However, in that
framework, individuals are characterized by genetically fixed levels of
cooperativeness; they can respond to a partner’s actions by leaving, but
they cannot adjust their cooperativeness within an ongoing partnership.

A related line of work represents opting out through strategy-
dependent interaction durations. These models show that sufficiently
persistent interactions between cooperators can support a stable state
with a high frequency of cooperation, although all-defection remains
locally stable (Kfivan and Cressman, 2017). This approach has also
been investigated experimentally and developed in graph-structured
and multiplayer settings (Zhang et al., 2016; Kurokawa, 2019; Broom
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and Krivan, 2020; Kfivan and Cressman, 2020). These studies provide
complementary examples of how selective interaction duration can gen-
erate assortment, but their main focus is on how particular duration or
separation patterns affect cooperation within restricted strategy sets. By
contrast, in our model, partnership duration is endogenously shaped by
evolving conditional separation decisions rather than assigned to par-
ticular pair types in advance.

More generally, previous models lack substantial variation, omit ex-
ecution noise, or prohibit leaving a partner by design. Consequently,
they cannot evaluate how classical reciprocal behaviors—which depend
on precise coordination of conditional responses—fare under realistic,
noisy conditions where agents can leave their partners.

Here we address exactly this gap by comparing the RPD and the
VRPD in an evolutionary framework with both substantial behavioral
errors and mutation. We focus on deterministic memory-one strategies
(Hilbe et al., 2017), which include most of the widely studied strate-
gies in the literature while avoiding unbounded strategic complexity. In
this setting, evolutionary trajectories in both games converge to a small
number of robust regimes characterized by stable cooperation levels and
well-defined behavioral traits. This allows us to identify which strate-
gies are successful and to compare cooperation with and without the
option to leave.

We find that, despite the absence of fully cooperative equilibria in
the VRPD, cooperation is higher and more robust in the VRPD than
in the RPD due to positive assortment generated by partner switching.
This result aligns with experimental evidence (Fehl et al., 2011; Rand
et al., 2011; Barclay and Raihani, 2016), which shows that cooperation
is higher when individuals can leave partners and that partner switch-
ing is frequent when costs are not excessive. Our results also show that
classical strategies—such as Tit-for-Tat (TFT) and Win-Stay-Lose-Shift
(WSLS)—that have been celebrated for their success in the RPD (Ax-
elrod, 1984; Kraines and Kraines, 1993; Nowak and Sigmund, 1993;
Imhof et al., 2005) perform poorly in the VRPD: with moderate error
and mutation rates, these strategies are practically eliminated from the
population. More broadly, our findings reveal that when social interac-
tions are subject to realistic behavioral noise, the freedom to walk away
is a far more robust driver of cooperation than the threat of retaliation.

2. The model

Our model encompasses the standard RPD and the VRPD. The stan-
dard RPD is obtained as a special case of the VRPD by forbidding strate-
gies that use the option to leave. Fig. 1 shows a sketch of the sequence
of events that take place in the model within each (discrete) time step,
which we call tick. At the beginning of every tick, all single players (those
without a partner) are randomly matched in partnerships, and then all
agents play the stage game. Analysis presented in the SI indicates that
our results are not substantially affected by delayed rematching.

The stage game is a Prisoner’s Dilemma (PD). Actors can either coop-
erate (C) or defect (D) with payoffs Ucc = b, Ucp =0, Upc = b+ 1 and
Upp = 1, where the first action is the actor’s and the second their part-
ner’s. This version of the PD is often called the donation game, where
b > 1 is the benefit provided by a cooperating partner at a cost equal
to 1.

Each player’s strategy determines their action given the partner-
ship’s history. We consider memory-one pure strategies, i.e., determin-
istic strategies whose choices depend only on the partnership’s last out-
come. We can represent any of these strategies by a sequence of five
letters indicating what choice to take (C, D or L, where L denotes leav-
ing the partnership) after each possible history (4, CC,CD, DC, DD). For
example, C|CLCC is the strategy that starts a new partnership playing
C, never plays D, and leaves after a partner’s unilateral defection. There
are 2 x 3* = 162 memory-one strategies in the VRPD. The memory-one
strategies for the RPD are the 2 x 2* = 32 strategies with no L. For in-
stance, Tit-for-Tat (TFT) corresponds to C|CDCD, while C|CDDD is
a strategy that chooses to cooperate with new partners and keeps on
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Fig. 1. Sketch of the sequence of events within each discrete time step, or tick. The “Remaining Pairs” and “Singles” at the end of a time step are identical to the

“Existing Pairs” and “Singles” in the next time step.

cooperating if and only if there is mutual cooperation, defecting other-
wise. In a slight abuse of convention, we call this last strategy Grim.

Errors are modeled as unintended actions in the stage game: a D
instead of an intended C, or a C instead of an intended D. Both errors
occur with probability e. After playing the stage game, partnerships may
dissolve for exogenous reasons. The probability that this does not occur
and the partnership continues is 6. Thus, y = (1 — 6)~! is the expected
number of interactions of partnerships whose members do not choose to
break up.

After every exogenous breakup, players may revise their strategy
independently, with probability r. Revisers experiment with probabil-
ity y—which we refer to as the mutation probability to maintain consis-
tency with the evolutionary game theory literature—and imitate with
probability 1 — x. Under our local experimentation rule, one of the five
components of the current strategy is selected uniformly at random and
its prescribed action is replaced by one of the other feasible actions, also
selected uniformly. Thus, experimentation alters behavior following a
single contingency rather than replacing the entire strategy. Further de-
tails and discussion of this mutation mechanism are provided in the SI.

When revisers imitate, they adopt a strategy that is currently present
in the population. Each strategy is selected with probability proportional
to the total payoff earned during the current tick by all individuals us-
ing that strategy. This procedure is exactly equivalent to selecting an
individual from the population with probability proportional to that in-
dividual’s current payoff and copying their strategy. This updating pro-
cess can be interpreted as cultural imitation, migration, or reproduction
with mutation.

Simulations were run in finite populations of constant size N. Each
simulation was run for sufficiently many ticks for the reported summary
statistics to stabilize after the initial transient; the exact simulation hori-
zons and averaging windows are stated in the relevant figure and table
captions. We also used a deterministic mean-dynamic approximation to
study the corresponding dynamics in large populations. Further imple-
mentation details and replication resources are provided in the SI.

3. Simulation results

In this section, we use computer simulations to compare the RPD
and the VRPD. At the beginning of each simulation run, all individuals
are single. Each individual’s initial strategy is drawn independently and
uniformly from the relevant strategy set: the 32 strategies in the RPD
or the 162 strategies in the VRPD. Thus, every feasible strategy has the

same probability of being assigned initially, although the realized initial
frequencies vary across runs.

Our baseline parameterization is b =3, § = 0.95 (y = 20), ¢ = 0.05,
u=0.05,r=0.1, and N = 500. These values are intended as a theoreti-
cally informative benchmark rather than an empirically calibrated sce-
nario. In particular, € = 0.05 represents a moderate level of behavioral
noise, corresponding on average to one unintended action in every 20
choices, while y = 20 represents a relationship expected to last 20 inter-
actions in the absence of endogenous separation. These values ensure
that both behavioral errors and the consequences of repeated interac-
tion are relevant. As shown below, our main qualitative findings are
robust to varying each parameter individually over a broad range of
values.

In the baseline scenario, allowing individuals to leave their partners
raises the estimated long-run cooperation rate from less than 40% to
more than 60%. More precisely, the long-run mean proportion of CC
outcomes is 24.5 percentage points higher in the VRPD than in the RPD
(95% Welch confidence interval for the difference: [22.5,26.5] percent-
age points).

Fig. 2 shows how the long-run cooperation rate changes when each
parameter is varied individually while all other parameters are held at
their baseline values. This one-at-a-time analysis evaluates robustness to
each parameter separately. Specifically, each point in Fig. 2 reports the
mean cooperation rate from tick 190 000 to tick 200 000 over 100 runs
starting from random initial conditions (i.e., initially, each agent adopts
a random strategy). The error bars show pointwise 95% ¢-confidence
intervals for the corresponding mean. In many cases, these intervals
are narrower than the plotting symbols. Overall, the cooperation ad-
vantage of the VRPD is robust across a broad range of parameter values,
although it does not hold at every value examined (e.g., payoff bene-
fit b < 2, expected number of interactions y <7 or ¢ = 0). Accordingly,
within the parameter range examined, the cooperation advantage of the
VRPD arises when the benefit of cooperation is sufficiently large and re-
lationships are noisy and persist long enough for contingent behavior to
matter; it is absent when the benefit is small, interactions are error-free,
or the expected number of encounters is very small.

Fig. 2(b) shows how cooperation is affected by the expected number
of interactions, y. If y <3, cooperation is not observed: when partner-
ships last such a short time, the short-lived rewards enjoyed by part-
nerships of cooperators cannot compensate for exploitation by defec-
tors. Cooperation first becomes appreciable at y = 4. For y € {4,5,6,7},
mean cooperation is higher in the RPD than in the VRPD. Then,
for larger values of y, an interesting pattern appears: increasing the
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Fig. 2. Average percentage of cooperative outcomes in the RPD and VRPD when each parameter is varied from its baseline value: (a) the payoff benefit 5, (b) the
expected number of interactions of partnerships that are not voluntarily terminated y, (c) the probability of action error ¢, (d) the probability of mutation u, (e)
the probability of revision r, and (f) the population size N. Each point is the average from tick 190 000 to tick 200 000 over 100 runs starting from random initial
conditions. The dashed vertical line in each plot indicates the value of the parameter in the baseline scenario. The error bars show pointwise 95% t-confidence
intervals; the widest confidence interval has a width below 9 percentage points. In panel (b), the mean curves cross between y = 7 and y = 8, marking a transition
from cooperation being higher when leaving is unavailable (RPD) to cooperation being higher when leaving is allowed (VRPD). In the RPD, cooperation reaches
its maximum at approximately y = 6 and subsequently declines, whereas cooperation continues to increase over a wider range of values when leaving is allowed.
Without the option to leave (RPD), longer relationships allow errors to generate prolonged retaliation or miscoordination; with the option to leave (VRPD), individuals
can abandon such partnerships and be rematched. The crossing and turning points are descriptive features of the plotted means rather than statistically estimated

thresholds.

Table 1

Percentage of players using each choice (row) after a given
history (column) in the RPD, in the baseline scenario. Values
are averages from tick 290 000 to tick 300 000 over 100 runs
starting from random initial conditions.

Empty history ~ Previous outcome
[/ cc CcD DC DD
. 87 91 9 18 38
Choice 13 9 91 82 62

number of expected interactions (y) lowers cooperation in the RPD,
but increases cooperation in the VRPD. Thus, the cooperation gap
between the RPD and VRPD widens as the number of interactions
increases.

To understand this, we examine which strategies prevail in the base-
line scenario for the RPD and for the VRPD. Table 1 shows that in the
RPD selection favors: (1) being nice (87%), (2) cooperating after mu-
tual cooperation (91%), (3) defecting after exploitation (91%), and (4)
continuing to defect after exploiting (82%). The only two (memory-one)
strategies with these four traits are Grim and WSLS. The difference be-
tween these two strategies is that Grim defects after mutual defection,
while WSLS cooperates.

Fig. 3 shows the distribution across runs of the mean frequencies of
the four most prevalent strategies in the RPD simulations in the base-
line scenario, together with their aggregate distribution (rightmost box
plot). They are all nice, continue cooperating after mutual cooperation,

and defect after being exploited, i.e., they exhibit the pattern C|CD O O
(where O may be C or D). At baseline, this set of strategies accounts for
an average of 72.2% of the RPD population (95% f-confidence interval:
[70.8,73.6]%). In the absence of errors, any match between two members
of this set leads to full cooperation.

Importantly, although the aggregate frequency of the set C|CD OO
is high and relatively stable across runs (see the rightmost box plot in
Fig. 3), there are strong fluctuations over time and across runs in the
frequency of each individual strategy (see Fig. 4). We therefore do not
interpret the apparent differences among the individual box plots as
systematic differences in evolutionary success. Instead, our analysis
highlights the collective prevalence and shared behavior of the strategy
set C|ICDQOO.

The presence of errors is crucial for understanding why increas-
ing the expected number of interactions y can lead to less cooperation
(Fig. 2(b)). In the RPD, the only way cooperative strategies can protect
themselves from exploiters is by defecting, and selection favors this trait:
most players defect after CD (see Table 1). With non-negligible errors,
however, this means that the longer a partnership lasts, the more likely
it is that there will be mistakes that lead to sequences of mutual defec-
tion or miscoordination. Moreover, increasing y reduces the frequency
of exogenous breakup and hence the opportunities for such sequences
to be interrupted by rematching and a new partnership history. Thus,
in the RPD, intermediate partnership lengths lead to the highest coop-
eration rates: when errors are non-negligible, the expected number of
interactions should be neither too low nor too high.

Now consider the VRPD. The possibility of leaving a partner intro-
duces two important features. First, players can use the defect-and-leave
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Fig. 3. Box plots of the run-level mean frequencies of the four strategies belonging to the set C|CD O O (where O may be C or D) and their aggregate frequency
(rightmost box). Within each run, frequencies were averaged from tick 290 000 to tick 300 000; the box plots summarize 100 independent runs starting from random

initial conditions. Outliers are indicated by crosses (x).
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Fig. 4. Percentage of the population using each of the four main strategies, plotted against time, in a representative run of the RPD in the baseline scenario. It is
a stacked line graph, so the frequency of Grim is the height of the light green line, the frequency of WSLS is the distance between the dark green line and the light

green line, and so on.

strategy D|LLLL. In the absence of action errors, a D|LLLL player in
a population of nice strategies obtains the maximal stage payoff  + 1 in
every interaction. This means that, to be stable, a population must have
enough players that defect in the first period. Otherwise the population
would be easily invaded by defect-and-leave. In particular, nice strategies
that cooperate with strangers (TFT, WSLS, Grim) can easily be invaded.

Second, after having been exploited (possibly by mistake), players
can now leave, rather than stay and defect, and this allows them to es-
cape the potentially long sequence of mutual defections that strategies
like Grim may suffer after a single mistake. The option to leave creates
a different way to discipline defectors: sending them to the pool of sin-
gles by breaking the partnership. This punishment is more effective as
the proportion of nasty strategies in the pool increases; and we know
that there are some nasty strategies in any stable population, because
nice strategies do not constitute Nash equilibria in the VRPD under the
conditions considered here.

With these two features in mind, it may not come as a surprise that
the most successful strategies in the VRPD (Table 2) (1) are not nice
(97%), (2) continue cooperating after CC (89%), (3) leave after ex-
ploitation (82%)—which provides protection against defectors and gen-
erates positive assortment—and (4) cooperate after mutual defection
(94%). We saw this last feature in WSLS, but here it exists for a differ-
ent reason. In the RPD, WSLS cooperates after mutual defection to re-
store cooperation following an error. Successful strategies in the VRPD
cooperate after mutual defection to restore cooperation after the initial
defections.

Fig. 5 shows the distribution across runs of the mean frequencies of
the three most common strategies in the VRPD in the baseline scenario.

Table 2

Percentage of players using each choice (row) after a given
history (column) in the VRPD. Values were calculated as in
Table 1. Columns may not sum to 100 because of rounding.

Empty history Previous outcome
[} cc CD DC DD
C 3 89 4 26 94
Choice D 97 9 15 46 5
L 2 82 28 1

We call them Leavers because they all respond to exploitation (C D) by
leaving. These three strategies are the only strategies that exhibit the
four successful traits outlined above. Fig. 5 also includes a box plot for
the aggregate frequency of the set of Leavers (D|C L « C, where « may be
C, D, or L) and a final box plot for the aggregate frequency of the set
C|CD O O (which includes the successful strategies in the RPD).

Introducing the option to leave changes which strategy set predom-
inates. The set of successful strategies in the RPD (C|CD O Q) becomes
rare when players are given the option to leave (see the rightmost box
plot in Fig. 5). It is replaced by the set D|CL « C, which accounts for
67.2% of the VRPD population (95% r-confidence interval: [64.3,70.0]1%).
By exercising the option to leave, members of this set sustain a higher
cooperation rate: at baseline, cooperation rises from less than 40% in the
RPD to more than 60% in the VRPD (see Fig. 2).

After its initial defection, Leaver, (D|CLDC) behaves similarly to
WSLS, except that it responds to a partner’s defection by leaving rather
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Fig. 5. Box plots of the run-level mean frequencies of the three individual Leaver strategies, their aggregate strategy set D|CL « C, and the strategy set C|CD O O.
Values were calculated and summarized as in Fig. 3. Outliers are indicated by crosses (x). In the definition of the sets, » may be C, D, or L.
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the baseline scenario. It is a stacked line graph, so that the frequency of Leaver, is the height of the yellow line, the frequency of Leaver, is the distance between the

orange line and the yellow line, and so on.

than by defecting. The three Leavers differ only in their behavior after
exploiting their partner (i.e., after DC). Because 82% of the population
leaves after being exploited, this contingency is encountered relatively
infrequently and consequently has only a limited effect on fitness. In the
absence of errors, any match between two of the three Leavers follows
the same path: DD-CC-CC-CC-.... If a single error occurs, however,
the partnership is broken.

As in the RPD, in the VRPD there are also strong fluctuations over
time and across runs in the frequency of each individual strategy in the
set D|CL « C (see Fig. 6). Thus, our main finding concerns the behavior
and collective prevalence shared by the three Leavers, rather than the
differences among their individual frequencies.

Finally, note that, in the VRPD, increasing the expected number of
interactions, y, does not lead to less cooperation, as happens in the RPD
(see Fig. 2(b)). The reason is that successful players do not stay and
defect after having been exploited; they simply leave and so escape the
potentially long sequence of mutual defections that classical strategies
may suffer after a single mistake.

Strategies that do not leave suffer a difficult dilemma: if they are not
tolerant of errors, like Grim, then they do not fare well against them-
selves; if, on the other hand, they are tolerant of errors, like WSLS,
then they are vulnerable to exploitation by defectors. Leaving provides
a way out of this dilemma: a strategy that performs well against itself
can protect its users from defectors by leaving them, and this generates
positive assortment, a key principle known to underlie the evolution of
cooperation (Eshel and Cavalli-Sforza, 1982; Doebeli and Hauert, 2005;
McNamara et al., 2008; Fletcher and Doebeli, 2009). This assortment
mechanism is closely related to that identified in models with strategy-

dependent interaction times (Kfivan and Cressman, 2017, 2020). In our
model, however, differences in partnership duration are generated en-
dogenously by evolving conditional separation responses rather than
specified in advance. Under this endogenous assortment mechanism,
increasing the expected number of interactions y allows mutually co-
operative partnerships to persist and reap the benefits of cooperation
for longer, while individuals remain free to leave exploitative relation-
ships. Consequently, cooperation is substantially higher than in a system
where players cannot leave their partners. More freedom at the individ-
ual level leads to better outcomes at the population level.

4. Mathematical insights

The mechanisms underlying the simulation results have been ex-
amined using analytical work and reduced mean-dynamic systems de-
scribed below and in the SI. There, we formalize important differences
between the RPD and the VRPD in the presence of errors. In the RPD
with errors, there are a number of monomorphic strict Nash states to
which many evolutionary dynamics can converge, but that is not the
case in the VRPD. For instance, in our baseline scenario, Grim, WSLS,
AlID, and D|CDDC (nWSLS, for nasty WSLS) are strict Nash in the RPD,
but they are not even evolutionarily stable in the VRPD.

In fact, focusing on the donation game, we show that no memory-
one strategy is evolutionarily stable (or strict Nash) in the VRPD for
small to moderate error rates (¢ € (0,0.1]) and § € [0.5,1), even when
potential mutants are restricted to the class of memory-one strategies.
An evolutionarily stable strategy is one that, when common in the pop-
ulation, cannot be invaded by any rare mutant. The intuition behind
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Fig. 7. Strategy distribution of the attracting rest point found numerically for different mutation rates. Other parameter values are set as in the baseline scenario.

This rest point is not necessarily stable if the strategy set is enlarged.

our result is that endogenous separation creates behavioral redundan-
cies among memory-one strategies. If a strategy leaves after a particular
outcome, some prescriptions governing how play would subsequently
continue within that partnership become behaviorally irrelevant. Con-
versely, if both players’ responses after an outcome reproduce the ac-
tions they would take at the beginning of a new partnership, continuing
together can be outcome-equivalent to separating and being rematched.
For 156 of the 162 memory-one strategies, these redundancies allow us
to construct a distinct neutral mutant that generates the same distribu-
tion of outcomes, and hence the same payoffs, in every resident-mutant
pairing. The resident therefore fails the conditions for evolutionary sta-
bility. The remaining six strategies do not admit this neutral-mutant
construction, but each can be invaded by a mutant that earns a strictly
higher payoff under the parameter conditions stated above. The formal
construction and the treatment of the six exceptional strategies are pro-
vided in the SIL.

In the SI, we also derive the mean dynamic (MD) of our evolution-
ary process. The MD (Sandholm, 2010) is a deterministic system of ODEs
that approximates the stochastic population dynamics over finite time
spans for a fixed strategy set. Because evaluating the endogenous pay-
off functions throughout the state space becomes computationally pro-
hibitive when all 162 memory-one strategies are included, we analyze
reduced systems containing a small number of strategies. These reduced
systems are not intended to reproduce the precise long-run strategy dis-
tribution of the full stochastic simulations. Rather, they allow us to in-
vestigate attractors and isolate the mechanisms underlying the success
of strategies that exercise the option to leave.

In particular, we consider a five-strategy system comprising Leaver,
and four strategies that are prevalent or theoretically important in the
RPD: Grim, WSLS, TFT, and AlID. With the baseline parameters, trajec-
tories starting from 1000 randomly selected initial states all converge
to the same rest point, at which more than 80% of the population
uses Leaver;. This result is qualitatively consistent with the full sim-
ulations, in which the three Leaver strategies collectively predominate
in the VRPD, whereas the conventional non-leaving strategies that are
successful in the RPD become uncommon (Fig. 5). Naturally, this com-
parison concerns the qualitative evolutionary pattern rather than the
precise strategy frequencies. The latter are not expected to coincide be-
cause the full simulations admit all 162 strategies and use local muta-
tion, whereas the reduced MD contains only five strategies and assumes
uniform experimentation among them.

Fig. 7 shows how the composition of the attracting rest point found
numerically changes with the mutation rate u. As u approaches zero,
the frequency of Leaver; approaches one, while the frequencies of the
four non-leaving strategies approach zero.

We also examine the attractors of this reduced system for different
error rates (see Fig. 8). For each value of ¢, we numerically solve the
MD from each of the five monomorphic states. For e < 1073, all five
trajectories converge to the same rest point, where more than 75% of
the population uses TFT, WSLS, or Grim. Within the thin red interval
in Fig. 8, the trajectories converge to two different rest points. For ¢ >
2x 1073, all five trajectories converge to a qualitatively different rest
point characterized by the predominance of Leaver.

Fig. 8 shows that the dynamics at a fixed positive but small error
rate, such as ¢ = 2 x 1073, can differ qualitatively from those obtained
at e = 0 or in the vanishing-error limit ¢ — 0. Consequently, conclusions
derived under zero error or by taking the error rate to zero need not
apply when the error rate is small but fixed and positive. This distinction
is examined further in the SI, Section “Fixed positive error rates and the
vanishing-error limit.”

5. Leaving rather than punishing by defection: positive
assortment

A comparison of Leaver; (D|CLDC) and nWSLS (D|CDDC) illus-
trates why leaving unilateral defectors (as Leaver, does) is better than
punishing them by defecting (like nWSLS). First, notice that in a pop-
ulation made up of any mixture of Leaver, and nWSLS both strategies
obtain the same expected payoff (see Fig. 9(a)) because in every part-
nership individuals expect the same sequence of outcomes. Without er-
rors, every partnership follows the sequence DD-CC-CC-.... Follow-
ing a unilateral error, play returns, in the absence of further errors, to
the sequence DD-CC-CC-...: Leaver| achieves this through separation
and rematching, whereas nWSLS does so within the existing partnership.
Fig. 9(a) includes the (1-dimensional) mean dynamic at the bottom: ar-
rows point in the direction of movement and circles indicate the location
of the asymptotically stable rest points.

Next, consider the fitness for nWSLS and Leaver, interacting with
AlID (see Figs. 9(b) and 9(c) respectively). An individual with either
strategy obtains the same payoff in a population of AlID, and a single
AlID obtains the same payoff against either of them when entering a
monomorphic population. In both cases a player using AlID can expect
an alternating sequence of DD and DC outcomes (either with the same
partner if in a nWSLS population, or changing partners after DC if in a
Leaver, population).

However, the fitnesses of nWSLS and Leaver, differ in populations
with substantial frequency of AlID as shown in Fig. 9. Panel 9(a) shows
that both strategies are equivalent in an isolated bimorphic population.
Panel 9(b) shows the dynamics in a population of nWSLS and AlID:
linear payoff functions and a single attractor where most players use
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Table 3
Assortment and payoffs in a bimorphic population with 75% of
AlID players and 25% of nWSLS players. § = 0.95 and e = 0.05.

Fraction matched to Payoff with Payoff
nWSLS (25%) AlD (75%) nWSLS AlD
nWSLS 25% 75% 2.65 0.66 1.16
AlID 25% 75% 2.41 1.10 1.43

AlID. Panel 9(c) shows the dynamics in a population of Leaver, and
AlID: nonlinear payoff functions (with the same initial and final val-
ues as in panel 9(b)) and a single attractor where most players use
Leaver,.

To understand why nWSLS and Leaver, differ, assume that the fre-
quency of AlID defectors is 75%. The first part of Table 3 presents the
expected fraction of nWSLS players in partnership with nWSLS or with
AlID players. Since partnerships are never endogenously broken, those
are simply the proportions of each strategy in the population, and the
same holds for AlID players. The second part of the table shows the av-
erage payoff obtained by nWSLS and AlID players in partnerships with
either nWSLS or AlD. The last column shows the average payoff ob-
tained by each strategy in the population. Since the payoff to AlID (1.43)
is higher than the payoff to nWSLS (1.16), the proportion of AlID will
increase (see panel 9(b)).

Table 4 presents the corresponding data for Leaver; and AlD. In
this case, homogeneous partnerships in which both players use the
same strategy are stable, while heterogeneous partnerships separate af-
ter playing together twice (unless there is an error). As a result, most

Table 4
Assortment and payoffs in a bimorphic population with 75% of AllD
players and 25% of Leaver, players. 6 = 0.95 and e = 0.05.

Fraction matched to Payoff with Payoff
Leaver, (25%) AlID (75%) Leaver, AllD
Leaver, 75.37% 24.63% 2.65 0.66 2.16
AlD 8.21% 91.79% 241 1.10 1.21

Leaver, players are found in partnerships with other Leaver; players,
and most AlID players are found in partnerships with other AIID players.

The option to leave generates positive assortment: the fraction of
Leaver, players who are in partnerships with other Leaver| players is
larger than the proportion of Leaver| players in the population; and
the same holds for AlID players. As a result of positive assortment, the
average payoff to Leaver, players in the population is close to the payoff
obtained when two such players interact (this effect pushes its payoff
function upwards in Fig. 9(c) compared to 9(b)); and the same holds for
AlID players (which pushes its payoff function downwards in Fig. 9(c)).

In the situation shown in Table 4, the proportion of AlID will de-
crease, since the payoff to AllD (1.21) is lower than the payoff to Leaver,
(2.16) (see panel 9(c)).

6. Conclusions
We have studied population dynamics in the repeated Prisoner’s

Dilemma and in the voluntarily repeated Prisoner’s Dilemma with ac-
tion errors and recurrent exploration of alternative strategies. Both fea-
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tures are commonly observed in real-life interactions but have often
been considered separately. Studying them together leads to insights
not captured by previous models.

In settings with non-negligible error and mutation rates, a small set
of strategies typically predominates. Although the option to leave pre-
cludes a fully cooperative equilibrium, it substantially increases coop-
eration when relationships persist long enough for contingent behavior
to matter (see also Wubs et al., 2016). This increase in cooperation be-
comes larger as the expected number of interactions rises.

The predominant strategy set is completely different with the option
to leave. Strategies that exercise the option to leave are more robust to
errors and thrive compared to strategies that never leave. With errors,
non-leaving strategies such as Tit-for-Tat, Win-Stay-Lose-Shift and Grim
face a dilemma: forgiveness invites exploitation, while strictness causes
long periods of miscoordination. Leaving resolves this by letting players
abandon exploiters while still cooperating with similar types.

As aresult, strategies that leave unilateral defectors outperform those
that punish by defecting within partnerships, and cooperation increases
markedly. Importantly, the option to leave not only provides an effec-
tive alternative to in-partnership retaliation, it also generates positive
assortment, allowing cooperative strategies that leave defectors to inter-
act more often with each other. Cooperative partnerships persist, while
exploiters often return to the pool of singles, which is dominated by
defectors. Thus, most cooperators are found in partnerships with other
cooperators, and most exploiters are found in partnerships with other
exploiters. This allows for the evolutionary emergence and maintenance
of high levels of cooperation.

In sum, our results highlight the central role of the option to leave
in supporting (partial) cooperation under realistic conditions. Giving
agents the freedom to leave exploitative relationships can lead to better
outcomes at the population level.

Materials and methods

The analytical framework used in this study is explained in detail
in the Supplementary Information (SI), which also includes the math-
ematical analysis and proofs. All software developed for this work has
been released under the GNU GPL v3 license and is publicly available
(Izquierdo et al., 2026).
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