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Arbitration supports reciprocity when there are
frequent perception errors

1,24

Robert Boyd ®"2 and Sarah Mathew

Reciprocity is undermined by perception errors, mistakes that cause disagreement between interacting individuals about past
behaviour. Strategies such as win-stay-lose-shift and generous tit-for-tat can re-establish cooperation following a perception
error, but only when errors arise infrequently. We introduce arbitration tit-for-tat (ATFT), a strategy that uses third-party
arbitration to align players' beliefs about what transpired when they disagree. We show that, when arbitration is moderately
accurate, ATFT is a strong subgame-perfect equilibrium and is evolutionarily stable against a range of strategies that defect,
cooperate, ignore arbitration or invoke arbitration unnecessarily. ATFT can persist when perception errors are frequent, arbi-
tration is costly or arbitration is biased. The need for third parties to resolve perception errors could explain why reciprocity is
rare in other animals despite opportunities for repeated interactions and why human reciprocity is embedded within culturally
transmitted moral norms in which community monitoring plays a role.

errors because a mistaken defection by one individual can

motivate ones partner to defect, setting off a sequence of
reprisals that undermine cooperation’”. This need not occur if indi-
viduals know that they have erred, an ‘execution error, because the
individual who mistakenly defects can accept their partner’s retali-
ation without further defection and this act of contrition restores
mutual cooperation’~. However, individuals may often be unaware
that they have erred. Such perception errors™” pose a greater chal-
lenge because partners hold different beliefs about what transpired,
which often leads to the collapse of cooperation. Strategies such as
win-stay-lose—shift (WSLS)*'? and generous tit-for-tat (GTFT)'"-"*
can resolve this problem when errors are rare, but have not been
shown to sustain cooperation when there are frequent perception
errors. When the right mix of invading strategies is present, strate-
gies such as GTFT and WSLS are vulnerable to indirect invasion'*"".
For example, GTFT can be invaded by always cooperate (ALLC),
the strategy that always cooperates, which can then be invaded by
defecting strategies and this can lead to cycles or the collapse of
cooperation. Such indirect invasion need not occur when individu-
als know they have erred*.

While perception error rates have never been measured, there
are compelling reasons to think that perception errors arise fre-
quently in naturalistic interactions. In most models the costs and
benefits to the recipient of helping are fixed. In the real world the
costs and benefits vary, occur in different currencies and depend
on many contingencies, especially the states of an individual that
are not known to others'*". Individuals often need to infer whether
their partner has cooperated based on incomplete information
about their partner’s expectations. In modern economies, contracts
between individuals are typically incomplete'®*" and parties often
resort to renegotiation or, if this fails, to the courts. Partnerships and
joint ventures are sustained by reciprocity’*, and fail when trust
breaks down. In a sample of 92joint ventures, Kogut et al.”> found
that only 32 were still functioning after 7 years. Marriage contracts
too typically leave many aspects of the relationship unspecified-*
and, although customary law helps to align expectations, disputes

| he evolution of reciprocity’” can be sensitive to behavioural

and divorce are common**”’. Conversation and discourse analysis
suggests that disagreements are routine in interpersonal interac-
tions and that representing such conflict is a key part of human
language®*~*. Furthermore, individuals’ perceptions about their
partner’s behaviour and their convictions about their own obliga-
tions are based on biased beliefs. An extensive literature in psychol-
ogy has demonstrated that people are prone to self-serving biases in
both causal attribution and judgements of fairness*'~**. When inter-
acting individuals are offered moral ‘wiggle room’ in experiments,
they tend to choose the interpretation of the rules that serves their
interest”*. Such self-serving biases have been shown to prevent
settlement in pre-trial bargaining between disputants*-*’, necessi-
tating expensive third-party judicial intervention. Taken together,
this evidence portrays a social world where partners often arrive
at different conclusions regarding what has transpired, leading to
disagreements that unravel reciprocal cooperation. While analytical
work often assumes low error rates, simulation studies frequently
assume substantial error rates. For example, two studies>" incor-
porate error rates of 10% while a third" considers error rates of up
to 50%. Laboratory experiments'®'”* investigating the effects of
errors in the iterated prisoner’s dilemma game assume error rates
of 12.5-15%.

We introduce a strategy labelled arbitration tit-for-tat (ATFT)
that uses third-party judgements to resolve disagreements about
individual behaviour, and show that it can sustain cooperation even
when error rates are high. Pairs of individuals, each characterized
by a heritable strategy, are sampled from a large population and
play an iterated prisoner’s dilemma. In each interaction individu-
als can cooperate, producing benefit b to the partner at a cost ¢ to
themselves, or defect, generating no benefit or cost. Interactions
continue with fixed probability w. With probability e, individuals
whose strategy specifies that they should cooperate, instead defect
but mistakenly believe that they have actually cooperated. Their
partner perceives their actual behaviour.

We assume that behaviour takes place in a social group in
which members share social norms and attend to the behaviour of
others in a wide range of contexts such as marriage, child rearing,
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sexual behaviour, sharing and exchange and participation in public
goods provision. Group members make judgements about whether
the behaviour of their peers conforms to the social norms that
govern behaviour in these contexts. As a result, third parties have
the knowledge necessary to arbitrate cases of pairwise coopera-
tion. It is possible to show that such mutual monitoring behaviour
can be evolutionarily stable”, but it remains unknown whether
these models explain real-world mutual monitoring of behaviour.
Nonetheless, it is clear that in village-scale societies, people are
intensely interested in, and aware of, each other’s affairs and help
to mediate interpersonal conflict and adjudicate disputes between
well-known individuals. Amongst the Ju/hoansi (!Kung) forag-
ers of Botswana, conflicts over food sharing, a canonical form of
reciprocity, are adjudicated by ‘group talking’ until a consensus is
reached'®”. Amongst Turkana pastoralists, community discussion
determines who has violated norms*. In Fijian villages, Arno®
reports that talk around kava-drinking sessions is centred on what
other people did, said and what their motives were, followed by
discussions in which everyone present opines and interprets these
actions; conflict between individuals in a culturally specified recip-
rocal relationship is adjudicated by third parties through a process
of fact finding, application of norms, judgement and sanctioning.
Various forms of informal third-party mediation that help to resolve
conflicts between individuals in ongoing relationships are seen in
small-scale agricultural and pastoral societies™. In a study of verbal
conflicts within families, family members who were third parties
to the conflict intervened in 38% of conflict episodes. Even when
formal litigation is an option, disputants who want to continue
their association seek, and are satisfied by, informal non-coercive
third-party mediation**. Here we take mutual monitoring as a
given, and examine whether third-party adjudication can facilitate
the evolution of cooperation even if norm violators are not being
sanctioned.

The strategy ATFT is defined as follows: cooperate if your part-
ner is in good standing’ or you are in bad standing, otherwise defect.
All individuals start in good standing, and remain so if they play
by ATFT rules. When an individual perceives a defection that vio-
lates the ATFT rules, they call on a third party to judge whether the
defection actually occurred. The arbitrator has a probability, a, of
making an accurate judgement. If the arbitrator decides that a defec-
tion occurred that violates the ATFT rules, the player who defected
falls into bad standing. If the arbitrator decides that a defection did
not occur, or did occur but did not violate ATFT rules, the player
who called for the arbitration procedure falls into bad standing. If
an individual in bad standing cooperates and is not found to have
invoked arbitration without cause, they return to good standing. If
an individual in good standing defects with a partner in bad stand-
ing, the individual remains in good standing unless they are judged
to have invoked arbitration without cause. Thus, ATFT individu-
als respect the social consensus and behave accordingly, even when
they disagree with this consensus.

Arbitration creates a public signal about which players agree and,
by conditioning standing on this signal, cooperation can persist
even when players disagree about what actually happened. Suppose
two ATFT players in good standing are interacting but one of them,
labelled focal, mistakenly defects. The focal believes that she has
cooperated, but their partner believes she defected. The partner asks
a third-party arbitrator what occurred. In Table 1(top) the arbitra-
tor correctly reports that the focal defected. Now both players agree
that the focal is in bad standing during the next interaction, so the
partner defects and the focal cooperates. Since both conformed to
ATFT, both return to good standing. In Table 1(bottom) the arbi-
trator mistakenly agrees with the focal that she cooperated. As a
result, during the next interaction the focal is in good standing and
the partner is in bad standing, so the partner cooperates and the
focal defects. Once again, both return to good standing. In effect,

Table 1| Sequence of possible moves by two ATFT players when
the focal player makes an error (denoted by boldface) and the
arbitrator is either accurate (top) or inaccurate (bottom)

Accurate arbitrator

Arbitrator belief D

Focal standing g g b g
Focal behaviour C D C C
Partner behaviour C C D C
Partner standing g g g g
Inaccurate arbitrator

Arbitrator belief C

Focal standing g g g g
Focal behaviour C D D C
Partner behaviour C C C @
Partner standing g g b g

Good standing is denoted by g, bad standing by b, cooperate by C and defect by D.

arbitration converts perception errors into execution errors by
allowing individuals to condition their behaviour on their actual
behaviour rather than on their perceptions, at least in expectation.

Results

A population in which ATFT is common can resist invasion by rare
individuals using a range of different strategies, even if perception
errors are common and arbitration is often inaccurate. Recent work
on direct reciprocity has addressed the problem of evolutionary sta-
bility by defining a space of possible strategies and then testing those
against all strategies possible in the set>'>**=*". This approach is a sub-
stantial improvement over the ad hoc selection of strategies used in
previous work. However, the strategy spaces that have been studied
are relatively simple, precluding strategies such as ATFT which con-
dition behaviour on the difference between intentions and behav-
iour or on external signals such as those generated by arbitration,
and so we were not able to take this approach. Instead, we attack this
problem in three ways. First, we show that if provision of arbitration
is moderately accurate, ATFT is a strong subgame-perfect equilib-
rium: ATFT has higher expected fitness than any strategy that devi-
ates from ATFT at every node in the game tree. This means that any
strategy that follows ATFT, but occasionally does something differ-
ent, has lower expected fitness and so cannot invade a population in
which ATFT is common. Second, we derive the range of parameter
values that allow ATFT to resist invasion by well-studied strategies.
Third, we determine the memory-1 strategy best able to invade
ATFT for a given set of parameters, and derive the conditions that
make ATFT stable against that strategy. All three approaches sug-
gest that ATFT has higher fitness than invasion strategies providing
that arbitration is moderately accurate.

To prove that ATFT is subgame perfect, it is sufficient to show
that, when paired with an ATFT player, single deviations from
ATFT lead to lower expected pay-off at all equivalent nodes that
two ATFT players will reach and at which deviation can occur.
There are two different classes of nodes: ‘behaviour’ nodes at which
individuals choose whether to cooperate or defect and ‘arbitration’
nodes at which they choose whether or not to invoke arbitration.
The standing of the focal and the partner are sufficient to determine
the behaviour of ATFT at behaviour nodes. This means that there
are three equivalence classes of behaviour nodes. Listing the focal’s
standing first, these are good-good (gg), good-bad (gb) and bad-
good (bg). We omit bad-bad because ATFT choices at this node are
identical to gg.
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For each class, we determine conditions under which deviation
from ATFT leads to lower expected pay-off. After individuals either
cooperate or defect they can choose to call the arbitrator. If the focal
chose cooperation, she does not know for sure that she cooperated
and so can be at one of two nodes depending on whether an error
occurred, leading to an information set, or sets if the partner also
chose cooperation. To show that ATFT is subgame perfect, we show
that it has a higher pay-off at each of these information sets than a
‘deviant’ strategy that deviates from ATFT—that is, it calls the arbi-
trator when ATFT does not and does not call the arbitrator when
ATFT does.

To determine when ATFT has higher fitness than strategies that
deviate from ATFT, we derive analytical expressions for the expected
fitness of ATFT playing another ATFT individual at each type of
node. These expressions are then used to derive analytical expres-
sions for the expected fitness of individuals who deviate from ATFT
at either behaviour or arbitration nodes, assuming that the deviants
obey ATFT except for their deviation. While the expected fitness of
an ATFT individual paired with another ATFT individual is almost
independent of the level of arbitration accuracy (Supplementary
Fig. 1), the expected fitness of deviating strategies when interacting
with ATFT is strongly affected by arbitration accuracy.

Here we present the results for the two types of deviation: indi-
viduals who defect when both players are in good standing (DD
deviants) and individuals who do not call the arbitrator and subse-
quently cooperate when their partner mistakenly defects (CD devi-
ants). We show (Supplementary Note 2) that, if these deviations lead
to lower expected pay-off than that obtained by ATFT, then so do all
other deviations and ATFT is a subgame-perfect equilibrium strat-
egy for the range of parameters considered.

A DD deviant who defects when both players are in good stand-
ing has lower fitness than one who cooperates for the combinations
of arbitration accuracy and error rate shown in Fig. 1. When percep-
tion error rates are low, ATFT has higher expected fitness providing
arbitration is slightly better than random. As errors become more
common the minimum arbitration accuracy increases but, even
when perception error rates are as high as 50%, ATFT has higher
expected fitness when arbitration is correct only 90% of the time.

Figure 2 plots the minimum arbitration accuracy necessary for
ATFT to have higher expected fitness than a CD deviant who does
not call the arbitrator when her partner mistakenly defects at a gg—
cc node. Because the arbitrator is not called, the partner remains in
good standing and the focal cooperates during the next interaction.
When ATFT perceives a defection, it calls the arbitrator and then
retaliates against the defector if the arbitrator does not err. However,
calling the arbitrator comes at a cost. When the arbitrator errs, the
ATFT individual calling the arbitrator falls into bad standing and
loses the benefit of cooperation during the next interaction. As a
result, when errors are rare, arbitration must be moderately accu-
rate for ATFT to have higher expected fitness than individuals who
ignore the arbitrator and simply cooperate but, as errors become
more common, the arbitration accuracy required declines.

The key insight from our analysis is that arbitration need not
be highly accurate to stabilize ATFT against invasion by any strat-
egy that deviates from ATFT. When errors are common, arbitration
accuracy must be about 0.8 for ATFT to resist invasion by a strat-
egy that defects rather than cooperates (for the parameters studied
here). Similarly, when errors are rare, arbitration accuracy must be
approximately biﬂ, which is 0.75 when b/c=3, if ATFT is to resist
invasion by a strategy that does not call the arbitrator after defec-
tions and subsequently cooperates. Note that when a=0.5 arbitra-
tion is random: it gives the focal no information about the behaviour
of her partner; thus a=0.75 is midway between completely uninfor-
mative and completely accurate arbitration. For intermediate error
rates, the minimum accuracy necessary to resist invasion by strat-
egies that deviate from ATFT is lower but still >0.5. This means
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Fig. 1| The minimum arbitration accuracy necessary for ATFT to have
higher fitness than a deviant who defects at the gg node, as a function of
error rate. Shown are three different continuation probabilities (left) and
benefit/cost ratios (right). In all cases, c=1.
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Fig. 2 | Minimum arbitration accuracy necessary for ATFT to have higher
expected fitness than an individual who does not call the arbitrator
after the partner mistakenly defects and who cooperates on the next
interaction because the partner remains in good standing. Shown are
three different continuation probabilities (left) and benefit/cost ratios
(right). In all cases, c=1.

that using a random arbitration convention, such as flipping a coin,
will not work: judgements must be correlated with actual behaviour.
Also, note that these results are not simply a consequence of the folk
theorem: the folk theorem holds that strategies have pay-off greater
than or equal to alternative strategies, and so such strategies are
subject to indirect invasion®. Here, there is no indirect invasion by
modified strategies because we require ATFT to have strictly higher
expected pay-off than alternatives.

Next we consider several plausible strategies that are not small
modifications of ATFT: ALLD, Cheater, ALLC, Tolerant, WSLS,
GTFT and tit-for-tat with arbitration (TFTA). We derive analyti-
cal expressions for the expected fitness of these strategies when
paired with an ATFT individual and, using these expressions, we
examine the range of conditions under which these strategies can
invade a population comprised of ATFT individuals. ALLD indi-
viduals defect on every move, and do not consult the arbitrator
when their partner defects. The conditions for ATFT to resist inva-
sion by ALLD are qualitatively similar to, but less restrictive than,
those for ATFT to have higher expected fitness than a strategy that
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Fig. 3 | ATFT resists invasion by the best memory-1 strategy. The blue dot
plot shows combinations of e and a at which the best memory-1 strategy
has a lower expected fitness when interacting with ATFT than does ATFT
when interacting with ATFT. The red dots are combinations at which ATFT
has lower expected fitness. Above the purple line, ATFT can resist invasion
by ALLC and ALLD while below it cannot. b=3, w=0.95.
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Fig. 4 | The minimum arbitration accuracy necessary to resist invasion
by Cheater or Tolerant as a function of error rate for three levels of
arbitration cost. Assuming the arbitration cost is not a substantial fraction
of the cost of cooperation, the results do not qualitatively differ from those
without arbitration costs. In all cases, b=3, c=1and w=0.95.

deviates from ATFT at the gg node (Fig. 1). The Cheater strategy
defects with probability d in circumstances in which ATFT specifies
that it should cooperate; otherwise it conforms to ATFT. When d is
small, Cheater defects only rarely. As d increases, Cheater defects
more often until, when d=1 it is similar to ALLD except that it con-
sults the arbitrator when its partner defects. Again, the minimum
arbitration accuracy that allows ATFT to resist invasion by Cheater
when d is small is very similar to what is needed for ATFT to have
higher expected fitness than a strategy that deviates from ATFT at
the gg node (Fig. 1). Increasing d reduces the expected fitness of
Cheater when interacting with ATFT. ALLC individuals cooperate
on every move, do not call the arbitrator when their partner defects
and ignore the decisions of the arbitrator called by their partner.
The conditions for ATFT to resist invasion by ALLC are qualita-
tively similar to, and less restrictive than, the conditions for ATFT
to resist invasion by the strategy that does not call the arbitrator
(Fig. 2). Tolerant individuals do not consult the arbitrator and coop-
erate in the next interaction, even when they perceive that their

partner defected in violation of ATFT rules. Unlike ALLC, Tolerant
individuals pay attention to the decision of the arbitrator called by
their partner. The conditions for ATFT to resist invasion by Tolerant
are similar to those to resist invasion by ALLC. WSLS cooperates
when one player cooperates and the other defects. ATFT can resist
invasion by WSLS providing arbitration accuracy is >0.5. GTFT
cooperates after a defection with probability g. Increasing g always
increases the average pay-off of GTFT interacting with GTFT but, if
gis too large, GTFT can be invaded by defecting strategies. For the
parameters used here, the maximum value of g varies from about
0.6 when errors are rare to <0.4 when they are common. At high
values of g, the conditions for ATFT to resist invasion by GTFT are
similar to, but less restrictive than, those that allow ATFT to resist
invasion by ALLC. As g increases, the conditions become even less
restrictive. TFTA plays tit-for-tat, except that when it perceives that
its partner has defected it calls the arbitrator and accepts the arbitra-
tor’s decision about its partner’s behaviour. If the arbitrator says that
its partner cooperated, TFTA cooperates on the next move; if the
arbitrator says its partner defected, TFTA defects on the next move.
Therefore, like ATFT, an individual playing this strategy conditions
her behaviour on information provided by the arbitrator about her
partner. However, unlike ATFT, this strategy does not modify its
behaviour based on its own standing or its partner’s standing. ATFT
can resist invasion by TFTA for reasonable arbitration accuracy lev-
els providing the perception error rate is <0.5. Note that, within this
set of strategies, there is no indirect invasion or cycling. Once com-
mon, ATFT is stable against all of the other strategies.

Finally, we consider invasion by the best memory-1 strategy for
any given set of parameter values. We randomly chose an error rate
(e) uniformly distributed between 0 and 0.5 and an arbitration accu-
racy (a) uniformly distributed between 0.5 and 1, and used the Matlab
optimization function fminsearch to find the memory-1 strategy with
the highest expected pay-off when interacting with ATFT. When the
fitness of the best memory-1 strategy was less than the expected fit-
ness of ATFT interacting with ATFT, we considered ATFT to be an
evolutionarily stable strategy (ESS) against that memory-1 strategy.
The results (Fig. 3) suggest that, for error rates and arbitration accu-
racies that allow ATFT to resist invasion by ALLC and ALLD, it can
also resist invasion by the best memory-1 strategy.

So far we have assumed that appealing to arbitration has no
cost because people monitor the affairs of community members
for other reasons. While this could be a fair approximation for life
in a village, in some settings arbitrators may require compensation
for their services. We modelled arbitration costs by assuming that
each time an individual calls the arbitrator she experiences a pay-off
reduction k. Figure 4 shows the effect of arbitration cost on the min-
imum arbitration accuracy necessary for ATFT to resist invasion by
Cheater, the strategy that intentionally defects with low probability,
and by Tolerant, the strategy that does not call the arbitrator after
errors but then cooperates. Arbitration cost has little effect on the
ability to resist invasion by Cheater, but it does affect the ability of
ATFT to resist invasion by Tolerant depending on the size of arbi-
tration cost relative to the cost of cooperation. Arbitration cost has
little effect when k=0.1c, but requires arbitration accuracy of close
to 90% when k=0.5c.

In real-world interactions, arbitration may not only be inaccu-
rate but may also be biased. We analyse whether ATFT can persist
if arbitration is biased in favour of certain individuals and against
others. We assume that there are two types of individual—central
and peripheral. When a central and a peripheral individual interact,
arbitrators are more likely to judge the former’s mistaken defection
to be cooperative rather than the mistaken defection of a periph-
eral individual. This means that a peripheral individual is more
likely to fall into bad standing after an error and so will have lower
pay-offs. Nonetheless, under a wide range of conditions, peripheral
individuals are better off cooperating when paired with a central
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Fig. 5 | Invasion criteria for ATFT. The minimum frequencies of ATFT necessary for it to increase in competition with ALLD (left), GTFT (middle) or WSLS
(right), as a function of error rate. Against ALLD, the minimum frequencies are very sensitive to arbitration accuracy. For the reciprocating strategies GTFT
and WSLS, the minimum frequencies are very sensitive to error rate. In all cases, b=3, c=1and w=0.95.

individual than when they are not interacting with that individual.
Additionally, peripheral individuals are better off choosing to coop-
erate with a central individual rather than with another peripheral
individual, providing cooperation with a central individual provides
modestly higher pay-offs.

ATFT increases in frequency when in competition with ALLD,
GTFT and WSLS once it reaches a minimum frequency (Fig. 5).
The minimum frequency needed to invade ALLD is very sensitive
to arbitration accuracy: high accuracy makes invasion easy while
low accuracy makes it difficult. Increasing the benefit/cost ratio
lowers the minimum frequency. The minimum frequencies needed
to invade GTFT or WSLS are very sensitive to the error rate. At
low error rates, ATFT must achieve a modest frequency before it
increases; at higher error rates, WSLS and especially GTFT are more
easily invaded. For certain parameter combinations, ATFT invades
populations comprised of either GTFT or WSLS even when ATFT
is rare. In all cases, once ATFT invades it evolves to high frequency.

Discussion

We have shown that, by relying on a public, third-party opinion to
align players’ beliefs, ATFT can re-establish cooperation even when
errors arise frequently. The arbitration can be imperfect but not
random. ATFT can resist invasion by strategies that occasionally or
always defect, by strategies that call the arbitrator dishonestly when
no error has occurred, and by second-order free-riding strategies
that cooperate or fail to call the arbitrator when a defection has
occurred. Higher error rates increase the range of conditions under
which ATFT can resist invasion by such overly cooperative strat-
egies. These results suggest that ATFT is a plausible evolutionary
strategy that warrants further analysis.

A limitation of our analysis is that we have not been able to show
that ATFT can resist all possible invaders in a space of strategies that
includes ATFT. Current methods to perform such analyses could
not be extended to our case because ATFT is a state-dependent
strategy that conditions behaviour on what was intended and what
occurred. Instead, we derived the conditions under which ATFT is
a strong subgame-perfect equilibrium—that is, ATFT has higher
fitness than any strategy that deviates from ATFT at any node
along the equilibrium path. Second, we simulated the conditions
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that allow ATFT to resist the best memory-1 invader. Third, we
analytically derived the conditions under which ATFT has higher
expected fitness than plausible and well-known strategies. All three
approaches suggest that ATFT is evolutionarily stable under a range
of plausible conditions. However, we cannot exclude the possibility
that ATFT can be invaded by strategies that are more complex than
memory-1 strategies and that use arbitration but are substantially
different from ATFT.

The use of third-party arbitration to resolve perception errors
may shed light on why reciprocity plays a more important role in
humans than in other social vertebrates. Division of labour and
exchange, food sharing and mutual aid are widespread in human
societies, and reciprocity is one key mechanism for maintaining
such cooperation®-*. In other vertebrates the evidence for reciproc-
ity among conspecifics is sparse and contentious®"". The dearth of
reciprocal cooperation in nature is puzzling, since many species live
in social groups in which individuals recognize other group mem-
bers, interact repeatedly over time and seem to have the cognitive
ability to adjust current behaviour contingent on another’s past
action, exactly the conditions that should favour reciprocity'. It is
possible that reciprocity is rare in these species because perception
errors are common. When errors arise frequently, strategies such
as WSLS and GTFT do not perform well (Supplementary Note 7).
Third-party arbitration is rare outside of our species, and where it
exists, it takes the form of interventions in agonistic interactions,
not of informing potential cooperators™". This may preclude the
evolution of strategies such as ATFT.

The benefits of using third-party arbitrators may also explain
why reciprocity in humans tends to be regulated by shared social
norms supported by third-party intervention”. In small-scale soci-
eties, disputes between friends, couples or neighbours are resolved
by raising the issue with other friends, family members or elders in
the community, who discuss the matter, offer their opinion, pass
judgements and help mediate a consensus*””. Formal courts also
regularly settle disputes between domestic partners, employer and
employee and co-workers. Our results can explain why pairwise
relationships built on a long history of repeated interactions cannot
be maintained by the threats of defection alone, but require the scaf-
folding of third-party judgements and shared social norms.
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Methods

We used analytical and simulation methods to evaluate the conditions under
which ATFT can persist. The calculations we did can be divided into the following
seven parts: (1) we derived the expected fitness of ATFT playing against itself.

(2) We determined the conditions under which ATFT is a strong subgame-perfect
equilibrium. (3) We examined the conditions under which ATFT can resist
invasion by plausible invading strategies, namely ALLD, ALLC, Cheater, Tolerant,
GTFT, WSLS and TFTA. (4) We numerically calculated the combinations of error
rate and arbitration accuracy necessary for ATFT to resist the best memory-1
invader. (5) We examined the effects of making arbitration costly. (6) We computed
the conditions under which individuals who suffer arbitration bias will nonetheless
rely on arbitration. (7) We computed the initial frequency that allows ATFT to
increase when in competition with ALLD, GTFT and WSLS. Complete calculations
are provided in the Supplementary Information.

Expected fitness of ATFT playing against itself. We derived the expected

fitness of ATFT playing against itself (Supplementary Note 1), which was used

in subsequent analyses to assess the conditions under which ATFT can be
evolutionarily stable. The behaviour of ATFT is determined by its assessment of

its own standing and that of its partner. For example, if both are in good standing,
both intend to cooperate. Each player errs with probability e and, when this occurs,
the other individual calls the arbitrator who is correct with probability a. Each
combination of error and arbitration event determines the players’ standing on the
next interaction, which occurs with probability w. The possible events and pay-offs
are given in Supplementary Table 1. Using these, we derived an expression for the
expected fitness of an ATFT individual when both she and her partner are in good
standing, which is a linear equation in the expected fitnesses of an ATFT individual
in each combination of her own and partner’s standing. Supplementary Tables 2
and 3 give the events and pay-offs when the focal is in good standing and the
partner is in bad standing, and when the focal is in bad standing and the partner

is in good standing. Using these tables we get expressions for the expected fitness
of ATFT for each combination of standings. This yields three linear equations in
three unknowns (equations (1)—(3) in the Supplementary Information). There

are only three equations because the fitness of ATFT when both players are in bad
standing is the same as when both are in good standing. These three equations
were solved using Mathematica to generate an expression for the expected

fitness at the beginning of an interaction (equation (4) in the Supplementary
Information). These expressions were then converted to Matlab expressions using
the Mathematica function ToMatlab. Plots were generated in Matlab.

Conditions under which ATFT is a strong subgame-perfect equilibrium. To
prove that ATFT is subgame perfect, we showed that a strategy that makes a single
deviation from ATFT when paired with an ATFT player has lower expected
pay-off at all equivalent nodes at which such deviations can occur (Supplementary
Note 2). The standing of the focal and partner are sufficient to determine the
behaviour of ATFT, so there are three equivalence classes of nodes at which
individuals choose whether to cooperate or defect. Listing the focal’s standing
first, these are gg, gb and bg. We omit bad-bad because ATFT choices at this

node are identical to those made at gg. If an individual chooses to cooperate, an
error may occur causing that individual to defect. Behaviour at each of these nodes
leads to a decision on whether to call the arbitrator. If the focal chose cooperation,
she can then be at one of two nodes depending on whether an error occurred,
leading to an information set, or sets if the partner also chose cooperation (see

the game trees shown in Supplementary Figs. 6—8). To show that ATFT is
subgame perfect, we determine the range of parameter values at which ATFT

has a higher pay-off at each of these information sets than a ‘deviant’ strategy,
which does the opposite to ATFT—calls the arbitrator when ATFT does not

and does not call the arbitrator when ATFT does. The pay-offs and events are
listed in Supplementary Tables 4—6. These expected fitnesses can be calculated
using the stage pay-offs shown in the game trees, and the expected fitnesses of
ATFT at the four decision nodes that were described in the first paragraph of
Methods. Deviation may also occur at arbitration nodes. Sometimes the focal is
not certain about which node she reached and so expected pay-offs have to be
computed taking this into account. The events and stage pay-offs are given in
Supplementary Tables 7—11, and the resulting expected fitness expressions are
shown in Supplementary Information. These are complex expressions, and so the
Mathematica output was converted to Matlab code using ToMatlab. The range of
parameter values at which ATFT had higher fitness than the deviant was calculated
numerically in Matlab using the function fzero, and is displayed in Figs. 1 and 2
and Supplementary Figs. 2—5.

Expected fitness of plausible invading strategies when paired with ATFT. We
considered the following invading strategies:

1. ALLD individuals always defect and do not call the arbitrator when their
partner defects.

2. Cheaters play ATFT except that in each interaction with independent prob-
ability d they intentionally defect. By varying d we can examine the effect of
the rate of defection.

3. ALLC individuals always cooperate and never appeal to the arbitrator.

4. Tolerant individuals who perceive an error by their partner do not appeal to
the arbitrator but, when the partner appeals to the arbitrator, they obey the
rules of ATFT.

5. WSLS individuals cooperate when they perceive that during the last interac-
tion both individuals cooperated or defected; otherwise they defect.

6.  GTFT individuals cooperate when their partner cooperated during the previous
interaction and with probability g when she defected; otherwise they defect.

7. TFTA individuals play tit-for-tat, meaning that they do whatever they think
their partner did on the previous round. When their partner defects, they
consult the arbitrator and rely on the arbitrator’s assessment of their partner’s
behaviour.

In each case we computed the range of parameter values that cause the strategy
to have lower expected fitness when paired with ATFT than ATFT has with itself
(Supplementary Note 3). The calculations for ALLD, ALLC, Cheater and Tolerant
are similar to those given in the first paragraph of Methods. ALLD and ALLC do
not condition their behaviour on the behaviour of the other player; Cheater and
Tolerant condition their behaviour using the same standing rules as ATFT, and so
in each case there are four equivalence classes of behaviour nodes. We derived an
expression for the expected fitness of the invading strategy at each type of node in
terms of the fitnesses at other nodes, and then solved the resulting system of four
simultaneous linear equations using Mathematica (Supplementary Tables 12—20).
The minimum values of a that allow ATFT to resist invasion were calculated using
these fitnesses and the Matlab function fzero, and are plotted in Supplementary
Figs. 9-12.

The computation of expected fitness for WSLS, GTFT and TFTA is more
complex. In each case, the invading strategy makes current behaviour contingent
on past choices but uses a different rule than ATFT. For example, WSLS cooperates
if both individuals cooperated or both defected on the previous interaction;
otherwise it defects. This means that the fitness of a WSLS individual depends
on its own intentions and that of its ATFT partner. We therefore calculated the
expected fitness of WSLS at each combination of the WSLS player’s intention to
cooperate or defect, and the WSLS player’s standing as viewed by the ATFT player.
This leads to five simultaneous linear equations (Supplementary Note 3 and
Supplementary Tables 21—-26). Solving these equations using Mathematica yields
an expression for the expected fitness of WSLS. With these fitness expressions and
using the Matlab function fzero, we numerically calculated the minimum values of
a for ATFT to resist invasion by WSLS.

The strategy GTFT cooperates if its partner cooperated on the previous round.
If the partner defected, GTFT cooperates with probability g, and defects with
probability 1 — g. As usual, ATFT’s behaviour depends on it’s assessment of the
standings of the two players. As with WSLS, the expected fitness of GTFT depends
on both its intention to either cooperate or defect, and the standings of the two
individuals. For each combination, the behaviour of each individual determines
the stage pay-offs, the intention of the GTFT individual and the standing of both in
the next time period should it occur (Supplementary Tables 27—32). This yielded
five simultaneous equations that can be solved for the expected fitness of GTFT
at the beginning of an interaction. The expected fitness of GTFT depends on the
parameter g, the probability that GTFT cooperates after a defection. The value of g
that we used when assessing the conditions under which ATFT can resist invasion
by GTFT is its maximum value at which GTFT can resist invasion by ALLD.

We computed the fitness of ALLD interacting with GTFT and used the Matlab
function fzero.m to determine this value of g.

The strategy TFTA cooperates if its partner cooperated during the previous
interaction. If its partner defected, TFTA consults the arbitrator. If the arbitrator
rules that the partner cooperated, TFTA cooperates, otherwise it defects. This
complicates computation of expected fitnesses because the arbitrator’s decision
may affect the TFTA individual and her ATFT partner differently. Supplementary
Tables 33—38 give the events and stage pay-offs for each combination of TFTA’s
intent and ATFT’s belief about standing. These generated a system of linear
equations that were solved using Mathematica and were used to generate
Supplementary Fig. 16 in Mathematica.

Conditions required for ATFT to resist invasion by the best memory-1 strategy.
We investigated which combinations of error rate and arbitration accuracy would
allow ATFT to resist invasion by the best memory-1 strategy (Supplementary

Note 4). A memory-1 strategy is defined by five probabilities: the probability of
cooperating on the first round, and the probabilities of cooperating after each

of the four possible behaviours by both interacting individuals on the previous
round—DD, CD, DC and CC. We randomly chose an error rate e, uniformly
distributed between 0 and 0.5, and an arbitration accuracy a, uniformly distributed
between 0.5 and 1, and used the Matlab optimization function fminsearch to find
the memory-1 strategy with the highest expected pay-off when interacting with
ATFT. We calculated the expected fitness of a memory-1 strategy interacting with
ATFT, by simulating 100,000 interactions and averaging the pay-offs. We repeated
the optimization procedure five times with different initial values and took the
largest of the five values to be the best memory-1 strategy. When the fitness of

the best memory-1 strategy was less than the expected fitness of ATFT interacting
with ATFT, we considered ATFT to be an ESS against that memory-1 strategy.

The results are plotted with Excel in Fig. 4.
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Eight Matlab scripts were used for this analysis, and are available at https://osf.
io/weu4b/?view_only=7fb48e283424447c930d0455aaa36912:

1. BestMemOneRndPlot.m: base script. Sets up parameter values to be simu-
lated, calls bestdiffmin and outputs results to a text file (Supplementary Fig. 3).

2. MinAEssVsAllcAlld.m: computes the minimum value of a required for
ATFT to resist invasion by ALLC and ALLD, given w, ¢, b, using fzero and
DiffPayAtftAllc.m and DiffPayAtftAlld.m.

3. DiffpayAtftAllc.m: calculates the difference in expected pay-offs between
ATFT playing against itself and ALLC playing against ATFT.

4.  DiffPayAtftAlld.m: calculates the difference in expected pay-offs between
ATFT playing against itself and ALLD playing against ATFT.

5. bestdiffFmin.m: uses MatLab function fminsearch to find the five MemOne
probabilities that minimize the difference in pay-off between MemOne and
ATFT. fminsearch uses the simplex algorithm to find a local minimum in
diftrans.m. Convergence requires that the minimum value changes less than
Tolfun and that all elements of the behaviour matrix change less than TolX.
Values plotted in Fig. 3 are based on Tolfun ="TolX=0.01. Smaller values
greatly increased the computation time and led to only very small changes in
pay-off of the best memory-1 strategy.

6.  diftrans.m: called by fminsearch. Translates the 1 x5 vector supplied by
fminsearch into initial behaviour probability and the 2 2 conditional behav-
iour matrix required by EpayAtftVsMemOne.m. Calls EpayAtftVsMemOne
and subtracts ATFT’s pay-off from that of the memory-1 strategy given by
MemOne, x(1) =InitC=P(c| first move), x(2) =Mem1Mat(1,1) =P(c| dd),
x(3)=Mem1Mat(1,2) =P(c|dc), x(4) = Mem1Mat(2,1) =P(c| cd),
x(5)=Mem1Mat(2,2) =P(c]| cc).

7. EpayAtftVsMemOne.m: calculates the per-period expected pay-offs for an
ATFT player interacting with a memory-1 player in a prisoner’s dilemma with
an arbitrator.

8.  PayAtftVsMemOne.m. Calculates the pay-off for ATFT against a given
memory-1 player during one interaction with ¢ periods.

‘When arbitration is costly. We investigated the effect of adding a cost to arbitration
by assessing how arbitration costs affect the conditions for ATFT to resist invasion
by Cheater and Tolerant (Supplementary Note 5). Each time the arbitrator is called,
the individual calling the arbitrator pays a cost k. We calculate the expected fitnesses
of ATFT playing against ATFT, Cheater playing against ATFT and Tolerant playing
against ATFT. ATFT individuals who intend to cooperate defect with probability

e. Because Cheaters introduce intentional defections, their probability of defecting
is ¢’ =e+d. We calculate the expected fitness of ATFT by setting d=0. As in the
model without arbitration costs, a player who experiences a defection invokes the
arbitrator. The arbitrator decides whether the partner of the player who invokes

the arbitration has defected, accurately with probability a and inaccurately with
probability 1 —a. When an individual calls the arbitrator she pays a cost k to those
doing the arbitration. As usual, the behavioural decisions of both ATFT and Cheater
depend on the standing of the two individuals who are interacting. Supplementary
Tables 39—41 give the events and pay-offs for two individuals when both are in
good standing, when the focal is in bad standing and when the partner is in bad
standing. These yield three linear equations, which are solved using Mathematica

to find the expected fitness of individuals interacting with ATFT when there are
arbitration costs. These expressions can be used to compute the fitness of ATFT by
setting d=0, and of Cheater by setting d to a small value.

A Tolerant individual does not call the arbitrator when she believes that her
partner has defected, but instead ignores the defection and acts as if her partner
were still in good standing. The ATFT player who experiences a defection invokes
the arbitrator and experiences a cost k, but the Tolerant focal does not. Both players
condition their behaviour on the standing of both players, but it is not possible for
both players to be in bad standing simultaneously. ATFT falls into bad standing
only if it invokes the arbitrator when its Tolerant partner mistakenly defects and
the arbitrator inaccurately rules that the partner did cooperate. When this occurs,
the Tolerant partner goes into good standing. Supplementary Tables 42—45 give the
events and pay-offs for each feasible combination of standing. These led to
three simultaneous linear equations, which were solved using Mathematica. The
minimum value of a that allowed ATFT to resist invasion was found using the
Matlab function fzero for a range of arbitration costs, as shown in Fig. 4 and
Supplementary Figs. 17 and 18.

Biased arbitration. We considered whether cooperation can occur if the
arbitration process systematically favours one class of people (central individuals)
over members of another class (peripheral individuals) (Supplementary Note 6).
We assume that, when central individuals play with peripheral individuals, the
arbitration process favours central individuals so that when they defect, the
arbitrator is more likely to say that they cooperated. We also assume that a central
individual can confer benefits to a peripheral individual that a peripheral person
cannot, so that when a peripheral and central interact, the peripheral member
gets benefit b+d at cost ¢, and the central gets benefit b at cost c. We assumed that
the peripheral individual can choose whether or not to enter into a cooperative
arrangement with another individual.
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We considered two possible situations. The first was that peripheral individuals
can choose between a central and a peripheral partner. Then ATFT is stable
providing the pay-off to a peripheral interacting with a central is greater than
that to a peripheral interacting with a peripheral. The second was that peripheral
individuals have to choose between a central partner or no partner. In this case,
ATFT is stable if the pay-off of a peripheral individual interacting with a central
individual is greater than zero. Again the behaviour of both types depends
on their standings. Supplementary Tables 46—48 give the events and actions
for each combination of standings. Using these tables we derived a system of
three simultaneous equations (Supplementary Note 6) and solved them using
Mathematica to yield an expression for the expected fitness of a peripheral
individual. We used Mathematica to generate Supplementary Figs. 19 and 20.

Conditions for ATFT to invade ALLD, GTFT and WSLS. We calcuated the
expected fitnesses of a focal ATFT individual when it plays against ALLD, GTFT
and WSLS, and examined the frequency of ATFT at which ATFT has the same
fitness as these strategies in populations containing ATFT and one of these
strategies with players being paired at random (Supplementary Note 7). Since
ALLD never cooperates in interactions with other ALLD individuals, the expected
fitness of ALLD when playing against itself is zero. We calculated the expected
fitness of an ATFT focal player when paired with an ALLD player using the events
and pay-offs shown in Supplementary Tables 49-51. We used this, along with the
pay-off of ATFT playing against itself, to compute the average fitness of ATFT as

a function of the frequency of ATFT in the population. With the Matlab function
fzero we determined the frequency at which this average fitness is zero. We used

a similar procedure to calculate the fitness of ATFT when paired with WSLS and
GTFT. The events and behaviours are detailed in Supplementary Tables 52-58 and
the resulting equations are displayed in Supplementary Note 7. These calculations
were used to produce Fig. 5.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

There is no empirical data associated with this paper.

Code availability

Mathematica and Matlab scripts used to solve the fitness equations, perform
Monte Carlo simulations and create the plots are publicly available at https://osf.io/
weudb/?view_only=7fb48e283424447c930d0455aaa36912.
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